Appendix 5-2-2 Attendant list, and Q&A, of the 2nd Energy Efficiency Workshop (St. Kitts and Nevis)

Technical Cooperation to Promote Energy Efficiency in Caribbean Countries

Seminar on Grid Stability and Large RE
List of Participants from St. Kits and Nevis Total 24

List of Participants for Physical Attendance (16 aniVenue: Courtyard by Marriott Bridgetown, Barbados

No Name Agency Positionn Participation
1{Bertill Conroy Browne MPI Director in person
2|Denasio Frank MP! Energy Officer in person
3|Curtis Morton NIA Electrical Inspector in person
4|Deora Raoul Pemberton NIA Director of the Dept. Physical Planner in person
5|Haniff Woods SKELEC Operations Engineer in person
6|Collin Williams SKELEC Meter Manager in person
7|Rhondel Philip SKELEC T&D Planning and Development Manager in person
8|Claricia Langley-Stevens SKELEC Safety and Security Manager in person
9|Nelson Horatio Ald Junior Stapleton |NEVLEC Distribution Manager in person

10|Starett France NEVLEC Planing Officer in person
11|Resean Maynard NEVLEC Linesman Il in person
12|Clayon Everton NEVLEC Linesman Il in person
13|Gavin Walters NWD Electrical Tech Il in person
14{Sharma Browne NWD Electrical Tech Il in person
15|Collin Brown SKELEC Engineer online
16|Jonathan Kelly SKELEC Engineering Manager online
17|Kristel Pemberton NEVLEC Customer Service Supervisor online
18|Ronell Pemberton NEVLEC Project Engineer online
19|Keane Mark SKELEC Generation Maintenance Engineer online
20(lan Ward NEVLEC Chief Engineer online
21|Shallianda Gomez SKELEC Metering Administrator online
22|Wycliffe Clarke SKELEC T&D Control and Operations Supervisor online
23|Jessie Hunkins NIA Physcial Planning Nevis online
24|Royan Matthew SKELEC Engineer online
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Technical Cooperation to Promote Energy Efficiency in Caribbean Countries

Seminar on EE in 16-17 Jan 2023 (St.Kitts&Nevis): Q&A

No | Day Type Question Name Answer
The Japanese buyer is influenced by the energy efficiency of the appliance they are purchasing. This is further compounded by the fact that recent
energy prices spike-up.
' Was the reduction in energy usage a result of educating the Nelson Also, thgre is an Energy Efficiency Centre that plays a role to promotg ar?q edugate people regardlng energy eff!c!ency related matters.
1 | 16-Jan | Question Japanese people or was it because of government policy? Stapleton, The Minister also awards the persons and manufactures who made significant improvements in their energy efficiency.
P peop 9 policy NEVLEC Apart from that there are government policy and that are regulated by law, the Act of Rational Use of Energy usually called as EE law. Two ministries
are responsible for the EE law, Ministry of Economic Trade and Industry (METI) as well as the Ministry of Land, Infrastructure, Transport and
Tourism.
. Has there been any challenges to the regulations by Colin Williams, |The program which functions as MEPS is voluntary but most of manufacturers follow the standards. While there is no penalty if the standard is not
2 | 16-Jan | Question -
manufacturers? SKELEC followed, most of manufacturers follow the standards in the real world.
. . . . Water heater demand is limited in residential sector as refrigerator, lighting and AC shares 73% of total power consumption. IN hot water supply field,
In St. Kitts and Nevis electric water heaters are used almost in ) o . ) . " . o )
: ) . . - the first option is to consider solar water heater in the region where lots of solar radiation exists. In addition, heat pump water heater with CO2
. every household. Is this a problem in Japan because | notice  |Colin Williams, . ) ; ’ . }
3 [ 16-Jan | Question ; . : L - refrigerant has been diffused in Japan. DENSO, Central Research Institute of Electric Power Industry and Tokyo Electric Power Company came
that it was not taken into consideration in your energy efficiency |SKELEC .
study? together to develop the HP water heater. This type of water heater has become very popular among the Japanese people. The total sales has
’ exceed 2 million units. It costs approximately $10,000US for the unit and installation depending on the size and installation situation.
4 | 16-Jan | Question Does the Tokyo Electric Power Company have different rates at| Colin Williams, JET gave a breakdown of time of use and how rates are applied to different times of the day to residential customers.

various times at the day?

SKELEC




Technical Cooperation to Promote Energy Efficiency in Caribbean Countries

Seminar on EE in 16-17 Jan 2023 (St.Kitts&Nevis): Q&A

No | Day Type Question Name Answer
The targets that were set for the appliances, are they relying on ) - The present efficiency in use at all household can not be obtained, and this was set as EE Index =1. Old appliances are being used and operated at
. R . . Colin Williams, . . . . . . o .
5 [ 16-Jan | Question |improvement in the technology and approach or discovery of present. Assumed future EE Index was set in consideration with technologies already at our hands. In the material, section "The Promising Energy
: . ] - SKELEC - o . : " o .
new techniques to improve their energy efficiency? Efficient Technologies in Non-industrial Sectors" shows the examples of existing EE technologies.
. Why the energy savings gssouateq with retro f|t‘t|ng buildings . Nelson That was the expected improvement by the Japanese government as it was geared towards new buildings. My understanding is that the government
6 | 16-Jan | Question |and homes are so small in comparison with the improvement in |Stapleton, . ) . S - S ) ?
L did expect more EE improvements in new buildings rather than retrofitting buildings according to the breakdown / data toward energy saving target.
terms of lighting? NEVLEC
Wouldn't it be that a lower temperature will lead to higher Dr. Bertille Yes. This is my typo. Setting AC with upper temperature will lead to a reduction in power consumption, 10 % power reduction by changing AC setting
7 | 17-Jan | Question ) ) 0 s
energy consumption? Browne, MPI 1° C higher.
. . Dr. Bertille . .
8 | 17-Jan | Question Does the data logger measure direct current? The data logger that will be handed over cannot measure direct current.

Browne, MPI




Technical Cooperation to Promote Energy Efficiency in Caribbean Countries

Seminar on EE in 16-17 Jan 2023 (St.Kitts&Nevis): Q&A

No | Day Type Question Name Answer

Colin Williams, |Yes. The existing absorption chillers were removed as well as co-gen removal. Instead, highly efficient air sourced heat pumps were adopted and

. ) . . 2
9 | 17-Jan | Question |Was there a change to a more efficient cooling system? SKELEC more power came from the grid.
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Technical Cooperation to Promote

3
. | jica’
Energy Efficiency in Caribbean Countries

Consideration of Large VRE into Grid

Introduction for Seminar on Grid Stability and Large RE

October 2022

Nippon Koei Co., Ltd.
PADECO Co., Ltd.

NIPPON KOES pFDECC}

Nevis)

Overall Project Schedule

1:2:3:4:5:6:7:8:9:10/11:12:13

32:33:34:35:36:37:38:39:40:41:42:43:44:45 4647 -

Phase 1
Baseline Survey

Phase 2 Technical Transfer

Year 2019 Year 2020

Year

2021 Year 2022

Year 2023

5:6:7:8:9(10:11:1211:2:3 4 .. icicniveioeio,

1112/1:2:3:4:5:6:7:8:9:1011:112|/1:2:3

4

The basic
information is
confirmed for the
capacity building
for the
introduction of RE

The human and
institution
capacity are
enhanced for the
mass introduction
of RE

»

Output 2 Output 4

The human and
institution capacity

confirmed for the are enhanced for

capacity building the promotion of

for the promotion EE

of EE

The basic
information is

RE and Grid Stability activity is to:

introduce computer modelling for grid
analysis and examine issues associated
with a large penetration of VRE

introduce micro-grid concept in one of the
agreed areas and develop modelling based
on existing grid data.

propose the way to enhance resiliency by
use of asset management system.
consider and propose the necessary
technologies for achieving the RE goals,
including grid stabilization,

consider and propose additional policy legal
system for achieving RE goals

Prepare training plan, provide
recommendation on policy

1
niepoN KoEl  [PADECO

Japan International Cooperation Agency | 1 Japan International Cooperation Agency | 2
o L] Ll L] L] L] e e
Key T/C Activities for RE and Brid Stability jlea’ | Overall Schedule jiea’
Jul-22 Aug Sep Oct Nov Dec Jan-23 Feb Mar
Barbados e e e e e
* Training and * Training for grid * Provision of Grid . |
Provision of Grid simulation simulation Rt team _
simulation « Micro-grid software and A
Software Concept Study at training Note Hurricane Season TS S
* Introduction of

* Micro-grid
concept study at
Coverley Village

Bogue area
network asset
management

v' Discussion for grid code update
v’ Suggestion for RE policy with reviewing affordability of RE

NIPPON KOET pFI}ECC}

Japan International Cooperation Agency | 3

G Barbados
M Jamaica
LA st. Kitts and Nevis (Activity in Barbados or Saint Lucia with Virtual Meeting / depending on the restriction by JICA)

* 3 Countries in 2 Weeks

*1 To be discussed [ 1st RE activity of St. Kitts and Nevis), and also 1st EE/RE activities of Jamaica ]

Possibility of training in Japan depends on COVID-19 situation. It might be shifted to Apr 2023.

NIPPON KOET pFI}ECC}

Japan International Cooperation Agency | 4
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2. Baseline Survey Report- Summary

Tentative. Please let us confirm the

—
. . - . 9
Seminar on Grid Stability with Large RE jica’ | Summary: Barbados I\VI
| Fields | Findings | ProjectActivities
_ H i H Nl 1. What is Power System?: Three-phase AC, s E S :
Day- | Basics of Power To review basic principal and Single line network description nerg.V. ourceo q o Priority 1: VRF
1 System necessary formula for 2. Per Unit Method: Electricity (54%) , Oil (42%) Priority 2: BEMS
Engineering for conducting load flow analysis | 3 Modeling of Power System Equipment: Tr Line 1. Energy Efficiency * Load Curve: Bactrian camel type Priority 3: Optimized
; - tansformeniGenerator&Load + Annual Peak Demand: about 150MW L
Grid Stability 4. Active Power & Frequency: Frequency control, . operation with inverter
SrerulEe Area requirement ¢ Peak Period: 2pm - 3pm, 7pm-8pm
5. Reactive Power & Voltage: P-V Curve, Reactive ¢ 100% RE target incl. fuel by 2030
goggcrt?fg l<J>;Cljlodeling of Grid 2. Renewable Energy kel eeneptoy P alcE cperEvibase)
5 Bas g - g It - oal 1' Svorvom o Long FIO;AnalysiS_ E— : * Good RE potential, but project plan not concrete Confirmation of
ay- aSIC§ an o understand the principa Methods, Modeling of grid ’ ¢ 10MW Trents PV + 65 MW Roof top . affordability and feasibility
2 Exercise for Load | and method for Load Flow 2. Newton-Raphson Method: Theory, * 5MW, 20 MWh BESS, 400 USD/MWh installed  of 100% RE target
Flow Analysis Analysis , DC Flow Method, Characteristics 3. DC Flow Method: Theory, ¢ 40-200 MW BESS is planned for procurement Training for grid simulation
and conduct exercise with S mple meihad 19 selve load flow manually 3. Grid Stabilization *  0.02 Hz with 1MW fluctuation, Ramp Rate Micro-grid concept study
the software “Microgrid/VPP 5. Practice on Microgrid/VPP D6§igner ) 3MV\{/min e
Designer” 6. Load Flow Analysis & Evaluation of sample Grid * Fuel increase for spinning reserve
* Thermal power plant: total 16 units (10 units for
Day- | Analysis of Grid To understand the method of | ! Overview of Stability: Definition, Methods, Swing 4. 0&M of Thermal Power base load and 6 units for peak load . .
o . . . . equation " . -LFC and ELD simulation
3 Stability and grid stability analysis, with 2. Stability Model: Simplified grid model, Generation + Installed Capacity: Total 255.5MW+32 MW
LFC/ELD Steady State Stability, Equivalent circuit of synchronous generator * Predictive Maintenance: Conducted twice a year
h . ’ 3. Equal Area Criterion: Theory, Simple method to JET experts select topics
Transient Stability Equal Area | solve stability manually _ o - R . + MEWE’s Energy Conservation and Renewable dd P lon th P
Criterion, LFC (Load & (el VEnSElon CprEy & Sl - uman Resources an Energy Unit: 3 employees and develop the most
Reserve 5. Exercise of Equal Area Criterion, 6. Capacity Building 5 AR suitable curriculum for
Frequency Control) and ELD | practice on Mircogrid/VPP Designer and LFG/ELD * Most of capacity building is done by OJT technology transfer period
i i i 7. Stability Analysis, Evaluation of Barbados Grid -
L (Economic Load Dispatching) aiepon woer  ADECOD Japan International Cooperation Agency | 6
b . .
e - A Barbados IWI Barbados Demand&iInstalled capacity in IRRP.WI
Y ' Trents PV 10MW P 1
20 ff:%gr;s_&attery 5MW = s Lo G rl d a n d PS Source: IRRP Draft 2021, MottMacDonald
| s B s
P +33MW.{VISD — — [ Location [wwizu] oy | aw | Fo— - Demand Scenario in IRRP (Base scenario)
= e e apiced Existing s Trrnis
J Wi — .
d I 10 MW St I_.ucy = Total thermal power = £ : EV demand increase
- ~ Planned Wind [ ——— — - 2 ofialOOIRERIIIE B $ O ¢ o s EEER BEEE
y, \ = o g Spring Field 12| 3 36|LSD Engine m - -
L"h ;‘ :;: Spring Field 12.5| 1| 12.5|LSD Engine E ] BEER 3 o
[ ] Spring Field 30| 2| 60|LSD Engine E
| "-._\I Spring Field 20| 2| 40|Steam Turbine o E
p i | Spring Field | 17.5| 1| 17.5|Gas Tubine g i
1. / ~3 .J_-h' Spring Field Total 9| 166 b
: ? - :; \)‘:I Garrison 13/ 1 13|Gas Tubine 2 T By o -
i f 5 Seawell 13| 1| 13|Gas Tubine - = — i Rl — - -7
W et Y Seawell 20| 2| 40|Gas Tubine B onar, : = "
f L, .-’—-.-u\ L X, Total PV 70 - Installed capacity and capacity addition in IRRP (Base Case)
- o e (T R e Trents 10 1| 10/PV R ) -
§ g 1 ,,-/f 1 "r\fw-\ Distributed PV s | eolpv w1, - Dependency on VRE e - Rapid battery i
[ ! ]25MW i 1 / 1 Total Battery 5 - increases - E . COI’]’[II’]L!OUS HixE -
/ distriplited PV~ = [Trents 1lLs 5BESS f aen 5 aalm i SYPETeIT .
_ s { 3 . . jeo l [ g I - HFO retire B ===
) y {"‘-. H Planned H & g I I\ § - st : . ' —
Spring Garden % e ‘§ Total Planned RE 40 L. Y L 1 -
PS 9 Units, ] ‘ﬁ_ A i [Trents 33| 1| 33|CEB MSD Planned: i - ]
166 MW T T [stiugy 10] 1| 1o[windPlanned 1 i :
- = [stTomas 30| 1| 30|Vaucluse Biomass:| l l —
Garrison P/S Seawell PIS .

1 Unit, 13MW

NIPPOY

Source: Prepared based on BL&P
GIS Map and information

< 4 Unit, 73MW

L

status and update if any.

Japan International Cooperation Agency | 7

NIPPON KOET

Gmeco

Japan International Cooperation Agency | 8
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2. Baseline Survey Report- Summayr,

Summary (St Kits and Nevis) "
| Felds | Findings | ProjectActivity |

* Energy Source:
Electricity (63%) , Oil (37%)
¢ Load Curve: Bactrian camel type
¢ Annual Peak Demand: about 25MW (St. Kitts)
about 10MW or more

Priority 1: Optimized
operation with inverter
Priority 2: Mini split AC
with inverter

Priority 3: VRF

Energy Efficiency

(Nevis)

¢ Peak Period: around 11am, 6pm-8pm (St. Kitts)
around 12am, 6pm-8pm (Nevis)

* 100% RE by 2020 target

RE: Status in St.Kitts & Navis

RE Projects in St. Kitts and Navis

i

) ) Capacity |Generation Wind potential Solar potential
Location/Project  |Type Year
MW GWh estimated i
S: SCASPA PV 0.7 NA 2013 T\ - l
S: SKELEC PV 0.5 1 2015 Ly
N: Windwatt Wind 2.2 5.25 2011 ‘:‘I ‘
N: NREI Geothermal |Geo 10-30 NA 2025
S: Leclanche Y 35| 438 2020 k"
. N -
S: Bellevue Wind 5.7 NA NA Source: b ‘ Source:
S: NW Geothermal |Geo 18-36 NA NA ESMAP & ESMAP

Renewable Energy

0.7+0.5 MW PV (St.Kitts), damaged
2MW wind operated at 1.1 MW (Nevis)

Monitoring RE project incl.
geothermal
Training for grid simulation

¢ Bellevue 5.4 MW wind, Leclanche 35MW PV

¢ 6MW 34 MWh BESS planned for 35MW PV
¢ Output suppression conducted in NEVLEC

Introduction of asset

management
Grid Stabilization g

* Thermal power plant: total 13 units (St. Kitts),
total 8 units (Nevis)
¢ Installed Capacity: total 44.9MW (St. Kitts) -
total 21.3 MW (Nevis)
¢ Peak demand 24MW (StK), 9.83 MW(Nevis)

O&M of Thermal Power
Generation

* MPI’s Energy Division: 4 employees
Human Resources and Capacity * Most of capacity building is done by OJT
Building * There is no systematic HR development.

JET experts select topics
and develop curriculum for
technology transfer

Mle-r-wrrw murce P Japan International Looperation Agency | 9

| Necessary consideration for future RE |
1) Grid stability analysis for new 35MW PV system

2) Update of geothermal development
3) Interconnection (11kV, 66 kV)?
Phase Nevis Geothermal and Grid Interconnection Plan (provisional)
Phase-1 Power Grid Reinforcement from 11kV to 66kV
Phase-2 Expand 66kV, 30 MW Geothermal at N3, Connect into St. Kitts Power System
Phase-3 Hydrogen Based Project at Long Point, Install 15 MW Geothermal at N3
Phase-4 66KV from Long Point to Camp, Offshore Wind at 50 MW, Additional Geothermal
Al from 15MW to 30MW at N1, Expansion of Hydrogen Based Project | 10

2. Baseline Survey Report- Summary
*1 JPS Annual Report 2021 *2 IRP Feb 2020

*3 Interview to JPS *4 Transmission Code

RE Status in Jamaica

Summary: Jamaica

* Energy Source: Oil (53%), Electricity (37%)

X

Project Activities

Challenges for RE & Grid:

;Efl;a:l.-z
Montego B.1;.(__ —a

Energy Efficiency .

Renewable Energy

Grid Stabilization

O&M of Thermal Power
Generation

Human Resources and .
Capacity Building .

Peak Demand: 654.5MW (2018)>622MW (2021)™*
Generated 4356 GWh (2018)->4,303 GWh (2021)™*
1833 kWh/customer/yr, 0.34 USc/kWh (2021)*1
Peak Period: 6:30pm — 8:30pm

RE target 33% by 2030, 49% by 2037 *2

Hydro 28.6 MW, VRE 175 MW (PV utility 53+
distributed 20? , wind 102) *2, RE 15% of grid
Rooftop 20MW? *3

>50.5Hz:0.5sec, <49.5 Hz: 20 sec, <48Hz:0.5 sec *4
RE Fluctuation affects gird stability*3

JPS 21.5MW/16.6MWh Li BESS +3MW flywheels

Thermal power plant: total 20 units including IPP
Installed Capacity: Total 1036.5MW including GTCC in
Old Harbour P/S (190MW)

Heat rate 11,330(2017)->9,392 (2022) kj/kWh *1
Predictive Maintenance: Considering to apply

MSET’s Energy Division: 14 employees
Most of capacity building is done by OJT
There is no systematic HR development.

Priority 1: BEMS
Priority 2: Mini split AC
with inverter

Priority 3: LED

Recommendation for 50%
RE target

Micro-grid concept study
Introduction of asset
management

JET experts select topics
and develop the most
suitable curriculum for
technology transfer period

v' Increasing RE capacity >15%. Grid

>

‘_ﬁ_;..'-" Lipper & Lower White Bihver

Ric BuencRoating Rives
- 'ﬂ. ilf'm Rias

.pe . Mezrd ! Maggouy
stability and power cut issue 4
. nstant Spring
v’ Feeder cut at 49.5 Hz 1‘;‘;':'; I_.wnusd;r";" Leingston
o, BMR [Windyr e ] y ] 7
v System losses 26.3% 2018 R i S
—28.3% 2021 ra_ Hydro weigton (Win| L*J’;;“ Bay FPPC 3
. . Wi nckdo 20km
v’ Large number of distributed PV, & n O Harboge oot
available database? ® Major City Source: JPS, 2019

v" Wind & PV potential unevenly

VRE Projects in Jamica

. . . . . Capacity |[Generation Tariff Investment
distributed —>less smoothing S MW GWh estimated || |USczkwh |mil USD
Wigton | Wind 20.7 52| 2004 10.21 26
Wigton Il Wind 18 47| 2010 10.723 45
Wigton IIl Wind 24 63| 2016 13.4 46.5
Munro Wind 3 10.5( 2010 IPS)
BMR Wind Wind 36.3 120| 2016 129 90
Content Solar (WRB) [PV 20 34| 2016 18.8 65
Independent roof-top |PV 20?, -
Eight River (EREC)  |PV 33.1 2019 8.5
——— =+ \\ind Potential Wigton IV Wind 34 ?
e v.n-r-.-:-— in Jamaica VRE under operation 142 326.5

Source: Sustaine_qu\e Energy Roadmap 2013
nMiePronN Koer  RDECO

Source: Prepared

by JET with several data sources

Japan International Cooperation Agency | 12
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Characteristics of VRE 'fCAJ Transition Changes of RE Penetratic 9 )
l Need for seasprialsTorage — 1 i
o | T e Wind Key transition :
i ——F | - Unpredictable generation output change challenges Longer periods of energy;
. L surplus or deficit |
’:‘: - produce ramps according to weather condition I
" - Depending on geographic areas, fluctuation comes at Power supply robustness H VRE: >30% A
s once if it installed in the same valley unces P VI marsaion 1 Phase 4. The system experiences periods where
B G A I Y ENEh :
. PV Greater variability of net load VRE: >10%
Wind Output - No output in night-time and rainy day and new power flow patterns 3 Phase 3. VRE
- — - Large fluctuation in tropical climate (likely to change Wi cangs e pattern of the system
i el 80% in a minute) to operating patterns :
- AR == ) ° 1 sration
) B L N Both (VRE): P
e f'i“,r.,\dl_, i LET AL AN - It does not always generate when needed. Load-supply ST AL S ASCHRIE 200
N AL IR matching is an issue Time coincidence of VRE, there can
em—————— A be times when there is too much supply. Curtailment of
PV output Phase-3 Increased level of uncertainty and variability by higher share of VRE. System flexibility is

VRE is necessary > energy storage/control cost need to

be considered important for integrating VRE to in the supply-demand balance.

Phase-4 | VRE provides majority of electricity. It requires advanced technical options to ensure
system stability, causing changes in operational/regulatory approaches.

Caribbean Islands:

- Lower cost than tariff >rapid private investment Challenges for
- Limited area for transmission - Cost for stability : who covers? Phase-5 | VRE output exceeds power demand. The demand is entirely supplied by VRE and further
- Frequent change of weather condition - Technical and regulatory matters VRE additions face the of substantial curtailment.
- Limited stable RE (hydropower/geothermal) Phase-6 | Determined by a surplus or deficit of VRE supply on seasonal or inter-annual timescales.
niPpoN KoEr  [PADECO Japan International Cooperation Agency | 13 This drives a possible need for seasonal storage and use of synthetic fuels or hydrogen
— —
Arrangement toward 100% RE ii‘ ) | Battery and Energy Storage ii‘ )
—_— - Positioning for Energy Storage Technology -
VRE 0% | Voltage and frequency Stabilization | Release Energy
Curtailment - - : Time Rate i
- - Curtailment of VRE energy in PCS to make grid stables, Curtailed
g g v smart inverter H Buildi Substations, Distributed Power spe"r:: :g\);eﬁng PV output
579 - Governor Free (GF), Economic Load Dispatch (ELD) o e |Facilities etc. for System Stabilization/
o= Energy Storage ’ ’ Transportation || o2d | eveling
5% 8 BESS Load Frequency Control ( LFC) ——
- ——_____— - Energy storage: Battery, flywheel (Reritors (Ao Bl i Storage Hydro Forload
T~ — ’ — CAES Comp
Demand - EV charging time shift Fuel Cell Na$S Battery Air Energy Storage
- Demand side management
Response (DR) - Regulatory framework change, review of grid code ead Storage B
on batte [MW]
Insufficient Inertia, Synchronizing Force A ~Fluctuation
CSP, Biofuel Minutes Laghe
generation - Synchronous condenser, Statcom .
o2 - Battery-Motor generator set Nickel Hydrogen Battery o :‘;i@r
CE»%” - Biofuel (diesel, jet) for DG - : : ge—io=
g £ - CSP (Concentrated Solar Thermal Power) Flywheel | Primary: RE + Battery
w E - Gravitational Power SMES :Sup ing Backup: Thermal -
_ Grid forming Inverter Capacitor Magnetic. Energy Storage rd
- H2 generation from RE by electrolysis T
- Seasonal large scale storage kW 10kW  100kW 1MW 10MW  100MW  1GW  System Size

VRE 1009
(1]
Source: NEDO Renewable Energy Technology White Paper Chapter 9

NIPPON KOES pFI}E(IO Japan International Cooperation Agency | 15 NIPPON KOES pFI}E(IO Japan International Cooperation Agency | 16
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—

Grid Stabilization: GF, LFC, ELD 9

Governor Free Within one Generator detects rotation fluctuation and automatically controls
(GF) minute rotation so that frequency is kept at suitable level

Load Frequency
Control (LFC)

Minutes-ten
minutes

This involves the sensing of the bus bar frequency and compares
with the tie line power frequency. The difference of the signal is
given to speed changer of generator, so that the frequency of the
tie line is maintained as constant

Economic Load More than ten Most economical load distribution between a number of generator

Dispatch (ELD) minutes units is considered with different heat late at each load range.
(preparatory Optimum operation of generators at each generating station at
setting) various station load levels (unit commitment) are settled.

[Demand-VRE output] Larger VRE penetration,

Demand
Demand Variation ,‘J'.,JNL"'"-"-' larger fluctuation. Grid (generator and battery)
(Demand — Vw has to compensate fluctuation.
Wﬂ"' Yo /’/— - Voltage Reactive power
-."'\_."x./f Fluctuation deviation
/ Long-term
_ Output Frequency
Short-term :”_. Fluctuation fluctuation
WNWNJ\JM '-\/-....-"\'. =]
Small fluctuation
Pefmanr i fun Promofra Ao Pt Pon Ao P
v == Governor

Free

NIPPON KOE! | ~REEE Prepared fromNEDO 1M

sapan International Cooperation Agency | 17

—
Inertia and Synchronizing Force wit.. .. ji‘mf
Inertia Grid Vol ¢
Large scale Generator (Disk weight, speed) ([;;Sk Fg;zﬁfs) D's:;:ggted
VRE Power z &
E—— Frequengy "
. j (Rotation  * 4 . —
Speed) ' ! : .i -
i ~ A f
Generatw ;“ il kﬂ‘,
Voltage ™ | | I
ﬁ-\ (Disk Radius
Rooft
Mo | e

4 Generator  Transmission line  Load PV
i | . ) &\

Wmd Synchronizing Force
= the power to make rotating
speeds of both disks same

Prepared by JET with reference
to https://www.tdgc.jp

Inertia: The force to keep the rotation of disk when load is changed
Synchronizing Force: The force to keep rotation speed of disks. It keeps back to the same
rotation when generation power and load is varied, without entangling transmission line.

Fluctuation of large scale VRE affects to generator at generation side and load side
= Inertia and Synchronizing Force need to be enhanced for grid with large VRE
NIPPON KOES pFDECO

Japan International Cooperation Agency | 18

Inertia and Synchronizing Force with RE ji"CAJ
Synchronous generator: The power source establishes voltage and frequency with reactive
power, and combines with generators by synchronizing force
VRE/BESS with inverter: DC converted to AC. There is no rotation, no synchronizing force. It
monitors grid AC voltage and wave and adjust accordingly = no contribution for stability

GF: Governor Free

UFLS: under frequency load shedding

, RoCoF: Rate of Change of Frequency

Generation

= Nadir: minimum value of frequency
\ ‘,.-"" disconnection reached during the transient period.

Frequency (Hz)

Less synchronous generator, larger VRE

Rate of Change ‘
of Frequency . |

(df/dt) (RoCoF) A

Affected by inertia, .
generation loss

i \ Time

If Nadir< UFLS - load shedding

Recovery by GF and load shedding

Source: OCCTO Committee on Demand-
supply Balance on 27 Oct 2020

Japan International Cooperation Agency | 19

NIPPON KOET pFDECO

—
.
A

SjncAG_enerator
' Power Grid @

Sync.Generator

Black-out when
insufficient Sync. Gen.

Sync.Generator VRE+BESS+Inverter

" - r
Sync.Generator %‘

Power loss
Sync.Generator

If synchronous generator is reduced and
inertial is not sufficient, power loss

- Frequency drop, with no recovery

-> Chain reaction of loss of VRE

- Black out )
¥
Frequency (Hz) VRE+Inverter @
\ @ Sync.Generator Sync.Generator

Generation
Vo disconnection

Increase of VRE+BESS+Invert

Sufficient Inertia . VRE+Inverter
VRE+BESS;Inverter
- Frequency recovery
Sync.Generator E Sync.Generator
__ Power loss @
RoCoF>2Hz/s Power Grid
~ Chain loss Reduced Inertia VRE*'”Ve”e’ VRE+|nverter
of VRE >RoCoF? Black Out!
RoCoF: Rat
Ofocf?angea(,? VRE+Inverter
Frequency Sync.Generator VRE+Inverler
BIaCkOUt!! Source: Transmission and Grid Council, Japan
NIPPON KOET IO Japan International Cooperation Agency | 20
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Consideration for Larger VRE/BESS Penetration

* Increased application of PV and Wind :
* |s Battery sufficient measurement?

« To what extent can utility scale PV and wind be operated without affect

on grid power quality?

* How much can a feeder accommodate distributed PV and BESS?

* Planning with grid simulation is necessary.

* Load flow analysis
« Stability analysis

* Grid code needs to be checked for condition of

grid connection of VRE and BESS

NIPPON KOES F:JFI)ECD

506 Hz B

I

. = |
......__li _][

Example of frequency fluctuation with VRE

Japan International Cooperation Agency | 21

Grid Stability Simulation

* Simulation of National Grid Model based on asset data
* Analysis of Issues and Solutions

* Power flow analysis: Frequency, Active/Reactive power
e ELD/LFC Calculation

Photovoltaic Generation

Wind Generator

1 ﬂ,v\"_\_»,\n_-;_ﬁ_’.z-.._ ¢

Ty wl = \ Load
5. gl o= L l Battery

=51 mi

Japan Internat.c..c. <« M. o ey | 22

Ihl

ELD: Economic Dispatch Control
LFC: Load Frequency Control

NIPPON KOES F:JFI)ECD

SCO and STATCOM for Reactive Power

SCO (Synchronous Condenser
SCO is DC-excited synchronous machine (large

rotating

generators) whose shaft is not attached to any driving
equipment. Though changing field excitation, SCO adjusts
reactive power and provides reactive power at the time of

voltage drop.

STATCOM STATic synchronous COMpensator
For compensation of reactive power, it generates/absorbs reactive power, and stabilize
voltage continuously at high speed by self-commutated inverter.

--- With STATCOM

Iif STATCOM bus-bar voltage i
12} - Without STATCOM

N S —
o O
g of
3 Wl H
> g
aok
Time (s)
450} STATCOM Output
= o i (positive: phase advance)
o i>(, I o _-1\‘& /'f -\....f’f el
g8 if - - With STATCOM
88 op—n—o - Without STATCOM

Tir;1e (s)

Phase angle
(degree)

Open one circuit

¥

https://energy-shift.com/news/af737655-0462-
4655-81ae-b17d86b5784d

Internal Phase Angle Deviation

--- With STATCOM
---- Without STATCOM

Time (s)

Source: Enhancement of Steady ~State Stability and Suppression
of Over Voltage using 450MVA GCT STATCOM, Mitsubishi
Denki Giho, pp.52-55, Vol.87, No.11, 2013.

https://www.hitachi.co.jp/p
roducts/energy/STATCO

M/about/index.html

Japan Intel

Emerging technology for large RE with Grid stabilization : Generatior,g~ )
with Inertia and Synchronous Power JICA

Type of Technology Advantage Develop stage

- Motor - Energy in battery provides - Used as frequency

1 i
e, |
fheg, b

generator synchronization and inertia conversion
B e e (MG) - Small scale supply, for micro grid - Commercial operation
Gravity - Gravity of recycled Concrete Pre-commercial, 35 MWh,
R, Storage block 35ton/nos 4“2;"// per tower
B g g a n=85%
i dl Battery - Provides |ner-t|.a 52.5GW planned in USA
energyvault.com/gravity - Half cost of Li-ion battery
CAES - Compressed high pressure air -demonstration by NEDO
f (Compressed - (Liquid air may be developed) - 900 MW in California
o i air energy Provides inertia - n=70-80%
'www.nedo.go.jp/news/pre storage)
ss/AA5_100756.html
— CSP - With turbine, provides inertia - Commercial operation at
A (concentrating and synchronization [V::aaas?ofggzew(lmwofi :';“UZCD)
- SSOIT power)  _  Cost decrease expected, higher  under development ’
olar s _
p——— thermal efficiency than PV, n=50%
B\ o) i Grid- - Dynamic active/reactive power, FRT, - Under development
) — i . forming frequency control, inertia - (Smart inverter by
Source: CIGRE _inverter - Applicable to existing PV IEEE1547, Mandatory in

( Smart Inv: FRT, VRT, voltage support) Hawai )
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Option For 100% RE: Battery Motor Generator set (MG Set)

Hateruma Island: Southern most island in Japan
-Area 12.73 km2 , Population 527, hh 272 (2016)
- Peak power: 770 kW (2016)

- Generation: DG (Bunkar-A, total 1,250kW)

- Wind (245kW><2, total 490kW)

- Lead-acid Batt (600kW/1,500kWh)

- MG Set: Rated 300 kW

Hateruma

= [
MG Set
_# = Generator| Motor |—| Battery |

MG set is driven by battery charged from VRE and provides
power with inertia - possible method to achieve 100% RE
with inertia

niPpoN KoEr  [PADECO

Wind generator

n‘ﬁj
JICA

Photo: https://www.kankyo-

busines:

s.jp/news/011605.php

https://www.okiden.co.jp/shared/pdfinews_release/2017/180328.pdf
Japan International Cooperation Agency | 25

Option for 100%

RE: CSP

| Concentrating Solar Thermal Power (CSP) | .

Source:Reve,

https://www.evwind.es/

i .

%s': g e )
n - =
(iR : . " " - -

02000 B2 2003 M4 3TTE POV BUNT 30U XY 3030 Mo
Comptetian st a0 corriTied prikech bee b Srwriogy

Pi i C5F i Oeaboss Wi ) Dunors W

n‘ﬁ}
JICA

Rapid cost reduction (47% in 2010-2019)

« Combination with molten-salt heat storage
* Inertial power can be supplied

oI

e me  SOUrCE: Torresol Enerdy

* DNI (Direct normal irradiation )

« Barbados: 1600-2000 kWh/m2/yr

+ St Kitts&Nevis:1600-2300 kWh/m?/yr

USD/MWh
-".l- | — i 000
i Py =R
A '\._R DNI [kKWh/m2/yr]
0 . H"\_
o X—_.::_‘__
04— _‘_"‘—:.____z_f_\____.
Source: |IEA and NEDO °
Fonilad [ o] nx 20400 F
NipponN KoEr  RDECOD

Jamaica: 1300-2200 kKWh/m2/yr

Japan International Cooperation Agency | 26

Example of Grid Code

—

jica’

Country UK Ireland Germany Japan
Grid Code The Grid Code EirGrid Grid Code Technical Connection Grid Code
Rules fore MV
Regulator Ofgen (regulator) TSO VDE (Association) OCCTO
Main Items of | - Frequency and time for | - Frequency and time for -Frequency and voltage (under
Grid Code operation continue operation continue that need continuous preparation)

- Active power increase/
decrease at the time of
frequency increase/
decrease

- Active power Droop
according to frequency
change rate

- Voltage, harmonic wave,
flicker at nodes

- FRT requirement at the
time of voltage drop

- Reactive power supply

- Active power decrease/
Increase at the time of
frequency increase/
decrease

- Governor control rate

- FRT requirement at the
time of voltage drop

- Reactive power supply

- Speed of power increase/
decrease with load dispatch
order

- Lower limit of load

- Black start and - Spinning reserve
Protection of grid and requirement
generators

operation

-Active power increase/
decrease at the time of
frequency increase/
decrease

- FRT requirement at the
time of voltage drop

- Reactive power supply at
the time of voltage change
- Active power limit at the
time of large voltage
change

- Protection of grid and
generators

OCCTO: Organization for Cross-regional Coordination of Transmission Operators, Japan
FRT: Fault Ride Through

NIPPON KOES pFI}E{O

Japan International Cooperati

on Agency | 27
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Appendix

n‘ﬁ}
JICA
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Resilience for RE

23 Aug 2018 Awaji, Japan
https://www.sankei.com/west/news/180828/
wst1808280043-n1.html

600 kW, Fallen at 25.6m/s wind while 60m/s design
- Additional moment due to Excess of high speed

9 Sep 2019 Kanto, Japan
@kadowaki_kozo
Damage of roof-top
structure by high speed

- Missing control power supply wind

For enhancement of resilience:

v" Design Standard with higher rank hurricane

v Autonomous Micro-grid

v’ Fast recovery with GIS and Asset management

W
26 Jul 2019 Himeji, Japan
https://www.dailyshincho.jp/article/2018/0726

0800/?photo=1
Landslide by a heavy rain

NIPPON KOES pFDECO

Japan International Cooperation Agency | 29

Microgrid Concept

| Concept of Micro-grid

v’ Respective Micro-grid is
connected each other, and each
Micro-grid can work
independently

v" Local energy production for local
consumption

v Generation: PV, wind,
biomass, DG, GT, battery, etc.

v Demand: industry,
commercial, home, EV, etc.

v No transmission = loss saving

v With loT, control system, EMS,
demand response, smart meters

v Enhance resiliency

Driseribasion
Nl firtion

Parking .
Source: Smart City Development and Recent trend in Electric Power Network, Waseda Univ.

- - ags —
Microgrid for Resilient System 9 )
-- Autonomous Micro Grid JICA
Residences X
- —_—— Thermal Generation Plant
ﬂﬁi‘ggi?d i !! Nuclear Generation Plant
(11} hl'll’lll
- LN B
=% Building
Power Exchange between Clusters I*
P v i
Smart Railway — P N I\ Communication LinoR
*’Solar Generation /7 Transformer ICT/EMS
%— Clustered Microgrid
! Battery Energy Management of
: v// Electrical Facilities in A Cluster _

[t

Charging Station
NIPPON KOET pFDECO

Smart Houses with PV and EV Japan International Cooperation Agency | 31

PV Installation and Plans
in Barbados

- Needs for confirmation of feeder
holding capacity considering
fluctuation

- Utility Scale PV is planned for
future

Source: GIS by JET, based on MEB Database
Latitude and Longitude data needs to be reconfirmed

NIPPON KOET pFDECO
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Planning of Microgrid of Coverley Village --i"mg

11kV feeder

Coyerley Villag_e'.J
a5 A i

L
§ biPaC
[F P

- Requested data: Location of transformer, existing PV, LV line alignment (GIS), location shunt
capacitors(ShC) or static var compensators(SVC or STATCOM) if any
- Two autonomous Microgrid connecting Coverley Village Microgrid and Airport Microgrid can be preposed

NIPPON KOES F:JFI)ECD
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Micro-grid Concept: Coverley Village 9
Microgrid/Smart Grid Demonstration; Model study for 100% RE

- 3 kW rooftop PV

- 5-7 MW additional PV
(Grantley Adams AP?) ]

- BESS and EMS - ,_,,--u,ﬁ

- Data for load curve, a
transformer, distribution line
information requested

- -Single line diagram

- - distribution line 11 kV
(feeder length, size, type
(ACRS or cable), impedance,
resistance, capacitance, RLC

- Transformer location, kVA

0.8 MW fluctuation 2> PV?

i

Lo Ciirve of Cowerley Villags [KW)

Example of system, to be reviewed

Nos of houses 1026|nos
Roof area for PV 30|m2/house
Commercial/official roof 300|m2 (6 facilities)
Total roof area 31,080|m2
PV Capacity 3108|kWp
Specific PV generation 4.917|kWh/kw/day
PV generation energy 15,282 |kWh/day
Peak demand 4,104 |kwW
Electric energy demand 41,329|kWh/day
External PV 6,622 kWp

T BESS capacity 80(|MWh
BESS output 4/MWh

niepon koer  [©ADECO
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Microgrid for Resilience: Mutsuzawa Road Side Station '?C:"

Mutsuzawa Road Side Station
- Gas co-generation (80kWx2), PV system (20kW),
Solar heating (37 kW) EV charger,
- Independent power supply for residence zone
- Thermal supply for hot spring by co-gen
; - Microgrid area connected with grid
Car Parking e - Continuous supply during Typhoon (large scale
regional power cut approx. 1 week) in Sep 2019
- 1000 utilized power supply, shower, toilet for

- emergency
A -

Residence g
Zone

Regional Disaster-prevention facility

Cphttail PV System - All power lines are underground
Residence
Roadside
Station
EV Charge

Grid connection
facility

National Grid https://www.env.go.jp/press/files/jp/113284.pdf

NIPPON KOET F:JFDECD
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—
Recommendation of DR and EV jiea’
D R EV Chargi
(1) TOU or Unit charge rate according to load curve and Wi ?mand. SSponse by EV Charging
i — With Time-shift incentive "
weather and PV output with EMS - 16:00-17:30 -29% \
(Ex.) Range-1: Daytime, sunny , lowest - 23:00-24:00 +48%
Range-2 : Daytime, sunny/cloudy / off-peak, middle|~ = I

tage ---ru

Range-4: Rain and evening, peak-time highest $RTREs

2 Promotion of EV with Vehicle-to-Home (V2H),
Vehicle- to-Grid (V2G)

- V2H is applicable for specific existing model of EV

- Emergency power supply to home

! RE-LEAF EV: emergency
4 e S
I REsponse, Resilience
== 10 kWh for power supply

https tps://xtech.nikkei. com/dm/amcle/FEATURE/20150120/399714/7P 5

[ P —

— s

oo

Dlsmbullon
Board

I:Ii s T

Source: IRRP Draft 2021 MottMacDonaId

T T =

EV
Grid Charger with
V2H function

(3) Promotion of solar assisted car
- 60 kWh, 400>725km , >47,600ASD (33,320 USD)
- Load to grid is mitigated

NIPPON KOET F:JFDECD

https://www.drive.com.au/
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Grid Simulation: for Optimization of Load Flow Analysis

Microgrid Designer consists of tools of Economic Load Dispatch (ELD) and load flow
analysis modules, developed by Energy & Environment Technology Research Institute,

Japan (Venture company of Waseda Univ).

Single Stage
Economic Load
Dispatch Module

Multi Stage
Economic Load
Dispatch and LFC
Module

Single Stage Load
Flow Analysis
Module

situations

Multi Stage Load
Flow Analysis
Module

The determination of the optimal output of a number of electricity
generation facilities, to meet the system load at the lowest possible
cost subject to transmission and operational constraints

Chronological determination of the optimal output of a number of
electricity generation facilities, to meet time varying system loads at
the lowest possible cost and load frequency control commands to
maintain the system frequency within the permissible range.

Steady-state analysis tool whose target is to determine the voltages,
currents, and real and reactive power flows in a system under a
given load conditions and planning ahead for various hypothetical

Chronological power flow analysis for time varying loads to
determine the transitions of voltages, currents, and real and
reactive power flows in a system over time horizon.

Input Data

Generators (DE,GT,ST,GE) ™

GEN . 35% = ’
* Max. and min. output 0% 1 "
g 206 —— ptimum
o - efficiency
* Ramp rate § 25% = i
* Load — cost curve or g o
| . W5y tand- i
Load — efficiency curve v egrdase
10% ith VRE
5%

0%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%110%120%
Load %

Example of Impedance Map

Load Transmission Line, Substation
» Average Load in each feeder | |[Common]
* Load Power Factor * Power flow limitation

* Load — hour curve (Weekday| |*
and Weekend)

[Option 1]

* Impedance Map
[Option 2]
Load-hour *  Shunt Capacitor
* Cable length

Voltage Magnitude

EEEL T E LT T P W pu (10OMVAS =2}

* Cable capacitance [uF/km]

nieron Koer  FADECD
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Input Data

Necessary Data

- Fuel efficiency (heat rate) of each DG
generator units at each load range

- PV generation 24 hr curve

PV output on 26 Jun 2017 e
: ! ) .: Partially I'..'l an,

/ o\ W

'_ sucdden
| Drep

PV output nnllfl Aug 2017 PV output gn 17 May 2017
Cloudy [l ;
Sloudy IJ!Iﬁ'IIq Frequent I

|

¥ | fluctuation Fl

o . L

Rainy

NIPPON KOET pFDECD

d—
3 )
JICA
Battery
* Sum of MWh
Battery A 5MWh
Battery B 3MWh
Battery C 1MWh

Sum of Battery Capacity m

Japan International Cooperation Agency | 39

ELD example with IEEE Microgrid Model

Fuel eost

e
Load
X " Cmrectson of g
"_:_.m., pi of ::'I Lot Boncrastsng and Decision of é
x " Daspaiching Tenovation ]
E
[ecinaon of Dispetcheng Amaouni -
F 3 o EIMC genemmion =
Lomd Dispatching by the Fgaal & Mcthod 5
L
* Sonding of EDNC Commiands
Commund 1o o G

ELD flow

W Micee Grist Designer

] i

1i0-bmis -Beanch Microgind test model

Transition of outputs of genertors by ELD (KW

Tie (Hour)
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Seminar on Grid Stability
with Large RE
Day 1

References
&
Schedule

JICA Expert Team, Nippon Koei Co., Ltd.

iy
niepgn ioEl  FRDECO Japan International Gooperation Agency

Seminar on Grid Stability with ' ~=~=~ PE 3

" Dayd o - Jica’

What is Power System: Three-Phase AC, Single line network description

Per Unit Method: Definition, Example

Modeling of Power System Equipment: Transmission line, Transformer, Generator, Load
Active Power & Frequency: Frequency control, Area requirement

Reactive Power & Voltage: P-V Curve, Reactive power source

Practice of Modeling of Grid

oA WNE

.
|w)
Q

<
N

Overview of Load Flow Analysis: Purpose, Methods, Modeling of grid
Newton-Raphson Method: Theory, Characteristics

DC Flow Method: Simple method to solve load flow manually
Exercise of DC Flow Method

Practice on Microgrid/VPP Designer

Load Flow Analysis and Evaluation of Barbados Grid

ounpwWNE

0
O
Q

<
w

Overview of Stability: Definition, Methods, Swing equation

Stability Model: Simplified grid model, Equivalent circuit of synchronous generator
Equal Area Criterion: Theory, Simple method to solve stability manually

Available Transmission Capacity & Spinning Reserve

Exercise of Equal Area Criterion

Practice on Microgrid/VPP Designer and LFC/ELD

Stability Analysis and Evaluation of Barbados Grid

e All flgures in the materials of grid stability lectures are from
“ M.Kato & H.Taoka, Fundamental Power System Engineering, Suurikogaku-sha, 2011. "
nippoN KoEl  =EDECO Japan International Cooperation Agency

NoukwnpE

O mN-RFTES(TSUS 9
UsE O3 [ 3%

jica’
BHATLI%

fpidh Fundamental

Power System
Engineering

IR — - A HE w

Essence of Power System
Analysis and Control

M. Kato & H. Taoka
Suurikougaku-sha,

Tokyo, Japan
2011

HALR

nippan koEl  FRDECO Japan International Cooperation Agency

9
, jica’
| Electric Power
Electric Power
Systems BASHHEN
FIFTH ECITION Flfth Edition All-inclusive

B. M. Weedy, B. J. Cory,

N. Jenkins, J. B. Ekanayake &
G. Strbac

John Wiley & Sons,
Chichester, West Sussex, UK

2012

nepan koEr  RDECO

Japan International Cooperation Agency
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NippgN KoEl  =RDECO

Power System
Control and Stability

Second Edition
Classic Textbook

P. M. Anderson &
A. A. Fouad

IEEE Press, Piscataway, USA,
2003

First Edition: lowa State University Press,
Ames, lowa, USA, 1977

Japan International Cooperation Agency

jiea’
Power System
Stability and

Contro|

Widely Read Textbook

Power System
Stability and
Control

P. Kundur

McGraw-Hill,
New York, USA

. 190

nnnnnn

NIBPON KOET  -EDECD

'Japan International Cooperation Agency

Transient
Stahility of
Power Systems

Theory and
Practice

nippan koEl  FRDECO

jiea)
Transient Stability

of Power Systems
Theory and Practice

Transient Stability
Analysis Methods

M. Pavella & P. G. Murthy

John Wiley & Sons,
Chichester, West Sussex, UK

1994

Japan International Cooperation Agency

9
TRANSIENT _ - Jica’
Transient Stability

of Power Systems

A Unified Approach to
Assessment and Control

STABILITY OF
POWER SYSTEMS

A Unified ;"-.'|‘||'|':|:-._!L_'h o
Assessment and Control

Application of
Equal Area Criterion

M. Pavella, D. Ernst &
D. Ruiz-Vega

Springer Science+Business
Media, New York, USA

2000

Japan International Cooperation Agency

nippan koel  FRDECO
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jiea)
Seminar on Grid Stability
with Large RE
Day 1

Basics of Power System Engineering
for Grid Stability Simulation

JICA Expert Team, Nippon Koei Co., Ltd.

1
nieron koEr  EDECC Japan International Gooperation Agency

—

Contents jica

1. What is Power System?
Three-Phase AC, Single line network description

2. Per Unit Method
Definition, Example
3. Modeling of Power System Equipment
Transmission line, Transformer, Generator, Load
4. Active Power & Frequency
Frequency control, Area requirement
5. Reactive Power & Voltage
P-V Curve, Reactive power source
6. Practice of Modeling of Grid

- ) . 2
NIPRON KOET  <RDECC Japan International Cooperation Agency

1. What is Power System?

* Understand the role of power system engineer

* Recognize the relationship among voltage, current,
active power, reactive power, frequency, and other
characteristics of electricity

* Know several tools or methods, and learn their
usage.

* Innovate current power systems to new type power
systems with RE

. 3
niepoN kogl  RDECD Japan International Cooperation Agency

Role of Power System Engineer

* Supply electricity to all the customers in stable
* Continuously
* With no or few failures
* Minimize the influence of disturbance after faults

* Keep the quality of electricity
* Constant voltage
* Constant frequency
* Less distortion or harmonics

. 4
niepoN kogl  RDECD Japan International Cooperation Agency
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Grid Stability

* |If the oscillatory response of a power system during
the transient period following a disturbance is
damped and the system settles in a finite time to a
new steady operating condition, we say the system
is stable. If the system is not stable, it is considered
unstable. Referred from

P.M. Anderson & A.A. Fouad, “Power System Control and Stability,”
|IEEE Press, Piscataway, USA, 2003

To supply electricity to all the customers in stable
=> We are going to solve “Grid Stability” problem.

: ) ) 5
NIPRON KOET  <RDECC Japan International Cooperation Agency

—

s ]
Characteristics of Power System "

* Flow of Electricity

* DC (Direct Current): Difficult to change voltage and
switch off circuit

* AC (Alternative Current): Stability problem
* AC
* Single Phase & Three Phase

e Components of Power System
* Transmission Line
* Transformer & Switchgear (Substation)

* Generator (Synchronous Generator, Photovoltaic, Wind
Power)

e Load

: ) ) 6
NIPRON KOET  <RDECC Japan International Cooperation Agency

N
JICA

Methods of Power System Analysis

* Steady State: under Small Disturbance
* Voltage, Power, Angle are constant at a certain time
* It keeps the same state under small disturbance
* ->Load Flow Analysis, Eigenvalue Analysis

* Transient State: under Large Disturbance
* Voltage, Power, Angle are changing

* ->Equal Area Criterion, Energy Function Method,
Transient Stability Analysis (Electro-Mechanical Transient,
Electro-Magnetic Transient)

. 7
niepoN kogl  RDECD Japan International Cooperation Agency

3 )
. JICA
Single-Phase to Three-Phase
. L. . Phase a
* Single transmission line Return
* Require 2 lines Phaseb Return
Phase ¢ Return

* Three-Phase transmission line

* Require 3 or 4 lines (+ neutral line)
* 3 times capacity

Phase a

Phase b \
\
|

Phase c

Neutral Line (Return)

. 8
niepoN kogl  RDECD Japan International Cooperation Agency



nkmanager
長方形


l-t, )
. . JICA
Three-Phase AC Circuit
* Single transmission line -
* Three-Phase transmission line = e | L

 Caution to magnitude and angle

Va, Vb, Vc: Phase Voltage

Vac, Vbc, Vca: Line-to-Line Voltage
la, Ib, Ic: Phase Current

lab, Ibc, Ica: Line Current

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

o~ ] ) 9
NiIFRON KoET  FRDECC Japan International Cooperation Agency

i\’ )
JICA

3-Phase Load

* Connection of 3-Phase line
* Y(Wye) Connection
» A(Delta) Connection

Phase a Phase a

C o
Phase b

Phase b []
& Phase ¢
Phase ¢ | o

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NIPPON KOEI  [PRDECC

. . 10
Japan International Cooperation Agency

o

Phase Voltage & Line-to-Line Voltage Ji¢A’

* Phase Voltage : Va, Vb, Vc
* Y(Wye) Connection—>Line to Neutral
* A(Delta) Connection—>Line to Line

* Line-to-Line Voltage: Vab, Vbc, Vca

fr’elb — f:-x - ll"’l_-,
Vbe =Vp — V&

. . .
T -
I" ca = 1’(: — l.a;’

* Y(Wye) Conection

. *,E! _ 1"_, :,lﬂ - 'r',é(]
* Line Voltage=vV3 X Phase Voltage ¥ Bt '

* A(Delta) Connection Vi = Vpe! 7 = Vpé%ﬂ
* Line Voltage=Phase Voltage . » 4
Ve = Vpe' 3" = Vo Lom

* Vp : peak value of Phase Voltage

Va, Vb, Vic: Phase Voltage Ve = Vp = Vpe! 17 = 13, 2 ;w : 3 Vel =30
Vac, Vbe, Vca: Line-to-Line Voltage Vie = Voe? 3% _ 17 = 5y StEe-0)

la, Ib, Ic: Phase Current " . ) b

lab, Ibe, Ica: Line Current Vea = Vue3™ — W, = V3 Vel (37

s 11
nirPoN KoE!  ~EDECC Japan International Cooperation Agency

-

. ]
Phase Current & Line Current &’

* Phase Current : la, Ib, Ic

* Y Connection—->Current between Neutral and
Termnal s ki I

¢ A Connection—>Current between Two Terminals

e Line Current : lab, Ibc, Ica
!fal = Ipl — @
¢ Y Connection—>Line Current=Phase Current

¢ A Connection—>Line Current=v3 X Phase _ Y
Current I. = I]Jé (Eﬂ— = p) = fp/__'[Q.'l{]“ _ ,-*.;)

- '12 A
by =1 (g?f v) =1, £(120° — )

* |p : peak value of Phase Current h=lhi+fh+l=0

Va, Vb, Vc: Phase Voltage

Vac, Vbe, Vea: Line-to-Line Voltage
la, Ib, Ic: Phase Current

lab, Ibc, Ica: Line Current

®:Angle between Votalge and Current
cos®: Power Factor

s 12
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Three-Phase AC Parameters  Jica’

Phase Voltage (Maximum) =V2 X Phase Voltage (rms)
* Line-to-Line Voltage (rms) : Rated Voltage

e Line Current(rms) : Rated Currnet

* Three-Phase VA (Apparent Power): Rated Capacity

* Three-Phase VA=3 X Phase Voltage X Phase Current
=v3 X Line-to-Line Voltage (V3 X Phase Voltage)
X Line Current(Phase Current) :Y Connection
=vV3 X Line-to-Line Voltage (Phase Voltage)
X Line Current (V3 X Phase Current) : A Connection
* Three-Phase P(Active Power) =Three-Phase VA X cosf
* Three-Phase Q(Reactive Power)= Three-Phase VA X sin®
* O: Phase Angle between Phase Voltage and Phase Current
* cosB: Power Factor

. . 13
NiIFRON KoET  FRDECC Japan International Cooperation Agency
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2. Per Unit Method jica’

* Normalize variables in power systems

* Make it easy to get the solution of power system
static and dynamic state

* Solve several voltage networks in one set of
equations

* Rated capacity to 1.0
* Equipment(ex. Generator): Rated Capacitor
* Grid: Total Capacity or Total Load
(need not to set to maximum amount of
capacity)
* Rated voltage to 1.0
* Each Transmission Line can be set to 1.0

) . 14
NiIFRON KoET  FRDECC Japan International Cooperation Agency

il’ J
. JICA

Per Unit Value & Actual Value

* Normalize a value to one that is based on
unit number 1.0 V =Zi

* For each equipment ) v . i . P

* Rated capacity -> 1.0 Vo= Ip = T Zp=

* Rated voltage -> 1.0 base pase hase
* For grld . . M}}IHL' - Ihew.'zlmr-!(-

* Total capacity of grid -> 1.0

* Rated voltage of transmission line -> 1.0  y- i =z

r - — -
L’Imsc jhaﬁr ‘Jl}i—l}-i{:'

V: Voltage, I: Current, Z: Impedance
Vbase: Base Voltage, Ibase: Base Current
Zbase: Base Impedance, Ybase: Base Admitanse N ,
(VA)base: Base Apparent Power (VA )base = Vbaselbase
Vp: Per Unit Voltage, Ip: Per Unit Current ) 1
Zp: Per Unit Impedance Yoase = Z

“hase

15
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o

. . /
Conversion to Per Unit Base Value'“A

* The way to set base value of per unit for
impedance

* ex.) From generator’s self-capacitor base
to system capacitor base

Z Ve Inew,p = z Z (VA)NEW base
NEW,base = 75— P T NEW base V2
(VA )NEW base HEWbase pase
o . Z Z (VA)oLp,base
Ve ZoLp,p = ¢ = o
Z‘:]I.])\!HIHI! =T AO[JD:hAHC L”'m“!
(VA )oLD. hase
..I' -5 ¥
5 (VA INEW,base
S NEW, YOLD,p

(VA )oLD base

ViVoltage, I:Current, £:'mpedance

Vbase: Base Voltage, Ibase:Base Current
Zbase:Base Impedance, Yhase:Base Admitance
(VA)base:Base Apparent Power

Vip:Per Unit Voltage, Ip:Per Unit Current
Zp:Per Unit Impedance

16
niepoN kogl  RDECD Japan International Cooperation Agency



nkmanager
長方形


N
JICA
Example of Conversion to Per Unit

(1) Calculate Base Value
210 + 760 MVA

Vbase=275kV ., 5+ 550 2
(VA)base=100MVA = — i
7 (2?!-' % 1(‘]3)2 B ?56 a 275 kV
Yhase 700 % 100 )
2.1+j0.6
(2) Change Actual Value : 0.0066+0.066
. 1 | | i
to Per Unit Value : — '
1.0
[ Fi3 Lc}-;-, = f-. Sj,;
2y =220 00066 + j0 066 - P
76 Vip = Vip — 15 = 1.0 = (2.1 — j0.6)(0.0066 + j0.066) = 0.947 — j0.135
2.1 4 0.6 = 1.0, Gup = Vipds = (0,947 — j0.135)(2.1 + jO.6) = 2.07 + j0.285
fy=21-j08 Se = (2.07 4 j0.285)100 MVA = 207 + j28.5 MVA
Vi = (0.947 — j0.135)275 kV = 260 — j37.1 kV
Figure is cited from V3] = 263 kv

M.Kato. & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011. 17
NIPRON KOET  <RDECC Japan International Cooperation Agency

Example of Per Unit Value jica’

* Vbase=11.5kV
* (VA)base=100MVA
* Ibase=100/11.5=8.7kA

» Zbase=Vbase?/(VA)base=11.52/100=1.320Q

* R=0.15Q/km, X=0.15Q/km

* Length =6km

* Rpu=0.15x6/1.32=0.7

* Xpu=0.15x6/1.32=0.7

* Zpu=v0.7*0.7+0.7%0.7=1.0 => |Z|=1.32Q
Vbase: Base Voltage
(VA)base: Base Apparent Power
Ibase: Base Current
Zbase: Base Impedance

Rbase: Base Resistance, Xbase: Base Reactance
Rpu: Resistance in Per Unit, Xpu: Reactance in Per Unit

. . . 18
NIPRON KOET  <RDECC Japan International Cooperation Agency

The Meaning of Per Unit jiea)

* The meaning:

1pu(|Z|=1.32Q) impedance transmission line can send
1pu(100MVA) power by 1pu(11.5kV) voltage. Its current is
1pu(8.7kA).

This will be maximum capacity of transmission line.

If transmission line has 2 circuits, its total impedance will be
0.5pu(0.66Q), and the maximum capacity will be
twice(2pu:200MVA).

) . 2 Circuit Transmission Line
Vpu: Voltage in Per Unit

Zpu=1.
(VA)pu: Base Apparent Power in Per Unit Ipu=1.0 pu=1.0
Ipu: Current in Per Unit
Zpu: Impedance in Per Unit
Rpu: Resistance in Per Unit Zpu=1.0
Xpu: Reactance in Per Unit Vpu=1.0

- 19
niepoN kogl  RDECD Japan International Cooperation Agency

3 )

3. Modeling of HEA
Power System Equipment

* Make it easy to analyze feature of power system
equipment

* Modeling of Components of Power System
* Transmission Line
* Transformer & Switchgear (Substation)

* Generator (Synchronous Generator, Photovoltaic, Wind
Power)

e Load

- 20
niepoN kogl  RDECD Japan International Cooperation Agency



nkmanager
長方形


—_—
l-\‘ J
JICA
Transmission Line
* In a 3-Phase balanced system, we A
may consider only correct phase
circuit same as single phase circuit. Pl § Phasec
i ¥ Phaseb
I, b Ppwer T Phasea
Phase ¢ — Line
i, 2
Phase b — la, Ib, Ic: Phase Current
. . Zs: Line Impedance
1, 2, Va’, Va: Phase Voltage
Phase a —1 . .
f ! (Sending Terminal Voltage,

ll-.' "|~ Receiving Terminal Voltage)
L P S S T S T

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NiIFRON KoET  FRDECC Japan International Cooperation Agency
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jica’
Impedance of Transmission Line
* Impedance of Transmission Line
Z« =R+ jwL, I, 2 '_/__1/.
Vo= Vo= hiZot b2+ L2 | — ]
= hilZ=2:) . ‘I‘
1.7 S S
zln = jwilm Zs: Self Impedance, Zm: Mutual Impedance

Z=7s-Zm : Line Impedance, Sum of self and mutual impedance
R: Line Resistance

Ls: Self Inductance, Lm: Mutual Inductance

la, Ib, Ic: Phase Current

Va’, Va: Phase Voltage

Figure is cited from (Sending Terminal Voltage, Receiving Terminal Voltage)

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

'S 22
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Admittance of Transmission Line
* Admittance of Transmission Line %
Iil—a = frn:}:; + {fj:. - ‘:i:)‘!':_m + (ﬂur — f;’)]/;ll . I T 3./..,
L |
— ‘::{f’s + 3}:}”1} [ l.’“' l J “}.b
ek ivy [T
= V.Y TTT 7777
Va’, Vb’, Vc':Phase Voltage of Sending Terminal L
Ys: Line Admitance, Ym: Mutual Admitance, ‘|‘
YI=Ys+3Ym v Ly Vv,

la: Line Current of a-phase

Ve

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

s 23
niepoN kogl  RDECD Japan International Cooperation Agency

Equivalent Circuit of Transmission Lingda/

Two types of Equivalent Circuit '
Z
* M (pai) Model — [
* Divide line admittance into sending T 2
node side and receiving node side

* No need to add another node
* T (tee) Model 1, L
* Divide line impedance into sending

node side and receiving node side Yi
* Need to add another middle point node

Ve

S S S SS

ZI: Impedance of Transmission Line
YI: Admitance of Transmission Line

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

~ 24
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®1: primary side flux ,""‘

. . L 18 )
®2: secondary side flux j'CA
L1: primary side self inductance
L2: secondary side self inductance

Transformer

* Mathematical equations

f transformer M1: primary side mutual inductance
of transfo e M2: secondary side muual inductance
Q: angular velocity
: dif
v =il + —
1 14y A di ?- .
v = iR + 402 e e T Al e g ==
3 i 1 g M =F 2 v
[ J
P = L]ﬁ-l + Miaia '1'1'12 i}
Wa = Msoyiy + Lais "= La i 2

[1'-"1 = FiRy + jw(L by + Myada) = (Ry + jwli )y + jwMiais
l'l-'"'z = I2 Ry + jw(Mai Iy + Laia) = jwMaihi + (Ra + jwlo) iz

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha,
NIPPON 291 1. RDECC Japan International Cooperation Agency

Equivalent Circuit of Transfoi e, ffea)

* Relationship of per unit base values
el

= = ] y rlibase = I base: Zibase = T'EZ rase
fzbaa{.‘ ?-‘Ilhasc‘ I]] I ’ ] o
____f—;__ _ I — i ?'22’002_ _ _Z_‘Toc‘z -
T{1base I2base v Z1base Zobase i
* Equivalent Circuit and Equation by, 2, iy

Vip = fm;::sc.lp + (Fip + -'f'_’p}z{]CJZp
1:"2[) = (l;lp + f?j:}z(}(fjp

I11: Primary side Current, 12 secondary side Current, r: Transformer Ratio
I1base: Primary side Base Current, 12base: Secondary side Base Current
Z1base: Primary side Base Impedance, Z2base: Secondary side Base Impedance
V1p, V2p, I1p, I2p: Per Unit Voltage and Current of Primary, Secondary Circuit
Zscl, Zsclp: Short Circuit Impedance from Primary side and its per unit value

Zoc2, Zoc2p: Secondary side Open Circuit Impedance and its per unit value
Figures are cited from

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
NiIFRON KoET  FRDECC Japan International Cooperation Agency

Transformer in Per Unit ji"i:A‘

* Per Unit Model of Transformer
{ VA )Qha.ﬁn = Vopaselobase = -rgbasc.‘z2ba.-i::! {1| bane = Tibascc L

2r2 I
_r J_rl_ |__|n_:-<(:dlhﬂ-"~l'!
2

- f]zl;u:u_'z'h“ﬁ["
— (L’d )HJ;L:%!‘
* Transformer ratio

( VA :l 1base
]’"1 }.lru-'\.l.‘: o LF] haﬁr: }-:'.EI:IA,I,NI' . T ‘ir] hah—'L:

| Ty Y

]/TZE!:-H:-:-:! { VA ::|2|)=i:i(~ 11 hase !I hare
fﬁham{r

r: Transformer Ratio

I1base: Primary side Base Current, 12base: Secondary side Base Current

Zlbase: Primary side Base Impedance, Z2base: Secondary side Base Impedance

(VA)1base: Primary side Base Apparent Power

(VA)2base: Secondary side Base Apparent Power

s 27
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3 )
JICA

Synchronous Generator

* Phasor Model of Synchronous Generator

Vi = E& —ngfg

E, .
R X,
o e
Vi
Lag Power Factor=1 Lead

Vt: Terminal Voltage, Eg: Internal Electromotive Force
Xg: Amature Impedance, Ig: Armature Current

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

s 28
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Output of Synchronous Generator
Induced Electromotive Force By = Ege-f‘ﬁ
P+jQ="V.I;
_ Eg‘eﬂ5 - W :
- 3 X
ViBy . . . (vt Eg Ve )
= sinéd + j cosd — ——
Xg Xg Xg
Vil .
P=-"""Esiné
);.g Vt: Terminal Voltage, Eg: Induced Electromotive Force
Vi E VZ Xg: Armature Impedance, Ig: Armature Current
Q — It cosd — i P: Active Power Output, Q: Reactive Power Output
XI% Xg 6: Internal Electromotive Force Angle

Po: Rated Active Power

" . . 29
NIPRON KOET  <RDECC Japan International Cooperation Agency

jica’
Load (Customer)

* Numerical Model
* Constant Impedance (Z=R+jX)

* Constant Power (S=P+jQ)
 Constant Current (I=a+jb)

* -> easy to include into network equations of
power system

. . . 30
NIPRON KOET  <RDECC Japan International Cooperation Agency
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How to Make a Model of jica’
Renewable Energy Generator

* Photovoltaic Generator & Wind Turbine Generator
* Negative load model
* Maximum Power Point Control
* Follow the Voltage of Grid
* Constant Power Factor -> Constant Power or Current
* ->similar mode of Load

* Diesel Generator & Biofuel Generator
* Synchronous Generator model
* Automatic Voltage Regulator -> Constant Voltage
* Power System Stabilizer -> Control Active Power
* Governor & Turbine -> Control Frequency
* ->similar model of synchronous generator

- 31
niepoN kogl  RDECD Japan International Cooperation Agency

N
JICA

4. Active Power & Frequency

* Difference of active power between generator
output and load is proportional to frequency.

* If generation power is larger than load, frequency
will increase.

* Oppositely, if generation power will be less than
load, frequency will decrease.

* Control method of load is different according to its
responsibility.

- 32
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Active Power & Frequency

* Power-Frequency
Characteristic

* Power of synchronous
generators increase
according to frequency.

FO: No-load frequency

FN: Frequency under normal operation
GN: Power of synchronous generatos
under normal operation

Frequency
H . Load
* Proportion
Fyp--=---=-------:3 .
* Inverse proportion | N
°-> CrOSSing pOint iS E output
an operating point. o

Generator output / load
Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

. . 33
NiIFRON KoET  FRDECC Japan International Cooperation Agency

NIPPON KOEI  [PRDECC

'
Several Frequency Control Systermsjica’

* Frequency Control Scheme is categorized
to 4 stages.

(1) Self-control of load
Quick response of Load according to its characteristic

(2) Turbine Governor control . H
svnch h Magnitude
ync ror.wus generator as of load 1@ @
Conventional inverter doesn’t have deviation covernor
(3) Load Frequency Control Semmlﬁf’”m"
Feedback frequency and change generator ol of load Wi
. q Y : geg B T LFC .
according to PI (Proportional-Integral) contro bt i i R
as the following equation: 1sec 1min 10min time

APG = (K1+K2/s)Af
(4) Economic Load Dispatching

EMS: Energy Management System

-> operated in central control center
APG: Generator Output Change
Af: Frequency Change

K1: Proportional Gain
Figures are cited from K2: Integral Gain

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

Select most cost effective generator
among LFC generators

. . 34
Japan International Cooperation Agency
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Power—Frequency Coefficients

* Power-Frequency Coefficients is a constant
depending on the governor and load characteristics.

100 Fo— Fx

%KC,‘ = ﬁ (%I\/I\V/Hzﬂ £ = T x 100 %
0— Iy N
GKg = 'l{]_[]_x 100 %1\,-1\3\}/}'12 FO: Rated Frequency

e X Fy FN: Current Frequency

AG: Generator Output Change

AL: Load Change

AP: Chang of Power

AF: Change of Frequency

KG: Gain for Generator Output Change
KL: Gain for Load Change

K: Power-Frequency Coefficient

AP+ (AG — AL) =0
AP = (Kg + K1) AF

K = K¢ + K1, [MW/Hz|

35
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NIPPON iDEI  RDECC

Power Systems Connected by a Tie-Line jica’

APy
* Two interconnected power systems
2 N— ; —
APy = AG;’R ALa FO: Rated Frequency
APg = AGp — ALgp F: Frequency of Interconnected Grid
. AG: Generator Output Change
Area Reqwrer.ner\t (supply and demand AL: Load Change
balance and tie line flow) AP: Chang of Power
APy = KAAF + APy AF: Change of Frequency
ﬂPB = KlgﬂF — ﬂPf}"

KG: Gain for Generator Output Chang
Frequency of Interconnected grids

KL: Gain for Load Change

K: Power-Frequency Coefficient
are collected as the following
equations. AF — APp + APy

KpAPy — KA AP
Figure is cited from APy = B A ASTB

M.Kato & H.Taoka, “Fundamental Power Syster{} E’hé‘i_ng%ﬁng,” Suurikogaku-sha, 2011.

36
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Relationship between generator, Jica’
load and frequency

* FFC: Flat Frequency Control
* To keep frequency constant in a grid

e TBC: Tie Line Load Frequency Bias Control
* To keep area requirement (supply and demand balance and tie line flow) zero

inagrid
Fy:Grid Fregency
Frequency Frequency
TBC
: FFC
Fyp-=--------2 : Fyp- H
' 1
i THO : TBC
\ 1
! |
! :
Pry Tie line flow Prw Tie line flow

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

. . 37
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5. Reactive Power & Voltage

* Most of load consumes reactive power and its
voltage will decrease.

* In order to keep voltage to a certain value, reactive
power should be provided.

* Provider of reactive power
* Synchronous generator
* Synchronous Condenser/Capacitor (SC, SCO)
* Static Var Compensator (SVC)
* Static Synchronous Compensator (STATCOM)
* Voltage Reactive Power Control (VQC)

. . 38
NiIFRON KoET  FRDECC Japan International Cooperation Agency

3 )
Reactive Power & Voltage e

* Relationship between Reactive Power and Voltage
Vi=Ve—jXi ~ R

ixi \A ixi

(a) Usual load haddl

(b) Power factor=1

(c) Power factor=0,
Lagging load (only inductance) . i "

(d) Power factor=0, - P S ; i
Leading load (only capacitance) 1 '

Vs: Sending Terminal Voltage, Vr: Receiving Terminal Voltage
I: Tiransmission Line Curent
X: Transmission Line Impedance

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

39
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Reactive Power jfea)
* Sensitivity of P & Q

P+iQ =V.i*
it (Yo Vee PN
o ( R+jX
ViVie 98 — 12
T R—jX
RP+ XQ+ V72 = ViV, cosd
RQ — XP=—-V.V;sind

Infinite Bus

(RP 4+ XQ+ V) +(RQ — XP)* = V2V Vs: Sending Terminal Voltage
Vr: Receiving Terminal Voltage

;'.ﬂ': = . .[_’_’.; u X7)P A ;:11.:—‘ = P: Active Load Power
ol Ve(2XQ + 2RP + 2V2 - V2) Q: Reactive Load Power
av; (R + X9+ Xv? R: Line Resistance

'U-{;J N Ve(2X0 4 IRP + 21 o Tl X: Line Reactance
Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

40
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Reactive Power #en

* Sensitivity of reactive power is larger than that of
active power for voltage.

AV p = ('..“-I’.)J-” ave _ (R + X*)P 4+ BV
ol ap Ve(2XQ + 2RP + 2V2 - V3)
'“; R ] T 4 ey o2
AV, g = (';. )‘_1{3 ‘”" = e "_” FXT)Q+ XV,
o e Vi(2XQ + 2RP + 2V3 — V@)

e AV, p _ (R*+ X*)P+ RV? ZP + RO 1
AVio (RP4+X2)Q+XV2 — ZQ+XC <

AVr,p: Sensitivity of Active Power to Voltage

AVr,q: Sensitivity of Reactive Power to Voltage

Vs: sending Terminal Voltage, Vr: Receiving Terminal Voltage
P: Active Load Power, Q: Reactive Load Power

R: Line Resistance, X: Line Reactance

C=Vr?/Z: Short Circuit capacity

'S . . 41
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P-V Curve & Q(Reactive Pown o

* From the right equations,
relationship of active power P
and Voltage V can be solved
into the figure.

* If Reactive Power Q increase, Infinite Bus
voltage V will be up and active
power P of load will increase. Vvoltage v

* In order to keep voltage V
as normal value, increase
reactive power Q of load
by adding Shunt Capacitor,
Synchronous Condenser
or Static Var Compensator
(SVC, STATCOM) to the
load node.

* Caution!!: Too much Q drops V

and causes power system
blackout.

RP 4+ X0Q A 'I.'r2 = VeV cosd

R — XP=-W\Vsind

ase Reactive Power Q

Active Power P

- " . 42
NiIFRON KoET  FRDECC Japan International Cooperation Agency
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JICA

IBR(Inverter Based Resources) Types

* Grid Following Inverter
* Current Source Inverter
* Control output current as adjusting voltage to grid’s

* Grid Forming Inverter
* Voltage Source Inverter
* Virtual Synchronous Generator
* Control output voltage and its frequency as adjusting
power to grid’s
* Supply Virtual Inertia to Grid

* Source: PV, WT(Wind Turbine), EV(Electric Vehicle),
Battery

niepoN kogl  RDECD Japan International Cooperation Agency

3 )
Concept of e
Virtual Inertia
| Synchronization |
Inverter
Pinn : Inpul power from DG ow inverter

Pout ; Owpul power from inverter uo grid
& = Vinual phase anpgle
Pmy 1 Mechanical power

F
| Synchronous Pe : Electrical power

Generator S % dm : phase ongle of the rotor
1 )

Source: M. Kawai, Y. Sakai, H. Sugiyama, H. Taoka “Frequency Improvement of a Power System with a
Distributed Generator using Synchronization Inverter,” 2015 International Symposium on Smart Electric
Distribution Systems and Technologies (EDST), CIGRE SC C6 Colloquium, Sep. 2015.

niepoN kogl  RDECD Japan International Cooperation Agency
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Control Algorithm i)
for Virtual Inertia

The control method of Synchronization Inverter is expressed by the swing equation.
This equation is added damping term and synchronizing power term.

e
M d° y ol
2 e 2 g =P P,
e, ef*

This swing equation of the Synchronization Inverter is solved for virtual phase angle §. |

The transter function

of voltage value

Source: M. Kawai, ¥, Sakai, H. Sugivama, H. Taoka “Frequency Improvement of a Power System with a
Distributed Generator using Synchronization Inverter,” 2015 international Symposium on Smart Electric

UISIFith[IDI‘L-SU‘.rtETTIS and Technologles {EDST), CIGRE 5C C6 Colloguium, Sep. 2015, )
NIPPON HOE] 1] Japan International Cooperation Agency

jiea’
SCR(Short Circuit Ratio)

* SCR is the factor to be considered for grid stability.
» SCR=AC System Capacity/Rated IBR Capacity

* SCR>3 -------- High SCR, Stable
* 3>SCR>2 ----- Low SCR
e 2>SCR -------- Very Low SCR

* Discussed in IEEE Std 1204-1997(R2003)

* |[EEE Guide for Planning DC Links Terminating at AC
Locations Having Low Short-Circuit Capacities

* Recognized by ANSI(American National Standards
Institute

NiIFRON KoET  FRDECC Japan International Cooperation Agency

3 )
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Sources for High SCR Grid

* V2G(Vehicle to Grid) of EV(Electric Vehicle)
* BESS(Battery Energy Source System)

* Battery with control circuits
* Biofuel Generator
* Solar Thermal Generator
and

* Renewable Energy Resources (PV, WT) with Grid
Forming Inverter

* These resources can supply inertia to grid.

niepoN kogl  RDECD Japan International Cooperation Agency

3 )

ATC(Available Transmission Capacit%‘mt

* Transmission capacity needs to be calculated to see whether
RE can be transmitted from source location to demand place.

* Power Equation
vivi .
e P=—1Lsiné
X
* Synchronizing Force
. aP _ ViV

% x cosd

* Available Transmission Capacity from Heat Capacity Limit
Ploss =R * (%)2 <
* Available Transmission Capacity from Transient Stability

ViV _ Vi

Japan International Cooperation Agency

PLOSSMAX
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Spinning Reserve jica’

* In order to get electrical power under abnormal
condition of grid, spinning reserve should be kept even if
RE is installed. (under development)

* Spinning reserve should be more than mixed fluctuation
of load and renewable energy.
-> RE, EV and Battery with inertia is required for large RE
penetration.
* Best Energy Mix
-> Energy mix of several resources will be helpful for improving
grid stability.
* RE Sources for Spinning Reserve: EV, Battery, Biofuel or
Diesel Generator, etc.

NiIFRON KoET  FRDECC Japan International Cooperation Agency

Available Transmission Capacicy  jica’

& Spinning Reserve
P

Pmax — — — — - = .
Available Transmission Capacity

‘ Spinning Reserve
Pop — —_

Fluctuation of
Renewable Energy and Load

Total Transmission Capacity

0 /2 n &

NiIFRON KoET  FRDECC Japan International Cooperation Agency

3 )

P-8 curve for RE and SCO HEA

(g) Photovoltaics
Change Pmax
(h) Wind Power

Change Pmax and
Phase

(i) Battery
Change Pmax
(j) sco
(Synchronous Condenser) |
Change P during fault | [ ()

(i) with SOC control
(g) (h) (i)

0 /2 T

niepoN kogl  RDECD Japan International Cooperation Agency

3 )
JICA

6. Practice of Modeling Grid

* Per Unit Calculation

* Calculation of base current and impedance for several
base voltage and base capacity

 Active Power - Frequency Relationship
* Calculation of Area Requirement
* The way to calculate Microgrid Interconnection

 Reactive Power - Voltage Relationship
* Calculation of voltage and sensitivity in a small grid

s 52
niepoN kogl  RDECD Japan International Cooperation Agency



nkmanager
長方形


N
. JICA
Exercise 1

* Base voltage Vbase and base capacity (VA)base is as
follows:
* Vbase=50.0kV
* (VA)base=100MVA

* (1) Calculate base current Ibase and base
impedance Zbase.

* (2) When the resistance R and reactance X of
transmission line is R=0.04Q/km and X=0.06Q/km,
and the length of transmission line is 8km, calculate
line impedance Z=R+jX in per unit.

. . . 53
NIPRON KOET  <RDECC Japan International Cooperation Agency

N
. ICA
Exercise 2 )
* The two power systems, A and B, having capacities
of 1000MW and 500MW, respectively, are
interconnected through TBC(Tie Line Load
Frequency Bias Control). The power-frequency

coefficients of both power systems are
1.0%MW/0.1Hz.

* Please calculate the change of frequency and the
tie line power flow AP;, when the capacity of power
system A decreased by 30MW.

" . . 54
NIPRON KOET  <RDECC Japan International Cooperation Agency

N
Exercise 3 R

* The two power systems, A and B, having capacities
of 300MW and 500MW, respectively, are
interconnected through TBC(Tie Line Load
Frequency Bias Control). The power-frequency
coefficients of both power systems are
1.0%MW/0.1Hz.

* Calculate area requirements (change of capacity) of
power system A and B, when the frequency
decreased by 0.1Hz and the tie line power flow AP;
from power system A to power system B increased
by 50MW.

- 55
niepoN kogl  RDECD Japan International Cooperation Agency

N
JICA

Exercise 4

* The voltage of infinite bus is 275kV, line impedance
is 0.01+j0.2pu, active power of lagged load is 1.0,
and its power factor is 0.98.

* Calculate reactive power Q and terminal voltage of
the load.
vy /P

* Calculate P & Q sensitivity ratio p = —

0.01 + ;0.2 pu |

7 I > 1”3-1' JQ
ﬁ ‘ 1pu
275kV Vi

- 56
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. JICA
Exercise 1,2 Answer

* Exercise 1
(1) Ibase=(VA)base/Vbase=100MVA/50kV=2kA
Zbase=Vbase/Ibase=50kV/2kA=25Q
(2) R=0.04*8/25=0.0128
X=0.06*8/25=0.0192
7=0.0128+j0.0192

e Exercise 2
KA=0.01x1000=10[MW/0,1Hz]=100[MW/Hz]
KB=0.01x500=5[MW/0.1Hz]=50[MW/Hz]
AF=-30/(100+50)=-0.2[Hz]
APT=50x(-30)/(100+50)=-10.0MW

" . . 57
NIPRON KOET  <RDECC Japan International Cooperation Agency

jica’
Exercise 3,4 Answer

* Exercise 3
KA=0.01x300=3[MW/0.1Hz]=30[MW/Hz]
KB=0.01x500=5[MW/0.1Hz]=50[MW/Hz]
ARA=50+30x(-0.1)=47[MW)]

A should be decreased by 47MW.
ARB=-50+50x(-0.1)=-55[MW]
B should be increased by 55MW

* Exercise 4
tan 86=0.2 Q=PtanB=0.20[pu]
(0.01x1+0.2x0.20+Vr?)2+(0.01x0.2-0.2x1)%=Vr?
Vrp?=0.85 Vrp=0.92
Vr=275x0.92=253kV
p=((0.01%2+0.22)*1+0.01*0.922))/((0.01%2+0.22)*0.2+0.2*0.852)

=0.049/0.18=0.27

. . . 58
NIPRON KOET  <RDECC Japan International Cooperation Agency

N
Per Unit Example 1 e

* Vbase=11.5kV
* (VA)base=100MVA

* |base=100/11.5=8.70kA

» Zbase=Vbase?/(VA)base=11.52/100=1.320Q)
* R=0.15Q/km, X=0.15Q/km
* Length =5km
* Rpu=0.15x5/1.32=0.57 Vbase: Base Voltage
* Xpu=0.15x5/1.32=0.57 (VA)base: Base Apparent Power

Ibase: Base Current

Zbase: Base Impedance

Rbase: Base Resistance, Xbase: Base Reactance
Rp: Per Unit Resistance, Xp: Per Unit Reactance

- 59
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N
Per Unit Example 2 e

* \Vbase=24.9kV
* (VA)base=100MVA

* Ibase=100/24.9=4.0kA

» Zbase=Vbase?/(VA)base=24.92/100=6.20Q
* R=0.05Q/km, X=0.10Q/km
* Length =5km

o Rpu=0 05X5/6 2=0.04 Vbase: Base Voltage
) ) ) (VA)base: Base Apparent Power

* Xpu=0.10x5/6.2=0.08 Ibase: Base Current
Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance
Rp: Per Unit Resistance, Xp: Per Unit Reactance

- 60
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Per Unit Example 3 e

* Vbase=49.0kV
* (VA)base=100MVA

* Ibase=100/49.0=2.04kA

» Zbase=Vbase?/(VA)base=49.0%2/100=24.0Q
* R=0.04Q/km, X=0.08Q/km
* Length =5km

. — _ Vbase: Base Voltage
Rpu—0.04x5/24.0-0.008 (VA)base: Base Apparent Power

° Xpu=0.08x5/24.0=0.017 Ibase: Base Current
Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance
Rp: Per Unit Resistance, Xp: Per Unit Reactance

" . . 61
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3
Per Unit Example 4 e

* Vbase=11.4kV
* (VA)base=100MVA

* Ibase=100/11.4=8.8kA

» Zbase=Vbase?/(VA)base=11.4%2/100=1.3Q
* R=0.15Q/km, X=0.15Q/km
* Length =5km
* Rpu=0.15x5/1.3=0.58
» Xpu=0.15x5/1.3=0.58

Vbase: Base Voltage

(VA)base: Base Apparent Power

Ibase: Base Current

Zbase: Base Impedance

Rbase: Base Resistance, Xbase: Base Reactance
Rp: Per Unit Resistance, Xp: Per Unit Reactance

" . . 62
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N
Per Unit Example 5 e

* Vbase=66.0kV
* (VA)base=100MVA

* Ibase=100/66.0=1.52kA

» Zbase=Vbase?/(VA)base=66.0%2/100=43.6Q)
* R=0.04Q/km, X=0.08Q/km
* Length =5km

o _ _ Vbase: Base Voltage
Rpu-0.04x5/43.6—0.005 (VA)base: Base Apparent Power

* Xpu=0.08x5/43.6=0.009 Ibase: Base Current
Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance
Rp: Per Unit Resistance, Xp: Per Unit Reactance

- 63
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jiea)
Seminar on Grid Stability
with Large RE
Day 2

Basics and Exercise for
Load Flow Analysis

JICA Expert Team, Nippon Koei Co., Ltd.

nippoN KoEr  PADECO Japan International Gooperation Agency

h’
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B

Contents

1. Overview of Load Flow Analysis
Purpose, Methods, Modeling of grid

2. Newton-Raphson Method
Theory, Characteristics

3. DC Flow Method

Simple method to solve load flow manually
4. Exercise of DC Flow Method
Practice on Microgrid/VPP Designer

6. Load Flow Analysis and Evaluation of Barbados
Grid

U

NipPON KoEl  PADECO Japan International Cooperation Agency

jlea!
1. Overview of Load Flow Analysis

* Steady state analysis under small disturbance
* System is explained as linear model.
* Voltage, power, angle are constant at a certain time

* It is assumed to be kept as the same value under
small disturbance at a certain time.

* -> Load Flow Analysis: Solve algebraic equations
* -> Eigenvalue Analysis: Solve differential equations

NIPPON KOE!  PRADECO Japan International Cooperation Agency

jlea!
Load Flow Analysis

* Node Admittance Matrix
* Relationship between voltage and current for multiple
nodes in a power system
* Power Equation
* Relationship between power and voltage

* DC Flow Method (manual calculation)

* Simplified Load Flow Calculation of Three-phase AC
Transmission Line

* Solve relationship between power and voltage angle
* Newton Raphson Method
* Solve relationship between power and voltage in vector

NIPPON KOE!  PRADECO Japan International Cooperation Agency
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Node Admittance Matrix ji’c:’

Describe Network Structure

I Y Yiz -+ Yiwn Vv

Iz _ Yo1 Yo v Yo Va Y= 1/(R+Jwl) +jwC
: : : : : R:Resistance

In Ve Pos o: Pun Va C:Capacitance

L: Inductance

node 2 * Calculation example of
power flow in 3 nodes
network

V1,,,Vn: Node(Bus) Voltage
11,,,In: Btanch(Line) Current
Yij: Admitance between earch node

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011

niPPoN Ko PRDECO Japan International Cooperation Agency

Node Admittance Mau ix ji’c:’

Driving Point Admitta ] l
Y11 = §0.05 + j0.06 4+ —— + ——
Ju. JALRT

e node 2

* Y11,Y22,Y33:
* Driving Point Admittance
* Y12,Y21,Y13,Y31,Y23,)Y32:

* Transfer Admittance

Transfer Admittance

. ' 1 ’
1o = Yo = = j1.25
Yz 21 08 J1.29

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

fa) 6
nippoN Koel  MADECO Japan International Cooperation Agency

Node Admittance Matrix jiea’

1
¥ j — =i
11 = 50.05 + 50.06 + 708 +j0.5 73.14
1 1 ;
Va2 = j0.05 +JDO4+W + 710 = —32.16
1 1
Yaz = 4 — = —j2.
33 = j0.04 + j0.06 + — 10 705 72.9
. . 1 .
Yio=Ya = ‘—m —31.25
Yis =Ya = _‘Ls =3j2.0
1
. . st Yaz— 310—_}10
Y11, Y50, Y 33!
* Driving Point Admittance —j3.14 §1.25 42.0
* Y1, Y51, Y13, Y31,Y23 Y30 Y= jl1.25 —j2.16  41.0

* Transfer Admittance ' . ]
Jj2.0 1.0 —52.9

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

), 7
NIPPON KOE! CﬂD'ECO Japan International Cooperation Agency

Node Admittance Matrix jica’
- Adding new node

* The way to change node

admittance matrix for new node V33 = —2.9 4 —_Dl = —j5.4
0.2
j2.5
" 1
E joa 957
§0.06 | S
[\ e L
j2.0 0
1_-;‘{}..3 .
o j1.0 0
J0.06
1= _ —Jj54 2.5
- 72.5 72.5
node 3 _‘L_

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
NIPPON KOE! UﬂD'ECO Japan International Cooperation Agency
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jlea’
Methods of Load Flow Analysis

* Gauss-Seidel Method
* Iterative method to get approximate solution

* Newton-Raphson Method
* Using Jacobian matrix to get approximate solution

* Fast Decoupled Method

* Use relationship between active power and angle and
relationship between reactive power and voltage

* DC Flow Method

* Use relationship between active power and angle in the
way to solve DC circuit equations

~ 9
niPPoN Koel  MADECO Japan International Cooperation Agency

Power Equation jfea)

* Voltage and current of node k are described as
following equations in complex value.
* Vk=ek +j fk' szem +j fm
* L=YimVim
* Power Equation of node k is described using Node
Admittance Matrix.
N
Py + jQk = Ix Vi = Z Yim Vi Vi
m=1

N
Pys = Re { Z 1:;Fc:mm(cm + jfvrn)‘{ek +th)}
m=1 Vi: Node(Bus) Voltage
li: Branch(Line) Current
} Yij: Admittance between each node
Pi: Node(Bus) Active Power

Qi: Node(Bus) Reactive Power

N
Qs = Im { Z }'ffm(ﬂm + 3 fm)* (ex + 7 fi)

m=1

2 2 2
Vis = ek + fi;

- 10
nippoN Koel  MADECO Japan International Cooperation Agency

Load Flow Analysis jiea’

Necessary items to consider Load flow Analysis
Buses are categorized to the following 3 types.

* Slack (Swing) Node

* The magnitude and phase angle of the voltage are specified.

* Node with constant voltage and large capacity is suitable.

* This node makes up the difference between the scheduled
loads and generated power that are caused by the losses in
the network.

* P-V Nodes (Generator Nodes)

* The active power P and voltage magnitude V are specified.

* The phase angles of the voltages and the reactive power are
to be determined.

* P-Q Nodes (Load Nodes or Substation Nodes)

* The active and reactive powers P, Q are specified.

* The magnitude and the phase angle of the bus voltages are
unknown.

A 11
nippon Kol FRDECO Japan International Cooperation Agency

Power Flow Equation ja)
(Example of 3 nodes network)

Make a Power Flow Equations for each nodes
Pos = Re {(51.25)" (e1 + 5 f1)" (e2 + i f2)
node 2 + (—72.16)" (e2 + jf2)" (e2 + i f2)
+(j1.0)" (ea + 7 f3)" (e2 + i f2)}
= 1.25e1 f2 — 1.26e2f1 + eafz — e2fs
Vi =ei+f3

Pys = Re {(j2.0)"(ex + 5 f1)"(ea + i fs)
+ (j1.0)"(e2 + i f2)" (ea + 3 fs)

+ (=32.9)"(es + ifs)"(es +ifa)}
= 2.0e; f3 — 2.0eaf1 + e2fa —eafa

Qas = Im {(42.0)"(e1 + 5f1)" (ea + j fa)
+ (71.0)"(e2 + jf2)"(es + 5 f3)
+(=52.9)"(ea + jfa)" (e3 + jfs)}
= 2.9¢3 + 2.9f] — 2.0e1e3 — 2.0f1 f3 — ezes — fofs

node 1: Slack Bus
node 2: PV Bus
node 3: PQ Bus

Figure is cited from ex=Vi, fi=0

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon Kol FRDECO Japan International Cooperation Agency
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2. Newton Raphson Method jien)

* Here we describe numerical theory of Newton Raphson Method
* Equation to be solved is one dimensional equation y=f(x).

1. First, for i=0, assume x(i) to a certain value (ex. 1.0).

2. Calculate

Apl — _ F@D) .
ARt = —

F(=)
3. Calculate fie1 _ (i) _‘I"[_'_f_":‘i-]:l

T )

4. Repeat 2 and 3, until Ax(i)<e,

where € is a accuracy (ex. 0.001). 0 ///{m, 20

1. Get answer of x —

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

- 13
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9 )
JIC
Newton-Raphson Method
1. Set Node Voltage to 1.0 ) h
Calculate Jacobian Matrix  ea.(1) %): %—ﬁ %:f %—?: .
using modified Voltage (1.0 4P, AViE AV oV alvi &
at first) AViE|_ |Tde “oh T des Ok |le”
3. Calculate AP, AQ and A| V|2 jz o b BB Z
4. Solve voltage difference € of Qs 0Q 0Q Qs
each Voltage by eq.(1) eq.(2) [ dez  0f2 Oes  Ofs

eE(l’-i—l] ez{il E]“)

5. Calculate new Voltage by N T el I ™
eq.(2) g ST by

L pReY o et €
6. Repeat 2-6 until differences ;«m f’m 1o
of Voltage are smaller than a : : :
certain value

NIPPON KoEI  ADECO Japan International Cooperation Agency

.5
jica’

Newton Raphson Method

* For computer solution
* This method is used in Microgrid/VPP Designer.

 This method can get solution, even if load flow is
heavy and difficult to get solution by another
methods.

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

A 15
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.5
jica’

3. DC Flow Method

 Simplified Load Flow Calculation of Transmission
Line

* Set all node voltage to 1.0
* Set all resistance of transmission line to 0.0

* Solve relationship equation below between power
and voltage angle for each node

o) 6 : Phase Difference of voltages between
Pr — ')? both side of a transmission line
X : Transmission line inductance
Pr : Active power that flows in a transmission line

NIPPON KOE! C"'FJD'ECO Japan International Cooperation Agency
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DC Flow Method

Manual method to calculate power flow.

Easy to calculate in manual. 8 : Phase Difference of voltages Vs, Vr
between both side of a transmission line

X : Transmission line inductance
Pr, Qr : Active power that flows through

c J

A1)
[

P+ jQ: = Vie 1"

Vie— 78 a transmission line
=\4635(———J;——) ’ .
\ X Vi=¥, P Vi=Vie
_ 1’;]'/:.'6_35 _“}r2 I Yy I
B —jX ——
i L sind + j AbiEEd — b cosd — Vi I
T X X

Simplified and Similar to DC circuit solution
VsV

Pr=-—}2.—r-sin6 ¢
X
5 T Trw

Po= 5 |

i

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

- 17
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DC Flow Method jiea’

(Example of 3 nodes network)

Power equation of each
node is as follows:

node 1 -
0—-d62 0-—463
1.0 =
08 | 05
l b —0 da2 — 03
0.8 =
0.8 1.0
node 3~
=0.104
83 = —0.565

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

- 18
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DC Flow Method jlea’

(Example of 3 nodes network)

Solution of voltage angle

02 = 0.104
node 1 -
d3 = —0.565
Py Power flow of transmission
l line is as follows:
0—0.104
Py = T DU
s 12 08 0.130
noae 4=
0—0.565
P e
13 = 05 1.13
0.104 + 0.
Po3 = _Q_#US@ = (.669

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

A 19
nippon Kol FRDECO Japan International Cooperation Agency

.5
jica’

4. Exercise of DC Flow method

1. Please make a node admittance matrix of the
following grid.

2. Please make a power equation of each node in
the following grid.

) node 1
Fz=1.10 | j0.8

O/ T5005

T 0.05

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NIPPON KOE! C"'FJD'ECO Japan International Cooperation Agency
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ia)
Exercise of DC Flow method

3. Please solve load flow of the following grid using
DC Flow Method.

: N
Exercise 1 JICA

node 1 node 2 node 3 nopde 4
Fe=1.0 j0.8 J1.0 | j0.5 |
A n Swe r > I l_;:r.'lT.::-"_ E l_;-l.l]l_ | l;n.mi . |

+ 1
Y11 = 3005 4+ — = —351.20
11 J 708 J

% 1 1
Yoo = j0.05 4+ 70.04 4+ —— + = —3j2.16
22 = J v 0.8 J1.0 J
. . L 1 1 )
Yaz = 004 4 5006 + — + —— = —52.90
L0 505
node 1 ; node 2 o node 3 0 node 4 Yia = j0.06 + Y = —751.94 1/j0.8=j/(j*j*0.8)=-j/0.8=-j1.25
0. 2 aU.a
L0__s — | — | — |
1 | . . 1
| | | Yia = Vo = ——— = j1.25
(5| Pu 5_2 -PE:; 61 P21 {51_— 0 7 1.
Yoz = Yaa = ——— = j1.0 —j1.200  §1.25 0 0
: 2 10 -
) j1.25  —32.16 1.0 0
Yas = Viz = — : = 52.0 ¥ = ) . -
Figures are cited from : ' §0.5 0 j1.0 . —32.90 §2.0
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011. 0 a J2.0 —35194
niPPON KoEI - PADECO Japan International Cooperation Agency niPPoN koI PRDECO Japan International Cooperation Agency
. - —
Exercise 2 Answer jfea’ c o3 jea)
Pro = Re{(=31.20)" (e1 + 31)"(ex + 1) + (j1.25)"(ea + if2)" (e1 + 1)} Xercise nodel  node 2 node3  noded
= —1.25eq f2 25eaf : 0.8 1.0 | 0.5 |
e Answer oo —f—eo——]
V2 =ef + f}z ) 8 Py 8 Py 5y Py 8,=0
P2y = Re {(j1.25)" (e + 4 f1)"(ez + i f2) + (—32.16)" (ez + 7 f2)" (e2 + jf2) 1.0 = d1 — da
F(1.0) (e + 3 fs) (e2 + jf2)} (.5
= —1.25eaf1 + 1.25e1 fa — eafa + exfa U ﬁz - ﬁl "5\2 - ﬁ;;
Qoo = Im {(51.25)" (e: +3f1)" (e2 + jf2) + (—42.16) (€2 + jf2)"(e2 + jf2) N 0.8 i 1.0 -
JLOY (ea + 3 fa) (e2 + 4 f: - .
+ (J1.0)" (e + 5 f3)" (e .:.rfz)} ) q 83 — 8 N da — 0
= —1.25e1e2 — 1.25f1 f2 + 2.16e% + 2163 — eses — fafs . B —
1.0 0.5

Pye = Re {(j1.0)"(e2 + jf2)"(ea + i fs) + (—=32.9)" (es + i f3)" (e + jfs)
+(§2.0) (ea + 3f2)"(ea + 7 f3)}

— —cafa + eafs — 203 f4 + 2.0e4 fa

=Im {(j1.0)"(e2 + jf2)"(ea + jf3) + (—32.9)" (ea + i f3) " (ea + 5 f3)
+ (52.0)* (es + jf1)* (ea + G fa)}

= —ezes — fafs + 2.9eF + 2.9f7 — 2.0ezeq — 2.0f3 f4

Qs

61 = pa=* "L'l =1

NIPPON KOEI OH[J'ECO Japan International Cooperation Agency

&1 =23, d2=15 & =05

P2 =10, Py =10, Pyy=1.10

NIPPON KOEI OH[J'ECO Japan International Cooperation Agency
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jica

5. Practice on Microgrid/VPP Designer

* Newton-Raphson Method is used for load flow
analysis in Microgrid/VPP Designer.

1. Copy an excel file for load flow analysis.

2. Fill node and branch data in the second and third
sheets in an excel file.

3. Push a calculation button in the first sheet of the
excel file.

4. The resultis in the forth and fifth sheet in the
excel file.

NIPPON KOE!  PRDECO

Japan International Cooperation Agency

jica’
Starting Window of Load Flow

Power Flow Calculation

Step
Set node data and branch data
Click "Calculation" button
Node max 200, Branch max 400

Specification
Maximum iteration 20 | Jump to BranchData input sheetI|
Convergence criterion (pu) 0.0001

Acceleration factor 1

|Explanat{on

1) Capacity base is not shown here, it is assumed by user.

2) Newton-Raphson method is applied as the solver.

3) Convergence criterion is applied to the amplitude of node voltage.
4) Line addmittance is Y/2 in branch data not Y.

5) Maximum branch number connected a node must be less than 39.

NiPPON KOE!  PRDECO

Japan International Cooperation Agency

Node Data jfea)

V: Voltage of Node
Pg: Active Power of Generator, Qg: Reactive Power of Generator
Pl: Active Power of Load, Ql: reactive Power of Load

Node data Input Form for Single Stage

Mode ID | Nods typs ‘u‘mlif_mﬁm:mﬂﬁ Mods Admittance Pz Qe Bl Ql
4 O, Pl
(Up to g M| @) (Dagres) pn) p.n) P8 P8 (.5

. T P e e « n @
Fpmd freartl pay | e ) tmsd s
1 100
B 0 i
El 1 DO 1]
3 :
1] 1
G 7 I I T
ki 1 0 0273 1]
W :
2 1
i : T
11 DT 1]
0
1)
13 i
|5| DT | 1]
[T I Y I S Y |
1] I
ol ]
18] 4T 1]
EL [TCH ol
“I
=l [T
NI
e A |
WI a7 1]
ml
"I DT |
) AL |
NI 084
L | [
NiPPON KoEI  PADECO —St = 1cy
»nl 1 1 D08 of

Branch Data ja)

R: Resistance of Line, X: Reactance of Line
Y/2: Half of Admittance of Line
Tap ratio: Tap ratio, if line has a transformer

NIPPON KOEI on Agency

Branch da Lp orm fo ngle oe Powe oW |
. - HNe. of . . .
Branch [D Sending noda Feceiving node iremits Feziztzncz B Resctance X | Admittance ¥/2 Tap ratio
(Up to 5 integers) | (Up to 4 chracters) {Up to 4 chracters) deEult=1 {p.u.) {p.u.) {p.u) deEult=1.0

: 5 10 chactem) 1
1 1 2 o o
3 7 F — 5 5
;1 1 5 o} ol
5 1 L o 1]
: ! : ucer : 5

& 1 3 o 1] N

i i il s o

5 ' o 5 ol

13) 1 -0 o} al ©
14, 1 Al o 1]
it i o o o
it 3 ?1 s o
3 15 o 1]
i ) s o
7 ] 0| o
1] p 9
}i'| s o
17 o 1]
T : 5
s o
o 1]
s o
C 4

B 23 B 3 B o) 3 U 3 il
S
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Calculation Results of Node

Specified value is initial value. Obtained value means value after calculation.

9 )
jica

Obiziensd value Specified PEQ Obtained PEQ Injection current T
= = & 10a
et e ven | vew [ o= | pew [ aew | 2oy [ aew | tow | E
s | staio Ew
T 0 108 102887 [l o 0 000002 -000181  00017S 2
z i 1 100578 003 00141 -00dss  001a1 0038 004088 i
3 il 1 102141 -01s  -004ZE  -00315 00?8 00813 005203 B oo
4 il 1 102704 -0z -00185 00118 -00M85 001181 D25 e
5 il 1 102813 -001 00588 -00337  -00588  -00377 008877 5 on
5 a 1 10194 -045  -00075  -00058  -00075  -00058 ant
T o 1 102831 -0z 0peIs 0053 00923 00SE01 040501 o
E o 1 102528 -0a1  -00sTs -4 -00sTs -004 005312
2 a 1 100329 023 -00535  -00452  -00S33 -00452  0077E9 oaz R .
10 a 1 102535 01 -00053  -00233  -0A05E 00233 002354 ChonEE — e s
1 0 1 102513 -1 -0pant -002ss -00255 004393 Node maber
12 il 1 103142 153 il il g il
13 il 1 101492 0az il i a il
" il 1 0gmsrs -031  -0a4EL 00952 -0048% -00852 018058 i
15 [ 1 101318 -021  -npssa -00s3  -OpEse -0053  0a0s8s Active and reactive powers at nodes (p.u.)
15 i 1 101138 -0z 0018 00013 -0;S8 00013 001877
17 il 1 102254 -00s  -00izz -00513 00722 00513 008a58
18 il 1 101542 -054 00481 -00285  -004811 -00285 005592 i
1a il 1 101458 -055 00553 -00487  -008528 004859 008155 £ a1 u S
20 a 1 0sms7 -081 04833 -04087  -04583 04087 020143 H
21 o 1 102423 -005  -00805 00377 -005048  -0037F 005938 B
22 o 1 102282 -007  -00872 00383 -00572  -00383 005732 ¥
23 a 1 10224 -007  -00805 00381 -00805  -00381 007002 5
2t a 1 101387 22 -0015  -00202  -0018  -00202 002558 gu
25 0 1 0pssss 243 -00305  -00263  -00308 00285 004278 - ] .
25 ] 1 10355 321 ] 0 i ] ] ) LIS Y 1 FtEiTH HI | L3 LE78. 3%
21 il 1 100342 485 007 0012 -0010F -0012 001502 Ee
2 il 1 ogaozs 525 -00207  -00228  -00217  -00228 003179 -
2 i 1 105802 1304 05t 0 053808 0 nsiEs o Hode manber
a0 i 1 10458 1285 00284 -0021  -00zsa -00P1  0030FS
a1 i 1 103308 13 -0p1ss -00181 -00188 00131 00ZSTR
az 1 ipsoa  1paoat 1553 il 0 000003 -011388 040847
a3 il 1 105793 1725 -00228  -00215  -00228  -00215 002362
£ a 1 108535 1847 00845 00215 00345 -00215  003M2
35 o 1 0gars 055 -0011 -0gE 0041 -00182 002153
35 o 1 0ga0ss 137 -00314 00407 -00314 -00407 0033
ar a 1 10023 0zt o [ a o o
35 a 1 0gmesz 051 -0D1Fs -00203  -00178  -00205 002787
) a 1 0gEis 128 -00455  -0054  -Q0438 -0DS 007385
0 1 103 103 0 03Ers U 0asTE 02815 044855
11 2 103 103 i il 0 00E23 028147 028472
12 1 103 103 0 oz 0 02727 028M5 03305
43 il 108 103 0 i 0s 0 020858 n2808%
1 i 108 107ass o i naz 0 01053 0a1m03

NippoN KkoE!  MRADECO Japan International Cooperation Agency

Calculation Results of Branch ja)

Aerive aad reactive powes i ot ke of line PU.

‘Durpst Form of Obtained Results for Buses by Singel Stage Power Flow Anlyais
| Cecmucterotia | powwbcwscmncseds | powwmswstenster | risicawt |
ombar! M N Pipa) Qi

B

Arrecy msdrasce s fivwr (pu )

Phuse eagles ot brances (Degres)

i
'i o |“||| 1 ,‘| W IH‘I'-'”-

“uazan

Tianes toemstr

0
P
0.

s
Bamm

(==,

NippoN KkoE!  MRADECO Japan International Cooperation Agency

6. Load Flow Analysis and jica’
Evaluation

* DC Flow Method
* Prepare data
* Make active power equations
* Solve voltage angle 6 by DC Flow Method
* Calculate active power flow of transmission lines

* Microgrid/VPP Designer
* Prepare data
* Input node and branch data
* Solve load flow by Newton-Raphson Method

NIPPON KOE! C'ﬂD'ECO Japan International Cooperation Agency

IWI jica’

Seminar on Grid Stability
with Large RE

Day 2 (Exercise
for Barbados

JICA Expert Team, Nippon Koei Co., Ltd.

NIPPON KOE! OHDKO Japan InternationalsGooperation Agency
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le Barbados PV Location

Set IMW PV at node close to red circle points in the right figure

m’-\)
jica

Legend

A Coen B
Transmission_Line
SUBTYPECD

o

s
Primany Underground Distrbation Main Line
OPERATINGY.

—_—

Primary vernesd Distributian Moin Line
Gporating Voltage

—

T

Load Flow Analysis De*~ P
with PV in Barbados I

Total capacity is set to 25MW.

Calculation of RE&Load

Node ID. Nodetype | Amplitude of V | Phase angle of V. Node Admittance Pg Qe Pl Ql Load PV WP
S || () (Degree) ou) o) o) o) () o) ) o
1 2| 1.05) 1.66| 0| 0| 0
2| 1] 1.05) 0.13| 0| 0.1} 0 0.1
3 1] 1.05) 0.53| 0| 0.09| 0 0.1 0.01]
4 1] 1.05) 0.33| 0| 0.09| 0| 0.1 0.01]
5| 0| 1] 0f 0| 0.3 0| 0.8]
6] 0| 1] 0f 0| 0.2) 0 0.2]
7] 0| 1] 0f 0| 0.19| 0 0.2] 0.01]
8| 0| 1] 0| 0f 0.04 0 0.05 0.01]
9| 0| 1] 0f 0f -0.01] 0 0| 0.01]
10| 0| 1] 0f 0f 0.18| 0| 0.2] 0.02|
" 0| 1 0f 0f 0.14| 0| 0.15| 0.01
12| 0| 1 0f 0f 0.02| 0| 0.05 0.03|
13| 0| 1 0f 0f 0| 0| 0f
14| 0| 1 0f 0| 0.04| 0| 0.05 0.01
15| 0| 1 0f 0f -0.01 0| 0f 0.01
16| 0| 1 0f 0f 0.04| 0| 0.05 0.01
17| 0| 1 0f 0f 0.05| 0| 0.05
18| 0| 1 0f 0f 0| 0| 0f
19| 0| 1 0f 0f 0.04| 0| 0.05 0.01
20| 0| 1 0f 0f 0| 0| 0f
21 0| 1 0f 0f 0.19| 0| 0.2| 0.01
22| 0| 1 0f 0| 0.19| 0| 0.2| 0.01
23| 0| 1 0f 0f 0.1 0| 0.1
24| 0| 1 0f 0| 0.09| 0| 0.1 0.01
25 0| 1 0f 0f -0.01 0| 0f 0.01
26 0| 1 0| 0| -0.01 0| 0| 0.01
27| 0| 1 0| 0| 0.05 0| 0.05]
28 0| 1 0| 0| 0.09| 0| 0.1 0.01
29| 0| 1 0f 0f 0.04| 0| 0.05] 0.01
30| 0| 1 0| 0f 0| 0| 0|
31 0| 1 0f 0f -0.01 0| 0f 0.01
32| 0| 1 0| 0f -0.02| 0| 0f 0.02|
0| 1 0| 0| 0| 0| 0|

NIPPON mm MADeco

Japan International Cooperation Agency

Seminar on Grid Stability
with Large RE
Day 2 (Exercise)

for Saint Kitts and Nevis

JICA Expert Team, Nippon Koei Co., Ltd.

NipPoN Kokl CRDECO

Japan International@ooperation Agency

s 8 )
é Saint Kitts Assumed Grid i

15 nodes

FEEDER
LISTING

,
-
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NipPoN Kokl CRDECO

Japan International Cooperation Agency
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/ Nevis Assumed Grid jiea’ - | ™,
15 nodes ) Saint Kitts and Nevis Assumed Gné’

30 nodes

Google Earth

), ),
niPPoN Koel  MADECO Japan International Cooperation Agency nippoN Koel  MADECO Japan International Cooperation Agency

jfea’ / !_oad'FIovy Analysis Re;ult ji’c:’
Load Flow Data for Saint Kitts and Nevis in Saint Kitts and Nevis

R,X,Y Line Model R,X Line Model X Line Model
Node data Input Form for Single Stage Power Flow Analysis B Cata] pnorn = l, Eelhg L -
Node ID | Node type Amp‘ ude | Phase angle Node Admittance be Qe m a Branch ID. Sending node Receivingnode | 28 [Resistance R | Reactance X |Admittance /2| Tap ratio NodeID | Node type Spelclﬁed Obtaiened value NodeID | Node type Sg:lu‘;ﬁid Obtaiened value NodeID | Node type Spclclﬁed Obtaiened value
of V of V Wp o 5 nteger)] (Up o4 chracer) | (Up to & chracim) | detmn=1 | o) o o) [ i voltage — & voltage
0, PV~ o - ey
(Uptosd lraopvl | o) | (Degree) (o) o) | Guw | Guw | Gu e o : b | "Ss | Vou) | Ve ‘ (Degree) iy | s | VoW | Vow) | e Rt 1" | Vo) | Veu) | Degreo
si 2 1.03 03 0 o o ¥ s 2 103 1.03 s 2 1.08 1.03 0 st 2 103 1.03 0
52 1 1.03 02 o of o 02 )02 s2 1 1.03 1.03 s2 1 103 1.03 094 52 1 103 1.03 -0.48
s3 1 1.09 05 0 0| 0| s3 1 1.05 1.05 s3 1 1.05 1.05 287 s3 1 1.05 1.05001 334
s4 1 1.05] 01 0 o o s4 1 1.05 1.05 s4 1 105 1.05 312 s4 1 105 105 -12
s5 qf 1 qf o o o S5 0 1 1.02586 5 0 1 1.01622 -082  s5 0 1 1.0312 -0.74
S6 o 1 o 0 01 o o 6 0 1 1.00698 S6 0 1 098273 -298  s6 0 1 1.03492 -257
rs? o 1 o o 02 o o1 s7 0 1 1.02789 s7 0 1 101755 095 7 0 1 1.03999 -051
s8 0| 1 o 0 02 0| o s8 0 1 1.01492 s8 0 1 1.00365 -232 S8 0 1 1.0334 -1.75
|se o 1 o o 02 o 2 s9 0 1 1.0106 s9 0 1 099798 -304  s9 0 1 1.03322 -23
s10 o 1 o o 02 o 5 s10 0 1 1.04128 s10 0 1 1.02576 -069 S0 0 1 1.04714 012
sit o 1 o 0 0.05] o st 0 1 1.04735 st 0 1 1.0244 -302  si1 0 1 1.04568 -1.68
s12 q 1 q q 0 ﬁ [ si2 0 1 1.04912 s12 0 1 1.03193 -334  si2 0 1 1.04739 -1.77
s13 o 1 o o 0.05| o s13 0 1 1.03907 s13 0 1 1.02178 375 s13 0 1 1.04314 -231
si4 o 1 o 0 01 o s14 0 1 1.02205 s14 0 1 1.00245 34  s14 0 1 1.03648 -2.49
st5 o 1 o [l o o s15 0 1 1.03884 s15 0 1 1.01342 32 s15 0 1 1.04105 -2.08
N1 1 1.0 02 o 02 0 Nt 1 1.05 1.05 N1 1 1.05 1.05 035 N1 1 105 1.05 1.26
N2 1 1.0 02 o 01 0 N2 1 105 1.05 N2 1 1.05 1.05 21 N2 1 105 1.05001 267
N3 1 1.0 01 0 0 N3 1 1.05 1.05 N3 1 1.05 105 231 N3 1 105 1.05001 285
N4 o 1 o o 005 of N4 0 1 1.0545 N4 0 1 1.04365 063 N4 0 1 1.04988 1.49
N5 1 1.0 01 o 0 N5 1 105 105 N5 1 105 1.05 06 N5 1 105 105 1.68
N6 o 1 o 0 01 0| 7 N6 0 1 1.04857 N6 0 1 1.02095 -188 N6 0 1 1.04713 -0.94
N7 [J 1 o o 01 o d N7 0 1 1.0508 N7 0 1 1.01562 -199 N7 0 1 1.04569 -1.21
INg ol 1 0| 0 0.05| 0| | N8 0 1 1.05157 N8 0 1 1.01431 -211  Ng 0 1 1.04494 -1.36
N9 o 1 ol [l 0.1 of z N9 0 1 1.05087 N9 0 1 1.01925 -155 N9 0 1 1.04387 -0.89
N1O o 1 of [l 01 0 N10 0 1 1.04901 N10 0 1 1.02759 -131 N10 0 1 1.04667 -052
NTT o 1 o 0 0.05] 0 NT1 0 1 1.05103 N1t 4 1 1.02777 04 NIt 0 1 1.04607 024
N12 1 1.0 03 0 0| of N12 1 105 1.05 N12 1 105 1.05 223 Ni2 1 105 1.05001 28
N3 0| 1 0| 0 0| Y o N13 0 1 1.05806 N13 0 1 1.05006 176 N13 0 1 1.04994 241
INT4 o 1 o o o o i N14 0 1 1.05785 N14 0 1 1.05022 145 N14 0 1 1.04992 215
N15 q 1 q q q q oo N15 0 1 1.0552 N15 0 1 1.0505 187 Ni5 0 1 1.04996 249

NIPPON KOEI OH[J'ECO Japan International Cooperation Agency NIPPON KOEI OH[J'ECO Japan International Cooperation Agency
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/" Transmission Line &)
in Saint Kitts and Nevis JICA

Vbase: Base Voltage
(VA)base: Base Apparent Power

e VVbase=11.4kV or 66.0kV Ibase: Base Current, Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance
* (VA)base=100MVA Rp: Per Unit Resistance, Xp: Per Unit Reactance

Ibase=(VA)base/Vbase=8.8kA or 1.5kA

Zbase=Vbase?/(VA)base=1.30Q or 43.60)
* R=0.15Q/km, X=0.15Q/km or R=0.04Q/km, X=0.08Q/km
* Length =5km, 3km, 2km, 1km
* Rpu=0.15x5/1.3=0.58, 0.35, 0.23, 0.11 > 2line circuit:0.29, 0.18, 0.12, 0.06
* Xpu=0.15x5/1.3=0.58, 0.35, 0.23, 0.11 > 2line circuit:0.29, 0.18, 0.12, 0.06
* Rpu=0.04x5/43.6=0.005, 0.0026, 0.002 = 2line circuit:0.0025, 0.0013, 0.001
* Xpu=0.08x5/43.6=0.009, 0.0052, 0.004 - 2line circuit:0.0045, 0.0026, 0.002

* Resistance value (Rpu)
* In high voltage transmission line Rpu can be ignored into 0.0.
* In low voltage transmission line value of Rpu is similar to Xpu.
* Rpu of 11.4kV line is set to the same value of Xpu.
* Rpu of 66.0kV line is set to half value of Xpu.
niPPoN Ko PRDECO Japan International Cooperation ﬁgency
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Seminar on Grid Stability
with Large RE
Day 3
Why Grid Stability?

JICA Expert Team, Nippon Koei Co., Ltd.

),
niPPoN Koel  MADECO Japan International Gooperation Agency

9 )
jica
Role of Us: Power System Engineer

* Supply electricity to all the customers in

stable

* Continuously
* With no or few failures
* Minimize the influence of disturbance after faults

» Keep the quality of electricity

* Constant voltage
* Constant frequency
* Less distortion or harmonics

~ 2
nippoN Koel  MADECO Japan International Cooperation Agency

9 )
Why Grid Stability? )

* Steady state
* Can large amount of RE be installed in the

present/planned power system ?

* Load flow analysis:
* If we reach at the normal power flow state, there exists actually.

* From load flow results, adequacy of power flow of transmission
line can be assessed. It is evaluated with the maximum capacity of

transmission line.

* Transient state
* Power system with large amount of RE is stable or

not?

* Equal Area Criterion:
* Power system stability under disturbance can be calculated by
using acceleration and deceleration energy.
* Available Transmission Capacity and Spinning Reserve can be
calculated.

9 )
jica

Grid Stability Evaluation

Available Transmission Capacity

P Pmax|— ™ — _———— o
Spinning Reserve
Pop — - —_\—— -
' Fluctuation of Renewable Energy
1 If it exceeds Pmax, grid will be
~unstable.
Total Transmissiof Capacity
0 /2 n 6

Japan International Cooperation Agency

NIPPON KOE! C'ﬂD'ECO Japan International Cooperation Agency

NipPoN Kokl CRDECO
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A1)
[

How to Make a Model of
Renewable Energy Generator

* Photovoltaic Generator & Wind Turbine Generator
* Negative load model
* Maximum Power Point Control
* Follow the Voltage of Grid
* Constant Power Factor -> Constant Power or Current
* ->similar mode of Load

* Diesel Generator & Biofuel Generator
* Synchronous Generator model
* Automatic Voltage Regulator -> Constant Voltage
* Power System Stabilizer -> Control Active Power
* Governor & Turbine -> Control Frequency
* ->similar model of synchronous generator

NIPPON KoEI  ADECO Japan International Cooperation Agency

Spinning Reserve ja)

* In order to get electrical power under abnormal
condition of grid, spinning reserve should be kept even if
RE is installed. (under development)

* Spinning reserve should be more than mixed fluctuation
of load and renewable energy.
-> RE, EV and Battery with inertia is required for large RE
penetration.
* Best Energy Mix
-> Energy mix of several resources will be helpful for improving
grid stability.
* RE Sources for Spinning Reserve: EV, Battery, Biofuel or
Diesel Generator, etc.

NIPPON KoEI  ADECO Japan International Cooperation Agency

Evaluation of RE Installation ji‘ ’

* To know whether we can install PV or WT?

* Purpose

* To know how much we can install PV or WT in a
particular power line -> Load Flow Analysis

* If you reach at the calculation results of V, I, flow of
transmission line , actual output of generator from set value of
P, Q, V, that case is stable at the specified condition.

* Load Flow Calculation of maximum minimum RE output
* If you cannot get the solution, that case cannot be in real.
* To know whether RE installed grid is stable? -> Search
operation point through Equal Area Criterion
* To know how much we can install RE. -> Estimate
ATC(Available Transmission Capacity) by Equal Area
Criterion

NIPPON KOE! C‘HDE(O Japan International Cooperation Agency

Power System with Installation of PV ; j,CA

If PV output causes large disturbance, power flow of transmission

line changes including its direction. Node voltages also change. PPV:O'5
1pu impedance transmission line can send 1pu power by 1pu D
voltage. Its current is 1pu.
node 1 node 2 node 3 node 4
PG, QG, & V1I Pline, Qline IVZ > > > |V3 \Z
G >
| R=0.3 | R=0.3 | R=0.3 | P=1.0
X=0.6 X=0.6 X=0.6 N
V,=1.05 v/2=03 ¥/2=0.3 ¥/2=0.3 Q,=0.0

Casel solution : PV is connected Case2 solution: no PV
V1=1.05, V2=0.95, V3=1.08, V4=1.07 V1=1.05, V2=01.20, V3=1.09, V4=0.71
P12=1.32, P23=0.84, P34=0.57 P12=0.81, P23=0.59, P34=0.37

V4 becomes lower than allowable range of
voltage in terms of power quality,

(generall, 1.1-0.9 is acceptable, depending
on Grid Code)

V4 is larger than V3, V2, V1.

Power flows from node 1 to node 4.
If the output of PV goes down,
generator cannot follow

NipPoN Kokl CRDECO

i i Japan International Cooperation Agency
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Load Flow Analysis jica’

Buses are categorized to the following 3 types.

* Slack (Swing) Node

* The magnitude and phase angle of the voltage are specified.

* Node with constant voltage and large capacity is suitable.

* This node makes up the difference between the scheduled
loads and generated power that are caused by the losses in
the network.

* P-V Nodes (Generator Nodes)

* The active power P and voltage magnitude V are specified.

* The phase angles of the voltages and the reactive power are
to be determined.

* P-Q Nodes (Load Nodes or Substation Nodes)

* The active and reactive powers P, Q are specified.

* The magnitude and the phase angle of the bus voltages are
unknown.

~ 9
niPPoN Koel  MADECO Japan International Cooperation Agency

Transmission Capacity jica’

V1=1.05, V2=0.95, V3=1.08, V4=1.07 Pp,=0.5
P12=1.32, P23=0.84, P34=0.57 7

node 1 node 2 node 3 node 4

| | | =10
O e e
V,=1.05 "

PV output flows in bidirectionally

< >

Power flow from generator has to be
changed following the change of PV output.

The change of PV output is large (from 0 to 100%), and its speed is fast.
It causes unstable oscillation.

NIPPON KoEI  ADECO Japan International Cooperation Agency

.5
jica’

ltems to be checked for RE

* The amount of PV output should be kept under
ATC(Available Transmission Capacity) in
transmission line.

* Maximum PV output should be covered by another
generators.

* PV fluctuation must be covered by Spinning
Reserve, i.e., other thermal or hydro generators

* RE with no control circuit of inertia should be less
than 30% from the guideline of SCR(Short Circuit
Ratio)

NIPPON KOE! C‘HDE(O Japan International Cooperation Agency

Power Flow Ana|y5]5 Setvalue P & Q > Result V & 8 of V j?C J

Setvalue P & V - Result Q & 6 of V
For the case setvalueP & Q:

Generated Generated P (Active Power) V each node -

Power and V (voltage). Q
(node) (Reactive Power) can be
calculated by P and V angle.
Slack The main power that can P, Q at slack --
node adjust grid (only V is given)
Load data P and Q at consumer load P and Q at consumer load  --
(node) Solar PV data is deducted (same as input)
from Load
Line Resistance R, Reactance X I (current) and between -

(Branch)  Admittance Y/2 of
transmission line spec

nodes & Phase Angle 6
against slack generator

V (Voltage), phase angle of Phase Angle 6 of V
V at each node should be <90°
Vpu within grid code
range (0.9-1.1)

Voltage (no data input)
(node) For substation, P & Q =0

NIPPON KOE! C‘HDE(O Japan International Cooperation Agency
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Seminar on Grid Stability
with Large RE

Day 3
Analysis of Grid Stability
and LFC/ELD

JICA Expert Team, Nippon Koei Co., Ltd.

nippon KoE!  PADECO Japan International Gooperation Agency

n: )

A1)
[

Contents

1. Overview of Stability
Definition, Methods, Swing equation
2. Stability Model
Simplified grid model,
Equivalent circuit of synchronous generator
3. Equal Area Criterion
Theory, Simple method to solve stability manually
4. Available Transmission Capacity & Spinning Reserve
5. Exercise of Equal Area Criterion
6. Practice on Microgrid/VPP Designer and LFC/ELD
7. Stability Analysis and Evaluation of Barbados Grid

NipPON KoEl  PADECO Japan International Cooperation Agency

jien’
1. Overview of Stability

* STABILITY

* If the oscillatory response of a power
system during the transient period
following a disturbance is damped and the
system settles in a finite time to a new
steady operating condition, we say the
system is stable. If the system is not stable,
it is considered unstable.

NIPPON KOE!  PRADECO Japan International Cooperation Agency

Time Scale of Power System Dynamic ¢~ >
Phenomena s

Lightning propagation Electromechanical

phenomena
Switching surges
Inverter-based controls
Thermodynamic
1 us Stator transients and phenomena

subsynchronous resonance

Rotor angle dynamics

Governor and load
I frequency control
0,1 ms T - Voltage control
Boiler dynamics
Wave Electromagnetic
phenomena phenomena
- >
107 10 10 107! 100 103 10°

Time (seconds)

Cited from IEEE Power System Dynamic Performance Committee, “Stability definitions and
characterization of dynamic behavior in systems with high penetration of power electronic
interfaced technologies,” IEEE Power & Energy Society Technical Report PES-TR77, Apr., 2020.

NIPPON KOE!  PRADECO Japan International Cooperation Agency
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Classification of Power System Stab|l|tv

‘ Power system stability ‘

[ | |
| |
— Converter- / Rotor angle Voltage Frequency
o driven subility stability stability stability

|
l l__lj [ ]

—_—

" x $ Fast Slow s Small- Large- Small-

Electrical } Torsional I Intersction } oterection Transient distrbancs | | disturbence disturbance
Circuit Sta bl||ty | Short term | | Long term | |S]10n term | | Leng term
based on Power Electronics K
Technology Grid Stability based on Power System

Technology (Subjects in this seminar)

Cited from IEEE Power System Dynamic Performance Committee, “Stability definitions and
characterization of dynamic behavior in systems with high penetration of power electronic
interfaced technologies,” IEEE Power & Energy Society Technical Report PES-TR77, Apr., 2020.

NIPPON KoEI  ADECO Japan International Cooperation Agency

Type of Frequency/Voltage S /

* Small Disturbance Stability

* Disturbance with minor fluctuation of load, generator, and other
power system components

* Linear modelled phenomena
* ->Eigenvalue Analysis, Equivalent Area Criterion

* Large Disturbance Stability

* Disturbance with non-linear accidents such as Switching, setting value
change, generator trip, sudden load trip, fault in power system
components

* ->Transient Stability Analysis, Equivalent Area Criterion

P P Large

Small Disturbance
Disturbance

N\ NS A

<- 3 Line Ground Fault
(Non-linear accident)

Figures are cited from t t
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon KkoE!  MADECO Japan International Cooperation Agency

.5
jica’

Stability Analysis

* Equal Area Criterion (Manual calculation)
» Simplified Stability Calculation

* Active Power Flow Dynamics between one Generator and one
Load

* Transient Stability Program (Simulation Software)

* Electro-Mechanical Transient Stability
* Root Mean Square Value Calculation
* Dynamics of Power Flow including both Active and Reactive Power
* PSS/E, ETAP, CYME, DigSILENT,,,
* Electro-Magnetic Transient Stability
* Instantaneous Value Calculation
* Dynamics of Electrical Signal
e EMTP, EMTDC, PSCAD,,,

NIPPON KOE! C‘HDE(O Japan International Cooperation Agency

Swing Equation ji‘ :

M d25/dt2=Pm-Pe=AP
* This equation describes relationship between power and
frequency.
f=2rw w=dd/dt
* Power will swing by disturbances caused by unbalance between
generation power and consuming load.
* P.,: Mechanical Generation Power
* Synchronous Generator: Controllable by AVR, PSS, Governor,,
* Renewable Energy Generator:
Uncontrollable? -> Control power, voltage, etc.
Uncertainty? -> Predict
Pe: Electrical Power

. . i
Pe' Electrical Load . . AVR: Automatic Voltage
* Customer: Uncertainty-> Predict Regulator
* Fault: Uncertainty, Unpredictable

M: Inertia capacity
6: Rotor Angle
Pm: Mechanical Power

PSS: Power System
Stabilizer

NipPoN Kokl CRDECO

Japan International Cooperation Agency
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Swing Equation

* Swing equation is a mechanical model of generator
rotor movement.

2 -
) -er f = Tmm — Te J: Inertia Moment
_ dd dt M: Inertia Capacity
“ di w: Angle Speed
a4 a 6: Rotor Angle
w — = Pm — Fe Tm: Mechanical Torque
di= Te: Electrical Torque
M . Pm: Mechanical Power
N = ke d%a . , , Pe: Electrical Power
M 12 — -!r"'m — T a — Irr

AP = (-1/R) X Af

NipPON KoEl  PADECO Japan International Cooperation Agency

2. Stability Model ja)
- Simplified Grid Model-

X i Xi iXi V=Ve "

Generator | &
Jd¥YY Y'Y
@ 1 Transmission &

Line Reactance

o it =il .
E'=FE'e [ Grid/Customer
l/ ‘-uf
= P-6 Equation P = % sin &
P+jQ=Vi* )
il Ele -V } E’: Transient Induced Electromotive Force
) XL+ X+ X)) V: Grid Voltage
424 .. VE'cosd—V*®  Xd':Transient Reactance
S U e L s RS Xt’: Transformer Reactance

XI: Transmission Line Reactance
P: Active Power Output
Q: Reactive Power Output

X=X +Xe+X

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NipPON KoEl  PADECO Japan International Cooperation Agency

3 Types of Equivalent Circuits of ji’cﬁ‘
Synchronous Generator
* Internal reactance changes into synchronous, transient and
subtransient reactance according to the phenomena to solve.
* Transient Reactance: reactance of the generator during about one second
of a fault
* Subtransient Reactance: reactance of the generator during the first cycle of
a fault

* Subtransient reactance is suitable for the analysis with RE sources.

Synchronous Transient < Subtransient E: Synchronous Emotional Force
Reactance Reactance Reactance E’: Transient Emotional Force
Xy v, i X v, X8 v, E”:Subtransient Emotional Force

Vt: Grit Terminal Voltage
Xd: Synchronous Reactance
Xd’: Transient Reactance
Xd”: Subtransient Reactance

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NIPPON KOE! C"'FJDECO Japan International Cooperation Agency

jien’
3. Equal Area Criterion

* The equal area criterion is a simple graphical
method for concluding the transient stability of
two-machine systems or a single machine against
an infinite bus.

* This principle does not require the swing equation
for the determination of stability conditions.

* The stability conditions are recognized by equating
the areas of segments on the power angle diagram
between the P-curve and the new power transfer
line of the given curve.

NIPPON KOE! C"'FJDECO Japan International Cooperation Agency
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_—
P )
P-6 Equation: Jica
derived from power equation Infinite Bus
Power equation - A | ,i.i, F:g )
- . ‘
P+jQ=VI B =Ee i
gl _Ee v } —  E’:Transient Induced
- FIXL+ X+ Xa) Electromotive Force
VE' ind 4 VE cosd— V2
XX+ X IXIF X E X
Active Power which flows VE'

i sind  ( where X = X:; + X+ X3)
from a generator to grid

dP  VE

Synchronizing Force g = cos d
s x "

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NIPPON KoEI  ADECO Japan International Cooperation Agency

A1)
[

Equal Area Criterion
for Stability Analysis

Pmax=>ATC
- P

A: Acceleration Energy

B: Deceleration Energy
Pm: Power in operation
Pmax: Maximum of Power
8,: Phase in operation

6,: Minimum Phase in
disturbance

6,: Maximum Phase under ; ,
disturbnce P s

Figure is cited from 0 5‘ 09 l{ib
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011

NiPPON KOE!  PRDECO

‘Pm B

Japan International Cooperation Agency

: : 9
Equal Area Criterion jica’
for Stability Analysis
ViVi
P = x] siné
Uncertainty of Pm Pmax=>ATC
It will be caused by load pl e P
and renewable energy.
Jdp _ Viv;
"%~ x Coso R R S—. .
Synchronizing Force
Gradient of Power Curve
If Pm reaches to Pmakx, o
synchronizing force will be Y4
lost. A: Acceleration Energy i1
B: Deceleration Energy — h)

b, 0o 9
Figure is cited from 00a do %
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011
NIPPON KOE! uFJD'ECO Japan International Cooperation Agency

4. Available Transmission Capacity jea!

& Spinning Reserve

* The Available Transfer Capacity (ATC) is the transfer
capacity remaining available between two
interconnected areas for further activity over.

* Transmission capacity needs to be calculated to see
whether RE can be transmitted from source location to
demand place.

NIPPON KOE! C"'FJD'ECO Japan International Cooperation Agency
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Available Transmission Capacity jica’
& Spinning Reserve

h’
AY
B

Operation Status

* Operated Generation Power is to be normally 60~
70% of total generation capacity.

P
Pmax — — — — * The fluctuation of load is 10~20%.
Available Transmission Capacity * The fluctuation of renewable energy will be total
t Spinning Reserve capacity of renewable energy.
Pop — — = — — ¥, * The fluctuation of generation power will be sum of
the fluctuation of load and renewable energy.
Fluctuation of
Renewable Energy and Load * If total demand of grid becomes to 90% over of rated
o . capacity of grid,
Total Transinission Capacity * Spinning reserve will be decreased.
= * Synchronizing force will be very small not to be returned to
0 n/2 n b stable state.
niPPON KoEI - PADECO Japan International Cooperation Agency niPPoN koI PRDECO Japan International Cooperation Agency
: . : o o
Available Transmission Capacity JIcA JIcA

based on Heat Capacity Limit

* Transmission capacity needs to be calculated to see whether

RE can be transmitted from source location to demand place.

* Available Transmission Capacity from Heat Capacity Limit
V.
Ploss =R * (}1)2 <

* Available Transmission Capacity from Transient Stability
P = ViVj N p _ ViVj
= ATC = —x

PLOSSMAX

_POP

NIPPON KOE!  PRADECO Japan International Cooperation Agency

Spinning Reserve
* Spinning reserve should be more than mixed
fluctuation of load and renewable energy.

—RE, EV and Battery with inertia is required for large
RE penetration.

* Best Energy Mix

- Energy mix of several resources will be helpful for
improving grid stability.

NIPPON KOE!  PRADECO Japan International Cooperation Agency
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5. Exercise of Equal Area Criterion

* 3LG(3 Line Ground Fault)-> One line Open from 2 line circuit

V=10 E =105

0.4 j0z  joa FAUAY 1.0e 10
X=02+4+01+ 2 =0.5 5 04z
E'=1.05e"5
1.0 =
:’3——-;5 sind = 2.10sin 8 P
1.5

P=210sind
_ Steady State
X=024+01404=0.7

10
P=1.50sin §

- One line open
From 2 line circuit
X o

L.05

P= 0.7 sind = 1.50sind

0

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

),
niPPoN Koel  MADECO Japan International Cooperation Agency

Solution for stability(1) jica/
Explain using Equal Area Criterion Method

(a) Voltage to be High (b) High Speed Circuit Breaker

P P
— 2 line circuit
A
Under 1 line circuit
fault ine circui
o a

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

),
nippoN Koel  MADECO Japan International Cooperation Agency

9
Solution for stability(2) jica’

Explain using Equal Area Criterion Method

(c) High Speed Recloser  (d) High Speed AVR

IS P

2 line circuit +— 2linecircuit

& 1 line circuit
A oond .‘-,ﬁ T

Under %~ 1 line circuit
fault

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NIPPON KOE! C'ﬂD'ECO Japan International Cooperation Agency

9
Solution for stability(3) jica’

Explain using Equal Area Criterion Method

(e) Middle Point (f) Series Capacitor

Switch Gear Station

P

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NIPPON KOE! C'ﬂD'ECO Japan International Cooperation Agency
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Equal Area Criterion for RE and SCO "‘A

'I (i) with SOC control

(g) Photovoltaics
Change Pmax P
(h) Wind Power

Change Pmax and
Phase

(i) Battery
Change Pmax
(j) SCO
(Synchronous Condenser)
Change P during fault

() (h) (i)

0 /2 I

NipPON KoEl  PADECO

6
Japan International Cooperation Agency

6. Practice on Microgrid/VPP jica/
Designer and LFC/ELD

* Load Frequency Control (LFC)
AP = (-1/R) X Af

* Economic Load Dispatching (ELD)
* Equal ),‘ method

_.ﬂP):Z_ﬂ-{_E—J 28
i=1

n | >
= § (”f_bzﬁ"' e 26 " .
] /’“u;
i=1 Prag {725
25
[ n \'oon : Pais
31 =

b; -~
Z c—’ +2P; -

vi=l 7 f o=l ! 23

AP: Resulting Change of Power
R: Speed Regulation
Af: Change of Frequency

Incremental fuel cost

A=

0 200 400 600 800 1,000
Outputs of generators (KW)

NipPON KoEl  PADECO Japan International Cooperation Agency

S

Microgrid/VPP Designer Jica

* Calculate large scale power grid including microgrid

* From power flow solution till demand and supply
control

* Based on Microsoft Excel Macro
<Functions>

* Load Flow solution

* LFC (Load Frequency Control)

* ELD (Economic Load Dispatching)

VPP: Virtual Power Plant

NIPPON KOE!  PRADECO Japan International Cooperation Agency

LFC & ELD Model jien’
in Microgrid/VPP Designer

* Simple Grid Model

gl Demand
Demand (5min.)
! sz Y
' AP | Af
g | Inertia , LFC ELD
¥ Model (FFC)
PLFG PELD
Base
Gen
Pam
—> GenMax —»
to Governor +
v +

Y
to Gen. Reference

Figure is cited from MicroGrid Designer User and Technical Reference Manual

NIPPON KOE!  PRADECO Japan International Cooperation Agency
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Inertia Model e
in Microgrid/VPP Designer
* Dynamics of grid is modelled as first-order lag

model as follows:
AP 1 K y Af
[kW] > Sbase > 1+Ts ’ fo [HZ]

Figure is cited from MicroGrid Designer User and Technical Reference Manual

NippoN KkoE!  MRADECO Japan International Cooperation Agency

Reference of LFC & ELD

[kw] & [kw] 4

Mol Mormal LFC

* The reference
value of ELD is
adjusted to be the  wnimm
upper limit or the

Minimum | b

. _a] )
lower limit of the
generator. oot 4 o
MNominal| Mormal LI—C Mominal| Mermal LFG
Heference A Upper Margin o
ELD; LFC Uppe
LFC Lower Reterence
(ELD
Minimum Minimum

4]

4]

Figures are cited from MicroGrid Designer User and Technical Reference Manual

NiPPON KOE!  PRDECO

Ul v

LFC Upper

9 )
jica

LFC Lower
Lower Margin

CZALFC Upper

LFC Lower
Lower Margin

Japan International Cooperation Agency

LFC Input
Data

il e Prargsabatiry. 4 -

NipPoN Kokl CRDECO

Demand and Frequency
-Result of LFC-

Marmal_data_set

{10V ‘ letlyplﬂ'l' J.Lﬂhﬂpml* lhtj| by Ir’ul h-m |H“ ”h'”
|\J]|"||Mlhrlﬂll

L||Ju|

AF(H:)

\ -\‘_‘- 1 15 2 i i 3 el
v LI i Il X

o) ] lV'a\ftlwJm|JH!*l1|'|'.\~A'|u'.'.i|\t'.\h\'m'ff~w“ L

NIPPON KOEI  MADECO

Japan International Cooperation Agency
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Generator Output
-Result of LFC-

.n,-\}
jica
| Digsel 1E0

Pumped Gen =0

Qutput #ﬁ__“mjﬁﬂ&'ww“%mm‘mmﬁ

()

),
niPPoN Koel  MADECO Japan International Cooperation Agency

Result of ELD ja)

Microgrid-1, Case-1

~ BODD

£ 7000

24

g 6000 I I I

THH PN

S 4000 == =

5 I [ N | | | | |

& 3000 I B

Eznoo I I I ! = BB B = ! I I

Qo o L o I I E B
S EREREERRRERR SESSEEREEERRERES

1 2 3 4 s s 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hour)

mGl mG2 mG3 mG4 mGS mGE mG7 mGE wGY mGlomGllmGlimGlimGl4 mGIS
GlomGI7NGIEMGI9 G20 NGZI MG22 W G23 MG24 WG25 WG26 W G277+ G2E mG29 W G30

),
nippoN Koel  MADECO Japan International Cooperation Agency

7. Stability Analysis and Evaluation jiea/
of Power System

Let’s consider and explain
the effect of the following
equipment to grid stability.

1. Photovoltaic Generation
2. Wind Power Generation
3. Battery
4

SCO (Synchronizing
Condenser)

5. Turbine Generator

0 /2 i

6

NIPPON KOEI OH[J'ECO Japan International Cooperation Agency

.n,-\}
jica

Case Study

* Steps to evaluate stability of Microgrid
Load Flow Analysis

Equal Area Criterion

Short Circuit Ratio

Available Transmission Capacity

LA A

Spinning Reserve

NIPPON KOEI OH[J'ECO Japan International Cooperation Agency
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Power System Model (Example) Jica’
Ppy;=0.05

Ll p=055
T
l > V=1.0

DC Flow Method: P=6/X
0.55-0.55=6/1.3
6=0.65rad=37deg

©
—

Treat as one generator

NIPPON KOE!  PRDECO

Japan International Cooperation Agency

P-6 Curve and Stablhty EValuaLluﬂji'C;)

* Pmax=1*1/1.3=0.77
* Pop=0.5 p
* (a) Currently APg=0.15
-> Stable 077 = — =7 — -~
* (b) If APg>0.27
-> Unstable

* SCR=Pop/APg, should be 05 [— —— "
over 3

=(a) 3.33 -> Stable
=(b) 1.85 -> Unstable
e ATC=0.27

* Spinning Reserve should be
more than APy

=0.15

0 /2 Tt 6

NiPPON KOE!  PRDECO

Japan International Cooperation Agency

—i\
9
IWI jica’

Seminar on Grid Stability
with Large RE
Day 3 (Exercise)

for Barbados

JICA Expert Team, Nippon Koei Co., Ltd.

NipPoN Kokl CRDECO

Japan Internationalg(éooperation Agency

IWI jica/

Microgrid (Coverley Villages)

NipPoN Kokl CRDECO

Japan International Cooperation Agency
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I I Distribution Line jica’
around Coverley Villages

.
MME O Miccitiee et e

),
niPPoN Koel  MADECO Japan International Cooperation Agency

i

PV allocation and capauiy  jica’
around Coverley Villages

Example of modeling of the grid

PV 29290 e

PV 2 P

NiPPON KOE!  PRDECO

-l Load Curve of Coverley Villages jfea’
(7.8,9/Aug/2022)

6000

3000

2000 —2022/8/7 (Sun)
——2022/8/8 (Mon)
1000 - 2022/8/9 (Tue)

0
0:00 2:00 4:00 6:00 800 10:00 12:00 14:00 16:00 18:.00 20:00 22:00 0:00

Load Curve of Coverley Village (kW)

NIPPON KOE! OH[}ECO Japan International Cooperation Agency

M )

Parameter of Coverley Villages

* \Vbase=11.5V
* (VA)base=10MVA

* Ibase=10/11.5=0.87kA

* Zbase=Vbase?/(VA)base=11.5%2/10=13.2Q
* R=0.1Q/km, X=0.1Q/km
* Length =1km
* Rpu=0.1x1/13.2=0.057 Vbase: Base Voltage
* Xpu=0.1x1/13.2=0.057 (VA)base: Base Apparent Power

Ibase: Base Current

Zbase: Base Impedance

Rbase: Base Resistance, Xbase: Base Reactance
Rp: Per Unit Resistance, Xp: Per Unit Reactance

4s
NIPPON KOE! OH[}ECO Japan International Cooperation Agency
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Seminar on Grid Stability
with Large RE

Appendices

JICA Expert Team, Nippon Koei Co., Ltd.

iy
nippon koEl  FRDECC Japan International Gooperation Agency

Exercise 1,2 Answer

* Exercise 1
(1) Ibase=(VA)base/Vbase=100MVA/50kV=2kA
Zbase=Vbase/Ibase=50kV/2kA=25Q
(2) R=0.04*8/25=0.0128
X=0.06*8/25=0.0192
Z=0.0128+j0.0192

* Exercise 2
KA=0.01x1000=10[MW/0,1Hz]=100[MW/Hz]
KB=0.01x500=5[MW/0.1Hz]=50[MW/Hz]
AF=-30/(100+50)=-0.2[Hz]
APT=50x(-30)/(100+50)=-10.0MW

nipPoN koE!  [FRDECC Japan International Cooperation Agency

Exercise 3,4 Answer

* Exercise 3
KA=0.01x300=3[MW/0.1Hz]=30[MW/Hz]
KB=0.01x500=5[MW/0.1Hz]=50[MW/Hz]
ARA=50+30x(-0.1)=47[MW]

A should be decreased by 47MW.
ARB=-50+50x(-0.1)=-55[MW]
B should be increased by 55MW

* Exercise 4
tan 6=0.2 Q=Ptan6=0.20[pu]
(0.01x1+0.2x0.20+Vr2)2+(0.01x0.2-0.2x1)2=Vr2
Vrp2=0.85 Vrp=0.92
Vr=275x0.92=253kV
p=((0.012+0.22)*1+0.01*0.92?))/((0.01%+0.22)*0.2+0.2*0.852)

=0.049/0.18=0.27

niepon koel  -EDECC

IWI Transmission Line in Barbados T,
Vbase: Base Voltage ’
(VA)base: Base Apparent Power
Ibase: Base Current
* Vbase=11.5kV or 24.9kV Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance

* (VA)baseleOMVA Rp: Per Unit Resistance, Xp: Per Unit Reactance
* Ibase=(VA)base/Vbase=8.7kA or 4.0kA

* Zbase=Vbase?/(VA)base=1.320 or 6.20

R=0.15Q/km, X=0.15Q/km or R=0.05Q/km, X=0.10Q/km

Length =5km, 3km, 2km, 1km

Rpu=0.15x5/1.32=0.57, 0.34, 0.23, 0.1 = 2line circuit:0.3, 0.2, 0.1, 0.05
Xpu=0.15x5/1.32=0.57, 0.34, 0.23, 0.1 > 2line circuit:0.3, 0.2, 0.1, 0.05
5%[610.05%/6.20:0.04, 0.024, 0.016, 0.008 = 2line circuit:0.02, 0.012, 0.008,

e é%%ZSO.IOXS/G‘ZOZO'O& 0.048, 0.032, 0.016 = 2line circuit:0.04, 0.024, 0.016,

* Resistance value (Rpu)
* In high voltage transmission line Rpu can be ignored into 0.0.
* In low voltage transmission line value of Rpu is similar to Xpu.
* Rpu of 11.5kV line is set to the same value of Xpu.
* Rpu of 24.9kV line is set to half value of Xpu.

niepon koel  -EDECC

Japan International Cooperation Agency

Japan International Cooperation Agency
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* Vbase=11.5V
* (VA)base=10MVA

8 )
Parameter of Coverley Villages

* Ibase=10/11.5=0.87kA

» Zbase=Vbase?/(VA)base=11.5%/10=13.20
* R=0.1Q/km, X=0.1Q/km
* Length =1km
* Rpu=0.1x1/13.2=0.057 Vbase: Base Voltage
* Xpu=0.1x1/13.2=0.057 (VA)base: Base Apparent Power

Ibase: Base Current

Zbase: Base Impedance

Rbase: Base Resistance, Xbase: Base Reactance
Rp: Per Unit Resistance, Xp: Per Unit Reactance

-~ . . 5
niepon koel  -RDECC Japan International Cooperation Agency

? Transmission Line -ﬂﬂ;
‘ in Saint Kitts and Nevis JICA

Vbase: Base Voltage
(VA)base: Base Apparent Power

Vbase=11.4kV or 66.0kV Ibase: Base Current, Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance

(VA)base=100MVA Rp: Per Unit Resistance, Xp: Per Unit Reactance
Ibase=(VA)base/Vbase=8.8kA or 1.5kA

Zbase=Vbase?/(VA)base=1.30Q or 43.60)
* R=0.15Q/km, X=0.15Q/km or R=0.04Q/km, X=0.08Q/km
* Length =5km, 3km, 2km, 1km
* Rpu=0.15x5/1.3=0.58, 0.35, 0.23, 0.11 - 2line circuit:0.29, 0.18, 0.12, 0.06
* Xpu=0.15x5/1.3=0.58, 0.35, 0.23, 0.11 > 2line circuit:0.29, 0.18, 0.12, 0.06
e Rpu=0.04x5/43.6=0.005, 0.0026, 0.002 = 2line circuit:0.0092, 0.0052, 0.004
* Xpu=0.08x5/43.6=0.009, 0.0052, 0.004 > 2line circuit:0.0184, 0.0104, 0.008

* Resistance value (Rpu)
* In high voltage transmission line Rpu can be ignored into 0.0.
* In low voltage transmission line value of Rpu is similar to Xpu.
* Rpu of 11.4kV line is set to the same value of Xpu.
* Rpu of 66.0kV line is set to half value of Xpu. .
NippoN KoEl  =EDECC Japan International Cooperation Agency
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NIPPON KOEI pHDECC

oﬂ—\)
jica

Saint Kitts Assumed Grid

15 nodes

FEEDER
LISTING

Japan International Cooperation Agency

NIPPON KOEI pHDECC

. )
Saint Kitts and Nevis Assumed Grigm

30 nodes

Google Earth

Japan International Cooperation Agency

% Nevis Assumed Grid ji’c:f

15 nodes

Google Earth

NIPPON KOEI pHDECC Japan International Cooperation Agency

.0—\)
‘ JicA
Load Flow Data for Saint Kitts and Neuvis

Node data Input Form for Single Stage Power Flow Analysis

Branch data Input Form for Mngle Stage Power Flow Analysis
No.

; Admitance Y72
Node ID |Node type A"’;’f"“/“de Phazeff/"g'e Node Admittance|  Pg Qg Pl Ql Jeed— =
(Wptod Jeaomtl (pu) | (Degree) ) ou) | ow | Gu | Gw o o
1 2 1.03 03 o q q ;
2 1 103 0.2 o q q
3 1 1.0 05 o q q
4 1 1.09 0.1 o q q

Iss 0 1 0| 0| 0 0

E q 1 0 0 01 ol
7 q 1 0 o 0.2] q
8 q 1 o o 0.2] q o
9 q 1 o o 0.2] q o

Is10 q 1 o o 0.2] q o 3

Ist1 q 1 o o 009 q o

512 q 1 0 [ 0.05] q 2

Is13 q 1 0 o oo q

Is1a q 1 o o 0.1 q

Is15 q 1 o o q q
1 1 109 0.2 o 0.2] q
2 1 1.05 0.2 o 0.1 q
3 1 109 0.1 0 q
4 q 1 o o oog q
5 1 1.0 0.1 o q
6 q 1 o o 0.1 q
7 q 1 o o 0.1 q
8 q 1 o o 009 q
9 q 1 o 0 0.1 q
10 q 1 0 0 0.1 q
T q 1 0 o oog q
12 1 109 03 o q q
13 q ﬂ o o q q
14 0 1| 0| 0| 0 0
15 0 1| 0| 0| 0 0 044 08

044 03
NIPPON KOE! pHDECC Japan International Cooperation Agency
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% Load Flow Analysis Result )
in Saint Kitts and Nevis

R,X,Y Line Model R,X Line Model X Line Model
NodeID | Node type S‘l,’:li:;" OB NodeID | Node type stﬁigzd Obtaiened value NodeID | Node type S“I’:ﬁ;‘;" Obtaicned value
= 04 , o v
o TS| Vou) | Vo) | (Degies) ey | | Vo) | Vi ‘ (Degree) ey || Vou) | Vo) | (e
ST 2 03 03 0 S 2 03 03 ] 2 703 703 0
s2 1 1.03 1.03 098 82 1 103 103 094 s 1 1.03 103 -0.48
s3 1 1.05 1.05 248 83 1 105 1.05 287 s3 1 1.05 1.05001 334
IS4 1 1.05 1.05 -343 s4 1 105 1.05 -3.12 s4 1 1.05 1.05 -12
s 0 1 102586 -121 S5 0 1 101622 -082  s5 0 1 10312 -0.74
s6 0 1 100698 -394 S6 0 1 098273 298 s6 0 1 103492 257
57 0 1 102789 -155 ST 0 1 101755 095 §7 0 1 103999 -051
s 0 1 101492 295 S8 0 1 100365 -232 S8 0 1 10334 -1.75
s9 0 1 10106 373 89 0 1 099798 304 s9 0 1 103322 -23
s10 0 1 1.04128 -149 810 0 1 102576 -069  sio 0 1 104714 0.12
11 0 1 104735 -398  Si 0 1 10244 302 st 0 1 1.04568 -1.68
s12 0 1 1.04912 -413 S 0 1 103193 334 sn2 0 1 1.04739 -177
s13 0 1 103907 -452  S13 0 1 102178 375 si3 0 1 104314 -231
s14 0 i 102205 425 Sl4 0 1 100245 34 si4 0 1 103648 249
s15 0 i 103884 -434  SI5 0 1 101342 32 sis 0 1 104105 208
Nt 1 105 105 o1t NI 1 105 105 035 NI 1 105 105 126
N2 1 1.05 1.05 183 N2 1 1.05 105 21 N 1 1.05 1.05001 267
Ns 1 1.05 1.05 203 N3 1 1.05 105 231 N3 1 1.05 1.05001 285
Na 0 1 10545 009 N4 0 1 104365 063 N4 0 1 104988 149
NS 1 1.05 1.05 03 N5 1 105 105 06 N5 1 1.05 1.05 168
NG 0 1 1.04857 282 N6 0 1 102095 -188 N6 0 1 104713 -0.94
N7 0 1 1.0508 313 N7 0 1 101562 -199 N7 0 1 1.04569 -121
N8 0 1 1.05157 -331 N8 0 1 1.01431 -21 N8 0 1 1.04494 ~1.36
N9 0 i 1.05087 263 N9 0 1 101925 ) 0 1 104387 -0.89
Ni0 0 1 104901 -212  N1O 0 1 102759 -131 N0 0 1 104667 -052
N1 0 1 105103 -3t N1 0 1 102777 04 NIT 0 1 104607 024
Ni2 1 1.05 1.05 189 Ni2 1 1.05 105 223 N2 1 1.05 1.05001 28
e 0 1 105806 124 N3 0 1 105006 176 N13 0 1 1.04994 241
N1a 0 1 105785 09  Ni4 0 1 105022 145 Ni4 0 1 104992 215
NE 0 1 1.0552 146 NIS 0 1 10505 187 NI5 0 1 1.04996 249

NIPPON KOEI pHDECO

Japan International Cooperation Agency

Transmission Line .a"‘,
‘ in Saint Kitts and Nevis JICA

Vbase: Base Voltage
(VA)base: Base Apparent Power

e \\base=11.4kV or 66.0kV Ibase: Base Current, Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance

* (VA)base=100MVA Rp: Per Unit Resistance, Xp: Per Unit Reactance

* |Ibase=(VA)base/Vbase=8.8kA or 1.5kA

L)

Zbase Vbase?/(VA)base=1.300Q or 43.6Q
R=0.15Q/km, X=0.15Q/km or R=0.04Q/km, X=0.08Q/km
* Length =5km, 3km, 2km, 1km
* Rpu=0.15x5/1.3=0.58, 0.35, 0.23, 0.11 - 2line circuit:0.29, 0.18, 0.12, 0.06
* Xpu=0.15x5/1.3=0.58, 0.35, 0.23, 0.11 = 2line circuit:0.29, 0.18, 0.12, 0.06
* Rpu=0.04x5/43.6=0.005, 0.0026, 0.002 - 2line circuit:0.0092, 0.0052, 0.004
* Xpu=0.08x5/43.6=0.009, 0.0052, 0.004 > 2line circuit:0.0184, 0.0104, 0.008

* Resistance value (Rpu)
* In high voltage transmission line Rpu can be ignored into 0.0.
* In low voltage transmission line value of Rpu is similar to Xpu.
* Rpu of 11.4kV line is set to the same value of Xpu.
* Rpu of 66.0kV line is set to half value of Xpu.
ippon KoEl PADECC

Japan International Cooperation Agency
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3 )
jica

Technical Cooperation to Promote
Energy Efficiency in Caribbean Countries

- Discussion for

Interconnection, RE and Grid Stabilization
in St. Kitts and Nevis -

JICA Expert Team

nippoN ko PRDECO Japan International Gooperation Agency

* St. Kitts

Grid status of St. Kitts and Nevis

For confirmation and update
* Grid Capacity: 48.9 MW, Peak Demand: 26.2MW
* Generators:

* Diesel -- 16 Units at Needsmust

* Wind Power --- 6.6 MW plan at Bellevue (Cayon feeder)

* PV ---0.75 (not operating) + 0.5 (some not fully operating)
+ 1.0 MW fully operation

* PV --- 34 MW Leclanche (with 6MW, 44 MWh BESS) under design
* Transmission Line Voltage: 11.2 kV

* Nevis

NiPPON KOE!  PRDECO

* Grid Capacity: 18.5 MW (output 16.8MW), Peak Demand: 9.83MW
* Generators:
* Diesel --- 8 Units at Prospect
* Geothermal Power---- 10-30 MW planned , from 2025
* Solar Power --- not yet installed, 3- 5 MW is planned
* 2.2 MW Wind (actual 0.5 MW limit)
Transmission Line Voltage: 11.2 kV, upgrade to 66kV planned
BESS 3-5 MW planned

Japan International Cooperation Agency

2. Baseline Survey Report- Summary
Summary (St Kits and Nevis)
| Feds | Findingg | _ProjectActivity |

¢ Energy Source:
Electricity (63%) , Oil (37%)
* Load Curve: Bactrian camel type
* Annual Peak Demand: about 25MW (St. Kitts)
about 10MW or more

Priority 1: Optimized
operation with inverter
Priority 2: Mini split AC
with inverter

Priority 3: VRF

Energy Efficiency

(Nevis)

* Peak Period: around 11am, 6pm-8pm (St. Kitts)
around 12am, 6pm-8pm (Nevis)

100% RE by 2020 target

0.7+0.5 MW PV (St.Kitts), damaged

2MW wind operated at 1.1 MW (Nevis)

Bellevue 5.4 MW wind, Leclanche 35MW PV

6MW 34 MWh BESS planned for 35MW PV
¢ Output suppression conducted in NEVLEC

Monitoring RE project incl.
geothermal

Training for grid simulation
Introduction of asset
management

Renewable Energy

Grid Stabilization

* Thermal power plant: total 13 units (St. Kitts),
total 8 units (Nevis)
Installed Capacity: total 44.9MW (St. Kitts)
total 21.3 MW (Nevis)
* Peak demand 24MW (StK), 9.83 MW(Nevis)

O&M of Thermal Power
Generation

¢ MPI’s Energy Division: 4 employees
Human Resources and Capacity * Most of capacity building is done by OJT
Building * There is no systematic HR development.

JET experts select topics
and develop curriculum for
technology transfer

NIPPON KOEI  [PADECO

Japaninternational Cooperation Agency | 3

RE: Status in St.Kitts & Navis

i

RE Projects in St. Kitts and Navis

. . Capacity |Generation N Wind potential Solar potential -y
Location/Project Type MW GWh estimated Year b‘ : .
S: SCASPA PV 0.7 NA 2013 o, I '
S: SKELEC PV 0.5 1 2015 L
N: Windwatt Wind 2.2 5.25 2011 \,?-‘

N: NREI Geothermal |Geo 10-30 NA 2026 : s : -
S: Leclanche PV 3| 438 2020 N
S: Bellevue Wind 57 NA NA S *l e —— :
S: NW Geothermal |Geo 18-36 NA NA ESMAP ,.!_ ESMAP
| Necessary consideration for future RE |
1) Grid stability analysis for new 35MW PV system
2) Update of geothermal development
3) Interconnection (11kV, 66 kV)?
Phase Nevis Geothermal and Grid Interconnection Plan (provisional)
Phase-1 Power Grid Reinforcement from 11kV to 66kV
Phase-2 Expand 66kV, 30 MW Geothermal at N3, Connect into St. Kitts Power System
Phase-3 Hydrogen Based Project at Long Point, Install 15 MW Geothermal at N3
Phase-4 66KV from Long Point to Camp, Offshore Wind at 50 MW, Additional Geothermal
from 15MW to 30MW at N1, Expansion of Hydrogen Based Project

NIPPON KOEI  [PADECO

JapanInternational Cooperation Agency | 4



nkmanager
長方形


—r‘

A1)

Plan of Install Geothermal Power
Plant and Grid Improvement in Nevis

For confirmation and update

* Phase 1:
Power Grid Reinforcement from 11KV to 66KV

* Phase 2:
Expand 66KV transmission, Install 30 MW Geothermal
at N3, Connect into St. Kitts Power System

* Phase 3:
Hydrogen Based Project at Long Point, Install 15 MW
Geothermal at N3

* Phase 4:
66KV from Long Point to Camp (Circular Line complete),
Offshore Wind at 50 MW, Additional Geothermal from
15MW to 30MW at N1, Expan5|on of Hydrogen Based
Project

NipPON KoEl  PADECO Japan International Cooperation Agency

A1)

Question for Interconnection
between St. Kitts and Nevis

* StKits 70% 11 kV UG, mixture of 30% OH line
* Nevis 99% OH line

* Functions to be installed such as frequency control
* No central control is planned. LDC need to be discussed.

Current for Interconnection
* AC Cable under the sea.
* DC Line and Converter Station?

* Rated Capacity and Operation Capacity

* Length of Interconnection Cable
* Distance between two islands : 6-7 km
* Cable length from capital to other capital: >20km
(Charlestown to Basseterre, all underground/submarine)

¢ Direction :bi-directional

Confirmation

NipPON KoEl  PADECO Japan International Cooperation Agency

jlea!
Load Flow Analysis

* DC Flow Method (manual calculation)

* Simplified Load(Power) Flow Calculation of Transmission
Line

* Microgrid/VPP Designer (Software)
* Newton Raphson Method
* Load Flow Calculation to monitor current status of grid

* Planning Tools for Demand and Supply Control
* LFC(Load Frequency Control)
* ELD(Economic Load Dispatching)

NIPPON KOE!  PRADECO Japan International Cooperation Agency

jiea!
Stability Analysis

* Equivalent Area Criterion (Manual calculation)
* Simplified Stability Calculation

* Transient Stability Program (Simulation Software)

* Electro-Mechanical Transient Stability
* Root Mean Square Value Calculation
* PSS/E, ETAP, CYME, DigSILENT,,,

* Electro-Magnetic Transient Stability
* Instantaneous Value Calculation
« EMTP, EMTDC, PSCAD,,,

NIPPON KOE!  PRADECO Japan International Cooperation Agency
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Tools Used for jica/
Power System Analysis

Confirmation

* Tools
e SKELEC has PLEXOS

* NEVLEC has ETAP but license expired, DigSILENT will be purchased,

PLEXOS is installed for optimization
-> ETAP and PLEXOS capacity building is requested

* Load Flow Analysis by Microgrid/VPP Designer
* We have analyzed a base load case with wind power at Cayon
* If you give us other option cases, we will analyze.

* We will have a lecture of power system analysis for load flow and
grid stability with demonstrating your grid in next trip (Sep-Oct
2022) at Barbados or St Lucia (2-3 days program)

NIPPON KOE!  PRDECO

Japan International Cooperation Agency

Saint Kitts and Nevis Ass _....__ %

Grid for Discussion

30 nodes

Google Earth

Plan of assumed 66 kV 8 )
iInterconnection

NipPoN Kokl CRDECO

Japan International Cooperation Agency

Saint Kitts Assumed Grid'c:’

15 nodes

FEEDER
LISTING

SRS T
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News Assumed Grid  jiea’

15 nodes

Google Earth

-

Grid Analysis Model of St. Kitts (exanipie case) ji"(:Aj

Schematic view of Grid conffguration (11K1])

- Transition of generation output by power flow analysis = |

A, i ;

) ) . Grid analysis result (generator
Example of micro-grid model (St. Kitts) output, voltage, frequency)
Voltage disturbance at Cayon (Node 29) is large.
Load of transmission line connected to Cayon is heavy.

),
nippoN Koel  MADECO Japan International Cooperation Agency

Load-flow Analysis

7 Predict
5
" o
) 20

N ] Af
APg [ Tnertia LFC ‘ LD

Model (FFC)
+
AP Piro Pewo
Base
Gen.

to Governor +,

PEM
S Erme

+

to Gen. Reference

LFC model using EDC result

Frequency bias

Freguency
deviation

Output change limit Upper ower limits

Output model of DG

NipPoN Kokl CRDECO

-
9 )
Load changes at buses (p.u.) A
e Loadl e Load2
L 06 Load3 Load4

Load at buses (p.u.)
o o
v =
)
=
a..
o=
=l
5
e
S
I
I
v

1234567 8910111213141516171819202 324
me

Output of each generator
by multi stage power flow analysis (p.u.)

Transition of power flows at branches
— ove 24 hours (p.u.)

atttl L,
T
; Tux 1§

Japan International Cooperation Agency

Activity for Grid Stability

- next visit in Sep-Oct 2022-

* Monitoring of Grid
* Microgrid/VPP Designer (Software)
* DC Flow Method (Manual calculation)
* Evaluation of Grid Stability
* Equal Area Criterion (Manual calculation)

* Demand and Supply Control
* Microgrid/VPP Designer (Software)
* Plan of LFC and ELD

* Asset Management
* Smallworld (Software) VPP: Virtual Power Plant

NiPPON KoEI  PADECO Japan International Cooperation Agency
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GIS, Asset Management with Grid Simulation
Example of St. Kitts

St Pauls 7 _h"ﬁm '_'_'_,_,_,_1
al # Uﬂ‘ﬁﬂ\ 1T ,I_. ‘
-
' T [
J 1
) \ B X Basceterre|(PS000 |
’-J""‘i“’{;'.'; = +:'$WF. : %,
R AR g, »
i
e - L w i
= -._‘\:\! )
GIS mapping N S
4 ) =
\Qél‘- ok
.*"P F=. )
PS - .

<* Asset data management
& with mapping Visualization of grid

& . .
simulation result

NiPPON KOEI  PADECO

Japaninternational Cooperation Agency 117

Requested Data for grid anaiysis ji’c:’

* NEVLEC
* Single line diagram of overall network and feeders
» Demand data (peak and load curve of day, month, year, if any)

* Distribution line data and transformer of each feeder
(feeder length, size, type (ACSR, cable, etc),impedance,
resistance, capacitance), and GIS data if possible

* Location, Capacity and Terminal Voltage of Generation plants
including RE and Battery

* Generator parameters including AVR, PSS(power system
stabilizer), turbine and, if any, other control equipment

* Location, Capacity and Terminal Voltage of Substation with
transformer, SVC, STATCOM or Battery, if any

* Location and amount of consuming power or load in nodes
including peak load and minimum load in analysis model, if any

* Usual operational style about network structure with switch gear
operation under heavy load and light load: NA

* ETAP data and QGIS shapefile of 11 kV network
* SKELEC
* Same as NEVLEC, if any update from 2019

NippoN KkoE!  MRADECO Japan International Cooperation Agency
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Appendix 5-3-2 Attendant list of the 1st RE & Grid Stability Seminar (St. Kitts and Nevis)

Technical Cooperation to Promote Energy Efficiency in Caribbean Countries

Seminar on Grid Stability and Large RE
List of Participants from St. Kits and Nevis

List of Participants for Physical Attendance (4 and 5, Oct 2022)

Date: 3 Oct (On-line), 4 Oct, and 5 Oct, 2022

Venue: Courtyard by Marriott Bridgetown

No Name Agency Positionn Note
1{Bertill Conroy Browne Ministry of Public Infrastructure|Director From 1 Oct
2|Denasio Desmond Frank Ministry of Public Infrastructure|Energy Officer From 1 Oct
3|Glen Amory Ministry of Public Infrastructure|Sr. Assist. Secretary |From 1 Oct
4{Haniff Lesroy Woods SKELEC Operations Engineer
5|Curtis Ethan Morton Jr. Nevis Island Administration Electrical Inspector |From 1 Oct
7|Greran Majid Javern Liburd NEVLEC Lines man
8|Nelson Horatio Ald Junior Stapleton NEVLEC Distribution Manager
9[Curleane Suzette Karen Liburd NEVLEC Human Resource Manager

Total Nos of Attendant in Barbados: |9 |

List of Participants for on-line attendance (all 3-5 Oct, 2022)

No Name Agency Positionn | Note
10{Rhondel Devyn Adlaiv Philip SKELEC Renewable Energy and Special Project
11|Jonathan Kelly SKELEC Engineering Manager |
12(Kenrod Roberts SKELEC Assistant Engineering Manager
13|Kevin Bennett SKELEC Generation Manager |
14(Collin Brown SKELEC Control & Operations Manager
15|Keane Mark SKELEC Generation Maintenance Engineer
. . . . L From 1 Oct replaced from Mr.
6|Mr. Jesse Hunkins Nevis Island Administration Electrical inspector

Deora Pemberton



nkmanager
長方形

nkmanager
タイプライターテキスト
Appendix 5-3-2  Attendant list of the 1st RE & Grid Stability Seminar (St. Kitts and Nevis)


Appendix 5-4-1 Material for the 2nd RE & Grid Stability Seminar (St. Kitts and Nevis) (1)
"

D )
JICA
Technical Cooperation to Promote
Energy Efficiency in Caribbean Countries

3rd Seminar for Barbados
2nd Seminar for St. Kits and Nevis
on Grid Stability and Large RE
6 Dec 2022

Nippon Koei Co., Ltd.
PADECO Co., Ltd.

Japan International Cooperation Agency | 1

niepon koel  [PADECO

=

o, )
Jica
Session No. 1

1. Project Outline and Large RE

niepon koel  [PADECO

Japan International Cooperation Agency | 3

Agenda

9:30-9:35 Opening Remarks

9:35-10:40 S1 Project Outline, Large RE,
Feedback of 2nd seminar, Microgrid
Why Grid Stability is necessary

* 10:40-11:30 S2 Grid Modeling

* 11:30-12:30 S3 Basics of Power System Engineering
for Grid Stability Simulation

+ 12:30-13:30 -- Lunch Break --
* 13:30-14:20 S4 Load Flow Analysis and its Evaluation

* 14:20-15:20 S5 Transient Stability Analysis and
Evaluation of Stability

* 15:20-15:30 S6 Discussion

nippon Kol [PRDECO

Japan International Cooperation Agency | 2

Project Outline and Schedule jl’CA)

1.2 3. 456 7 8 9 10:11.12:13 3233 34:35:36 37 3839 40 .41 42 43 44 45 46 47 -

Phase 1

(Baseline Survey) Phase 2 (Technical Transfer)

Year 2019 Year 2020 :g;; Year 2022 Year 2023

4.5 6 7.8 9(1011.12{1 .2 3 4 «rwemivemivs e o 1101211 .2 3 4. 5:6.7 8 9 10:11:12)1 2 3

RE and Grid Stability activity is to:

- introduce micro-grid concept in one of the
The basic The human and agreed areas and develop modelling based
information is institution on existing grid data.
confirmed for the » capacity are - introduce computer modelling for grid

?apac'ty building enhanced for the analysis and examine issues associated
or the mass introduction . .

ireeEtem 6 FE of RE with a large penetration of VRE

- propose the way to enhance resiliency

- consider and propose the necessary

Output 2 Output 4 technologies for achieving the RE goals,

The basic The human and including grid stabilization,

information is institution capacity | - consider and propose additional policy legal
confirmed for the » are enhanced for system for achieving RE goals

capacity buildihg the promotion of - prepare necessary training p[an

for the promotion EE - provide recommendations on design of the

of EE policy/ legal system

nippon Kol [PRDECO

Japan International Cooperation Agency | 4
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Appendix 5-4-1 Material for the 2nd RE & Grid Stability Seminar (St. Kitts and Nevis)_(1)


Schedule and Key Events for RE&Grid Activity jl’c:’

2023
Dec Jan Feb Mar Apr

FeHing! ¥ Jcd
St.Kits&Nevis ,Qrs bmindr

* S ill:ll
(at Barbados) 3rd seminar
Jamaica (We fre herel b'¢
Barbados
St.Kits&Nevis
(at Barbados)
Jamaica

2022

Country | Oct

Barbados *l 2nd {*l

Team

RE&Grid

EE

Training in Japan

- RE&Grid Team and EE team visit Barbados on spot alternately.
- 1t Seminar on Grid Stability and RE (Introduction, Barbados only) on 27 Jul 2022
- 27 Seminar on Grid Stability and RE on 3-5 Oct 2022

- 3" Seminar on Grid Stability and RE on 6-7 Dec 2022

Objective: to discuss challenges and solutions for future Barbados/StKN Grid with RE penetration
and to share knowledge about grid stability and simulation for future optimum grid planning

- 4t Seminar on Grid Stability and RE in late Jan 2023 (proposed between 23-31 Jan 2021)
- Final Joint Coordinating Committee (JCC) in March 2023

NIPPON KOEI pHDECO Japan International Cooperation Agency | 5
- - ’\
Characteristics of VRE jl’c A/

Wind

- Unpredictable generation output change
produce ramps according to weather condition
Depending on geographic areas, fluctuation comes at

Wﬂﬁ:ﬂ\ once if it installed in the same valley
PV

W
T

o
00:00.00 04:00:00 08:0000 120000 18:0000 20:00:00

Wind Output

- No output in night-time and rainy day
- Large fluctuation in tropical climate (likely to change
80% in a minute)

Both (VRE):

- It does not always generate when needed. Load-supply
matching is an issue

- Time coincidence of VRE, there can be times when there is
too much supply. Curtailment of VRE is necessary
—>energy storage/control cost need to be considered.

&:00 s00 100 1200 1400
Soirra" R i 7 J/sMor_tansarta.ana 2y_nnerr:

PV output

Caribbean Islands:

- Lower cost than tariff >rapid private investment

- Limited area for transmission

- Frequent change of weather condition

- Limited stable RE (hydropower/geothermal)
niepon kol PADECO

Challenges for
- Cost for stability : who covers?
- Technical and regulatory matters

Japan International Cooperation Agency | 7

Outline and Agenda for 39 Seminar on 6-7

Dec 2022

11:30-12:30 Microgrid Concept
(Coverley Village)
12:30-13:30 -- Lunch Break --

13:30-15:20 Grid Modelling for Load Flow

Analysis (detailed with scenario cases)

15:20-15:30 Discussion and Q&A

1. Date/Time 6 Dec 2022 (Tue), 9:30-15:30 7 Dec 2022, 9:30-12:00 (Wed)
2. Venue Online by Zoom Platform*1 Courtyard by Marriott Bridgetown, Barbados
. 9:30-10:20 Load Flow Analysis, Evaluation of Load
:30-9: R k ’
9:30-9:35 Opening Remarks Flow (Microgrid Designer)
9:35-9:50 Review & Feedback of 2nd seminar [10:20-11:00 Transient Stability Analysis 11:00-11:30
. o Evaluation of Stability (Comparison between Equal
9:50-10:30 Why Grid Stabilit
y Bnd Stabilty 15 necessary Area Criterion and ETAP)
2011 . . N . .
11:00-11:30 Modelling of Equipment in Grid 11:30-11:55 Discussion for 100% RE achievement in
3. Agenda Barbados

11:55-12:00 Closing Remarks

4. Participants

Electrical engineers and officers concerning RE
and grid planning and analysis from MEB,

FTC, BL&P, and UWI.

Nos: no limitation

* Joint seminar with St. Kitts and Nevis

Electrical engineers and officers concerning RE and
grid planning and analysis

Nos: 1-2 from MEB, FTC, BL&P, UWI each

* Appointment of electrical engineer who has background of]
power system engineering is welcomed since this session is tof
conduct grid simulation exercise.

NIPPOTUROET

AT Japan International Cooperation Agency | 6
Power Tariff and RE Levy 9 )
Is the increase in RE penetration so far helping or hurting electricity price? jICA

JPY/KWh
30

25 e

20

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Average JPY/ k Wh

1UsSD =135 JPY

— RE Levy
JPY/kWh

Power Tariff in Japan (JPY/kWh)

RE % in Japan

i

Bhydro MG ecthermal M8iomass MWind BPY

e RE Levy
IPY/kWh

Prepared by JET from METI and Enetech data

nipPoN KoEl  PADECO

In case of Japan...

- VRE Percentage: approx. 10% in 2021

- RE Levy is approx. 10% in 2020-21

- 10% VRE in kWh base is 20-50 % of
VRE capacity base

- RE Levy (additional tariff/kWh for RE
cost) is likely to be proportional to
VRE percentage

- Stabilization cost > fuel saving

->Future ??

VAT
RE
Levy

Gen,
T&D
cost

D 2005 2010 2015 2018 2019 2020 2021 2022%

Power Tariff in Germany (Usc/kWh)
https:llwww.de-info.get/
Japan International Cooperation Agency


nkmanager
長方形

nkmanager
長方形

nkmanager
長方形

nkmanager
長方形


Outage trend and VRE affect on Outage

3"‘\
jica’

Has the increase in RE penetration begun to affect the momentary interruption(MAIFI)

indes)go?
https://www.enecho.meti.go.jp/about/special/johoteikyo/teiden_info.html
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2015 2016 2017 2018 2019

- At present, no momentary interruption is caused from large RE penetration

- In Japan, RE have not yet affect outage but sever weather like typhoon affected

Japan
New York
California
Texas
Germany
Italy
France
Spain

UK
Sweden
Finland
Norway

- 28 Sep 2016 South Australia grid with50% Wind . Wind power is disconnected due to
thunder and transmission damage = Blackout for 850,000 customer
- California (CAISO): 32%RE in 2019. 14-15 Aug 2020 Load Shedding due to large scale
introduction of PV and halt of coal/gas power plant and heat wave in evening

https://ieei.or.jp/2020/09/yamamoto-blog200914/

NiPPON Kol PADECO
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Battery and Energy Storage
Positioning for Energy Storage Technology

Release Energy

Time Rate Curtailed
energy >
S1di Substations, Distributed Power spike levelin PV output
Lo B""‘f'"g’ Facilities etc. for System Stabilization/ P 9 P
Transportation Load Leveling
Pumped
Redox Flow Battery Storage Hydro For load
H CAES:Comp
ou Fuel Cell NasS Battery Air Energy Storage
0 Batte [MW]
4 Fluctuation
Minutes I~
Nickel Hydrogen Batte| N e
PRIt v B b ke ge
1 11 11 o
. ) ¥
Flywheel | Primary: RE + Battery
SMES :Superconducti Backup: Thermal
Capacitor Magnetic. Energy Storage =
1

1kW 10kW 100kW 1MW 10MW 100MW 1GW System Size

nippon koEr  PADECO

Source: NEDO Renewable Energy Technology White Paper Chapter 9
Japan International Cooperation Agency | 11

Arrangement toward 100% RE

—
VRE 0%
Curtailment
> \/
28 |
%E Energy Storage
Op & BESS
\/
\/
Demand
Response (DR)
\/
CSP, Biofuel
generation

Emerging
Technology

VRE 100% -

nippon koer  [PADECO

Pumped Storage vs Li-Battery

250

- N
o o
o o

3

=

0 100 200

Reservoir Volume ( x 103 m?)

Storage Capacity  (MWh)
oy
o
o

o

~8— S50mhead —®— 100mhead —@— 200mhead —@— 300m head

.
300 400 500

200
Storage Capacity x10%3 m3
z 150 o
3 -8-100
E -8-200
= 100 -e-300
g --400
T 60
S
0
0 100 200 300
head (m)

Note: headrace 1500m is assumed for head 200m

Source: Potential Capacity and Cost of Pumped-Storage Power in
Japan Strategy for Technology Development Proposal Paper for Policy

400

~

) )

Jica

| Voltage and frequency Stabilization |

- Curtailment of VRE energy in PCS to make grid stables,
smart inverter

- Governor Free (GF), Economic Load Dispatch (ELD),
Load Frequency Control ( LFC)

- Energy storage: Battery, flywheel

- Synchronous condenser, Statcom

- EV charging time shift

- Demand side management

- Regulatory framework change, review of grid code

Insufficient Inertia, Synchronizing Force

- Battery-Motor generator set

- Biofuel (diesel, jet) for DG

- CSP (Concentrated Solar Thermal Power)
- Gravitational Power

- Grid forming Inverter

- H2 generation from RE by electrolysis

- Seasonal large scale storage

Japan International Cooperation Agency | 10

—
) )
Is pumped storage considered an economically viable jICA
technology option and what are the challenges?

* Challenges: Topology and water. Higher head,
lower cost: 700USD/kWh@100m,
350USD/kWh@200m (100,000m3) .

* Long lead time, Environmental Impact Assessment

Advanta40-50 years life, black start possible

LiB : 350-450USD/MWh @2022 (for 60MW scale),
Cycle: 5000-20,000 @DoD 80-90%

DoD: Depth of Discharge

60-MW Utility-Scale BESS Cost Projections for SFS 60-MW Utility-Scale BESS Cost Projections for SFS
500 4,000
—2-hour
3,500 —ahour
—é6-hour
3,000 —8-hour

2,500

—10-hour
2,000
1,500
1,000 K

o o
2015 2020 2025 2030 2035 2040 2045 2050

Installed Capital Costs (2018 $/kW)

Installed Capital

S

2015 2020 2025 2030 2035 2040 2045 2050

Source Utility-Scale Battery Storage | Electricity | 2021 | ATB | NREL

Making and Governmental Action toward Low Carbon Societies, LCS-

FY2018-PP-08, 2019

Japan International Cooperation Agency
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Inertia and Synchronizing Force with RE jl’c:)

Inertia
(Disk weight, speed)
S

Grid Voltage Distributed

Large scale (Disk Radius) VRE

VRE Generator

Frequenay
(Rotation
Speed) 'l

GeneratV

Power
Voltage ™, 4

(Disk Radius)

o ‘ Roofto
,EMMM)I\, l ! | A#® Generator Transmission line  Load ﬁ PV P
Wind )

Synchronizing Force
= the power to make rotating
speeds of both disks same

Prepared by JET with reference
to https://www.tdgc.jp

Inertia: The force to keep the rotation of disk when load is changed
Synchronizing Force: The force to keep rotation speed of disks. It keeps back to the same
rotation when generation power and load is varied, without entangling.

Fluctuation of large scale VRE affects to generator at generation side and load side
- Inertia and Synchronizing Force need to be enhanced for grid with large VRE
nipPon koEr  PADECO

Japan International Cooperation Agency | 13

—
VRE+BESS+Inverter i )
ko fi A

Sync.Generator

' Power Grid .@'

Sync.Generator

Black-out when oo
insufficient Sync. Gen U
I n su ' ' Sync.Generator

Power loss
Sync.Generator

If synchronous generator is reduced and
inertial is not sufficient, power loss
- Frequency drop, with no recovery
-> Chain reaction of loss of VRE
- Black out
-4

Frequency (Hz) VRE+Inverter .@'
\ Generation Sync.Generator

e disconnection Increase of VRE+BESS+Invert

Sync.Generator

Sufficient Inertia . VRE+Inverter
VRE+BESS;Inverter
-> Frequency recovery
Sync.Generator ﬁ' Sync.Generator
Power loss @
RoCoF>2Hz/s | XN /Sy _____ Power Grid
> Chain loss Reduced Inertia VRE*'”Veﬁef p VRE+Inver1er
of VRE >RoCoFt Black Out!
Efoccﬁ:r; R::,? VRE+Inverter
Frequengcy Sync.Generator VRE+Inverter
BIaCKOUt!! Source: Transmission and Grid Council, Japan
nippon koer  PADECO : )

Japan International Cooperation Agency | 15

Inertia and Synchronizing Force with RE jl’c:)

Synchronous generator: The power source establishes voltage and frequency with reactive
power, and combines with generators by synchronizing force

VRE/BESS with inverter: DC converted to AC. There is no rotation, no synchronizing force. It
monitors grid AC voltage and wave and adjust accordingly = no contribution for stability

GF: Governor Free

UFLS: under frequency load shedding
. RoCoF: Rate of Change of Frequency
Generation

. . 8 Nadir: minimum value of frequency
A\ ‘/ disconnection reached during the transient period.

Frequency (Hz)

Sufficient synchronous generator

Less synchronous generator, larger VRE

Rate of Change
of Frequency 1\
(df/dt) (RoCoF)

Affected by inertia, -

generation loss

i - Time

If Nadir< UFLS - load Shedding Source: OCCTO Committee on Demand-

Recovery by GF and load shedding

supply Balance on 27 Oct 2020

NIPPON KOEI pHDGCO Japan International Cooperation Agency | 14
. .
SCO and STATCOM for Reactive Power jica’

SCO (Synchronous Condenser)

SCO is DC-excited synchronous machine (large rotating
generators) whose shaft is not attached to any driving
equipment. Though changing field excitation, SCO adjusts
reactive power and provides reactive power at the time of
voltage drop.

STATCOM (STATic Var COMpensator)
For compensation of reactive power, it generates/absorbs reactive power, and stabilize
voltage continuously at high speed by self-commutated inverter.

https://energy-shift.com/news/af737655-0462-
4655-81ae-b17d86b5784d

1.4} STATCOM bus-bar voltage -~ With STATCOM Internal Phase Angle Deviation
12 : ---- Without STATCOM S --- With STATCOM

s ‘ g i

Bl e —_— &3 —-- Without STATCOM

— o

I3 %’ 5 \\_‘_/-—-_j_ - L L

g £

= k]

>

I
w
o

3 4 5 6 7 B =] 10
Time (s)

. STATCOM Output
i (positive: phase advance)
150 IM—)\/——'—\”

- With STATCOM
-- Without STATCOM

+ Power (VAR)

. Reactive

1 2 3 4 B8 6 7 8 9 10
Time (s)

a 1 2 3 4 5 6 7 8 9 10

Open one circuit Time (s)
Source: Enhancement of Steady — State Stability and Suppression
of Over—Voltage using 450MVA GCT—STATCOM, Mitsubishi
Denki Giho, pp.52-55, Vol.87, No.11, 2013.

https://www.hitachi.co.jp/p
roducts/energy/STATCO
M/about/index.html

Japan Intel
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Emerging technology for large RE with Grid stabilization : Generationg™ )
with Inertia and Synchronous Power JICA

Type of Technology Advantage Develop stage

| 0. & L Motor - Energy in battery provides - Used as frequency
Lg!'h " ub generator synchronization and inertia conversion
= ta\&/o-eleé‘tri’c g ] (MG) - Small scale supply, for micro grid - Commercial operation
. i i i Gravity - Gravity of recycled Concrete Pre-commercial, 35 MWh,
‘ f \’ Storage block 35ton/nos 4“;';"// per tower
| b _ a a 0 n=i %
s <dl L Battery preies fug i 52.5GW planned in USA
energyvault.com/gravity - Half cost of Li-ion battery
CAES - Compressed high pressure air -demonstration by NEDO
i1 1 . (Compressed - (Liquid air may be developed) - 900 MW in California
o= SEETE airenergy - Provides inertia - n=70-80%
'www.nedo.go.jp/news/pre Storage)
ss/AA5_100756.html
CSP - With turbine, provides inertia - Commercial operation at

Ivanpah392MW 22 bil USD

(concentrating
- Heat storage (molten solt, etc)

and synchronization

SSOITr power) - Cost decrease expected, higher  under development
olar . —
aloctrekcol - efficiency than PV, n=50%
B @ Grid- - Dynamic active/reactive power, FRT, - Under development
~ & ?",‘3 & D . forming frequency control, inertia - (Smart inverter by
Source: CIGRE  inverter - Applicable to existing PV IEEE1547, Mandatory in
- _(Smart Inv: FRT, VRT, voltage support) Hawai )

=

o’ )
Jica
Session No. 1

2. Review and Feedback of 2"d seminar

nippon koEr  PADECO

Japan International Cooperation Agency | 19

Consideration for Larger VRE/BESS Penetration jICA)

* Increased application of PV and Wind :
 |s Battery sufficient measurement?
» To what extent can utility scale PV and wind be operated without affect
on grid power quality?
* How much can a feeder accommodate distributed PV and BESS?
* What kind of equipment and measurement is necessary to
accommodate VRE without interruption of grid?

» Planning with grid simulation is necessary.
* Load flow analysis
+ Stability analysis
» Grid code needs to be checked for condition of
grid connection of VRE and BESS

nippon koer  [PADECO

Example of frequency fluctuation with VRE
Japan International Cooperation Agency | 18

Feedbacks for the 2" seminar in 3-5 Oct 2022 .8
| |Question __lFeedback |

1 What is the * No detailed engineering plan. Understanding of grid stability is not linked to
challenges to penetration of RE sources = Investment for stability is necessary.
solve to * Most economical way to compensate fluctuations caused by the intermittent
achieve 100% energy from PV Generation. = BESS? Pumped Storage? CASE? Gravity?
Concern: Spinning Reserves still need energy source as the Battery Storage
Systems lack inertia, Bio Fuels can work but may cause areas reserved for crops,
converted to produce fuels. > GFM may be solution.

e The frequency and transmission capacity of the electrical lines will be the
challenges. Either with batteries to control the regulation of frequency from
electrical output=> Plan with grid simulation

* We need a mix of more biomass resources, (liquid or gaseous to provide transition
from quick response BESS to solid biomass generation) = Yes.

2  Whatyou e Where to add storage (On Transmission or Distribution System)? How much
would like to storage? > Included in later session.
know more * Load Flow; Frequency Control = Included in later session.
details in the * More discussion in distribution circuit challenges- as this is where most of our RE
seminar is connected. Understanding of how practically measures to address stability

challenges are implemented. = Included in later session.
components * The effect of hurricanes on small island states that is 100% renewable when
everything is destroyed? = Included in later session.
e What systems can the customers implement to improve the power fed to the
utility to improve grid stability. > Demand response, storage, smart inverter
NIPPON KOEIRAIEEDECO
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Feedbacks for the 2"d seminar in 3-5 Oct 2022
| lQuestion  [Feedback |

-

® _)

3 Particular e Battery Storage; Use of Grid Modeling Software = Included in later session.
topics/challenges * Where to add storage? How much storage? - Included in later session.
of grid stability, applicable technology that can be used for implantation = ditto
RE. and others More exercises on manual calculations on grid stability. More information about
! the algorithms that may be implemented in software, including appropriate
t_hat you would numerical methods. Development and analysis of microgrid models and scenarios
like JICA Team to - Included in 29 day session.
include in the * Bus Admittance Matrix and Newton Raphson Method = Please see textbook
next Seminar introduced in 2" seminar for more in detail
* To expand more about grid stability and large scale renewables. Using a model for
grid stability and RE penetration = Included in later session
* Changes/additions that can be made to existing RE installations to improve the
Grid Stability. = discussed in later session.
* What can utilities, which are operating a radial power system, do specifically to
accept DG from VRE with minimal disruption and negative impact on reliability.
* = Investment for stability, update of grid code, securing spinning reserve
4 Advise JICA Team * it would be good to have practical scenarios for example, the local impact on
if there is voltage of adding RE, the best approach to recognizing this before connections and
necessary options to address such challenges. = discussed in the later session
. more exercises to help reinforce the information supplied.
improvement . . ) . )
* aqualitative description of possible practical solutions and more focus/hands on
practice with using the various models. = to be conducted 2" day session.
NIPPON KOEpFiE@R]DGCO JapasnpinteationalConpriatinandgansy
—_
o’ )
A
A3 Evaluatio * IRRP includes consideration for grid stability with large RE, and proposed
n and SCO (Synchronous Condenser) for grid for reactive power compensation.
Proposal ¢ Frequency control function is necessary to consider for the large
of RE penetration of RE. Synchronous generator type resource is required to
Installatio control frequency.
n * PV, wind, BESS can not cope with frequency control. For IRRP, CSP
Scenario (Concentrated Solar Power) which is synchronous generator is possible.
* Meanwhile, grid forming inverter has that function and can provide
synchronizing force.
A4 Thetotal <+ Thermal power or biodiesel (or biojet fuel) will be necessary to sustain
PV spinning reserve for load (150 MW peak). Battery can cover fluctuation for
according short time.
to the * The battery capacity (MWh) need to be sufficient to sustain fluctuation and
IRRP peak shift from 300 MW PV. In addition, Battery wilt not be sufficient as
(300MW) permanent operation considering inertia and synchronizing force is not
provided from battery.
* At the time of severe weather or thunder or any disturbance, battery can
not provide power to keep frequency once major power source is
disconnected, thus spinning reserve from thermal power is necessary.
* How much thermal generator spinning reserve is necessary is depending on
nig the requirement how much grid wants to avoid power cut and blackout. cy

Al Place,
capacity
and
function
of Battery

A2 Benefit of
GFM(Grid
Forming
Inverter),
its size
and
quantity

NIPPON KOEI

A5 Do we need to
provide spinning
reserve for all RE? .

A6  Canindependent .
generator of large
facility like hospital .
contribute stability?

nipPoN KoEl  PADECO

MADECO

For large PV station, battery is effective to decrease the fluctuation caused
by uncertain change of sunshine.

For small PV such as roof top home PV, battery had better to be located to
neighboring substation with another roof top PV.

Distribution line should be decided as satisfying its capacity, in order not
to be over even if maximum output of PV.

State of Charge(SOC) had better to be controlled using Battery Energy
Storage System which has advanced function of Battery such as keeping
SOC to 80% of maximum capacity to avoid the deterioration of battery.

GFM(Grid Forming Inverter) is a voltage source inverter.
It controls to keep output voltage and its frequency, and supply virtual
inertia to grid.
GFM is better to apply generation resources such as PV, WT(Wind
Turbine), EV(Electric Vehicle) and Battery.
Grid forming inverter is still emerging technology, which is under
demonstration stage.
It will still take several years that comes into market. Thus no market cost
is available yet, but the cost will not be much higher than smart inverter
(grid following inverter) once it is developed, according to the research
institute who is demonstrating.

Japan International Cooperation Agency

e Ideally it is necessary to provide the same amount of spinning
reserve as all uncertain RE.
Another way is the combination with SPS(Special Protection
System). SPS detects abnormal system conditions and take
predetermined, corrective action to preserve system integrity
and provide acceptable performance avoiding severe accident.
* Predetermined, corrective actions include load shedding and
generator tripping.

It is depending on rule. If reverse flow is allowed as normal
operation, it can contribute to keep grid stable.

If the rule for independent generator stipulates, distributed
resource must stop after accident. It can not supply to grid.

Japan International Cooperation Agency


nkmanager
長方形

nkmanager
長方形

nkmanager
長方形

nkmanager
長方形


s Grid and Generation s
SLVL ) Legend A ® )
A 2 of Barbados JICA
SUBTYPECD
A7  How isthe PV output < Injection current from connecter. R s L | Location [Mw/u[Qy[MW]|  Remark
data included in * To be explained in this seminar SrEpAT Existing
power flow analysis? : 10>50? MW St Lucy 0o cevuionionune Total thermal power 265
. : : - ned Wind DS Hoblot Spring Field Total of 166[LDs, ST, GT
A8 Itwasunclearabout ¢ To be explained in this seminar. =0 Garrison 1 1306as Tubine
the derivation of the Seawell 13| 1] 13|Gas Tubine
Power Equation for Seawell 20 2| 40[Gas Tubine
the exercise. — IT:/nts 83| 4 753‘35 MSD Engine
ota .
A9  Restoration from e To be discussed in this seminar N Trents 10| 1| 10lpv
Hurricane under : I Distributed PV Ls | es.6|pv
100% RE Total Battery 5
Trents 1{LS 5|BESS
Planned
A10 Nevis Geothermal * To be discussed in this seminar Total Planned RE 208.5
p|ant evaluation E.-“- St Lucy 50 1 10{Wind Planned
) o Northeast 100 1| 100]|Off-shore wind
Sprlng Garfgle St Tomas 30 1 30|Vaucluse Biomass
PS9 U"'ts’ PV 13| 1| 13[Pv 52 MW= hydrogen
166 MW Distributed PV LS | 25.5|Licensed yet installed
PV IPP | LS 30[IPP by 2025

Garrison P/S

1 Unit, 13MW Tentative. Please let us confirm the

status and update if any.

NIPPON KOEI pHDECO Japan International Cooperation Agency i GIS Map and information Japan International Cooperation Agency | 26

Latitude and Longitude data needs to be reconfirmed

Plans of Grid and Generation up to 2030/2040 of W PV and Fluctuation of S o

BarbadOS Source: IRRP Draft 2021, MottMacDonald Frequency in Barbados
0 Demand Scenario in IRRP (Base scenario)
1
2000 Base Scenario . . & ) v @ completed
g0 ~ EV demand increase - Curreptly 65MW distributed PV, D A\ L
g T S EEBEENENEE to be increased to 91TMW. ; 7 @ it heeved
§ 800 5 -—=m=ERE . ) & X v O Venfied
3 Froco — s R B R E- R E R m—a- i | - Frequency fluctuation ; e S
g oo 5 i - It needs for confirmation of T o ¥ Agptcart e
3 = soo— - I B B E B EEEE D - . . F \ ¥ ) Awaiting Adaitional Documents
g 5 feeder holding capacity : b D
E 3 . N e N I B E B EEEEERI = . . . [ mitted
. g ° l considering fluctuation E v < aamatesen
m o . . v @ Cancelled
, 0l oo — o5 — — - Utility Scale PV is planned for g S ‘
2000 2010 2020 2030 2040 Rase Scanars: Cooking Demand mmm Reference Scenario: Commercial [ >

- e e N L e future

BN Hotels and Restaurants m— Reference Scenario: Industry m— Base Scenario; DSM Savings

= Commercial

- industry Installed capacity and capacity addition in IRRP (Base Case)

100
«o| - Dependency on VRE I jiscnric I - Rapid battery = f,LZZ‘;;
o increases mgattery 128 - Continuous VRE -0
- expansion e
Solar Thermal

waste
Solar Thermal - wind

- Wind

80 = Diesel
I = HFO
600 Jet
==

S, 7 I 50 solar

500 \./' l b mE Solar Rooftop
|
B

- HFO retire l . = Solar Rooftop

Installed capacity (MW)

| N
00| M K

Capacity Reserve Margin (%)

Capacity Agditions and Retirements (Mw)

0 0
2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

2021 2022 2023 2024 2025 2026 2027 2028 2028 2030

NIPPON KOEI pHDECO Japan International Cooperation Agency | 27 NIPPON KOEI pﬂDECO
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Legend

& Gaveos
Transmission_Line
SUBTYPECD
— G

i Present Situation and Future Plan of St. Kitts & Nevis 7‘

PV and Feeder capacity

e RE Projects in St. Kitts and Navis ] . ) Lecinn = |
- Can the feeder accommodate s R Cocaton/oromct Trone [CP20 [Generation | Wind potential Solar potential =
(IjDi'Sttri'tk)JUtte((j'J FI;\\// 65 MW at ﬁi}émmmmm S: SCASPA J P?/p — 0.7 — eNs/imaled 2013 I
- Distribute a it : - | |
present , increased to be 91 MW - S: SKELEC PV 0.5 ! 2015 %
S qB d based on BL&P N: Windwatt Wind 2.2 5.25 2011
near futu r_e . Gfgr'\cﬂzp arzzaiﬁorm?t;nipom MEB N: NREI Geothermal |Geo 10-30 NA 2028
- Feeder-wise _capaC|ty ) ) S: Leclanche PV 35| 438 2020 =
assessment is necessary in grid S Bellovue Wind 57 NA NA S o
simulation S:NW Geothermal |Geo |  18-36]  NA NA EEMAT ‘ Sl
| Necessary consideration for future RE |
1) Grid stability analysis for new 35MW PV system
2) Update of geothermal development
' 3) Interconnection (11kV, 66 kV)?
i A Phase Nevis Geothermal and Grid Interconnection Plan (provisional)
Phase-1 Power Grid Reinforcement from 11kV to 66kV
" -".y e Phase-2 Expand 66kV, 30 MW Geothermal at N3, Connect into St. Kitts Power System
AT i : :
i ‘5. 7 Phase-3 Hydrogen Based Project at Long Point, Install 15 MW Geothermal at N3
' Phase-4 66KV from Long Point to Camp, Offshore Wind at 50 MW, Additional Geothermal
NIPPON KOEI pg[)eco Japan International Cooperation Agency | 29 il from 15MW to 30MW at N1, Expansion of Hydrogen Based Project | 30
o o . o~ eppe . . ~~
RE Status in Jamaica > 4 Difficulty due to VRE and Good Practice of Jamaica ji‘c a)
1. Bogue To cope with >140MW VRE for 650 MW peak grid in 2016, JPS
Cha”enges for RE & Grid: . took following measurement: JPS Power line g‘;:‘;\'f‘"f’ Gas generators 2MWx5
v' Increasing RE capacity >15%. Grid yeg ‘upper&mwerw"”e River 1. Application of 24.5 HESS (next page) ﬁ B B 2 1 =
stability and power cut issue \ W = 2. Demand projection >99% accuracy - base for efficient % & HE] \Tg?* é
v Feeder cut at 49.5 Hz — eokv ‘—’\5\_\ - (s;@g . opera.tlon in System Control C.entfar |_,| : = ]
138 KV e windibp = s X 3. AWS installed for weather projection and output forecast of L
v’ System losses 26.3%(2018) : o N - o o é [ -
y : O Thermal Munrd A < T T S PV and wind, utilizing satellite image - 90% accuracy. Vo U
>28.3%(2021) ; t'vydéo Wigton (Wind) Hunts B2 pee Remaining 10% is covered by spinning reserve. ® & Facility load
v’ Large number of distributed PV, o pp _ 01 Harboufockort 20K 4. Microgrid with CHP for Caribbean Boiler and Hill Run Hill Run Comrmunity (00KW)
available database? ® Major City Sourcer JPS, 2019 community (800kW) Microgrid with CHP for Caribbean Boiler
v Wind & PV potential unevenly VRE Projects in Jamica 5. Establishment of training school for Caribbean countries
. . c ity |Generation Tariff Investment ) .
distributed = less smoothing Location/Project Mav;\ylac g Gs\/::timated Year UaSc/kWh R RE Production Output Proflle Over 24 hours September 28, 2016
Wigton | Wind 20.7 52 2004 10.21 26 . p
Wigton I Wind 18 47| 2010 10.723 45 [ - / L "
Wigton Il Wind 24 63| 2016 13.4 46.5 / /
Munro Wind 3 105 2010 (PS) ‘ / |
BMR Wind Wind 36.3 120 2016 12.9 90 I -‘* f | § g‘lj:ulr?cEel:\lgs\l\f\EBLL%PMENT
Content Solar (WRB) |PV 20 34| 2016 18.8 65 il ? [ ’ ENERGY MARKET IN
Independent roof-top [PV 20? \ k\f il "l { JAMAICA, OUR, 2018
Eight River (EREC) PV 33.1 2019 8.5
Cmmm=—=mm =~ Wind Potential Wigton IV Wind 34 ?
80m Wind Soeed in Jamaica VRE under operation 142 326.5
Source: Sustaingble Energy Roadmap 2013

NIPPON KOEI

ADECO

Source: Prepared by JET with several data sources
Japan International Cooperation Agency | 31
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JPS Hybrid Energy Storage System (HESS) of JPS in Jamaica jl’c A/

* 24.5 MW HESS (Hybrid Energy Storage System) installed at Hunts Bay power station

» HESS stabilizes VRE output fluctuation (approx. 175 MW for 650 MW peak load, VRE is 15.2%
energy base but capacity is 27.3% average peak, 39.6% at off-peak time)

» Flywheel absorbs small instantaneous fluctuation and prevents battery deuteriation

* Investment cost 27 mil USD
’ [ftem ____| Flywheel _|

System integrator  ABB RE+
Manufacturer Pillar Germany
Capacity 3MW, 16.5 MWs
Speed 1800-3600 rpm
Bearing life 8yrs

Response speed 100 ms

Efficiency >96%

BESS LG Chem, 21 MWh

Manufacturer LG Chem (Korea)
Type Li-ion
Module 128Ah, 92.3kWh

41} Capacity 21.5 MW, 16.6 MWh

TES Puwering What Matters

Nikruv nuer |- ooy Japan International Cooperation Agency | 33

Recommendation for Future RE and Grid Plan ¥ R

| em | Descripton |

Storage for smoothing - Mandatory installation of BESS, for example, more than 80% (or
output and peak shift 100%) of Peak MW and 4hrs storage for utility scale VRE

Maintaining sufficient synchronous generator for spinning reserve
Introduction of Grid Forming Inverter (GFM) for VRE source,
Weather projection system

Investment to secure
inertia and spinning
reserve for grid

o ’\
Example of Grid Code jea’
Country UK Ireland Germany Japan
Grid Code The Grid Code EirGrid Grid Code Technical Connection Grid Code
Rules fore MV
Regulator Ofgen (regulator) TSO VDE (Association) OCCTO
Main ltems of | - Frequency and time for | - Frequency and time for -Frequency and voltage (under
Grid Code operation continue operation continue that need continuous preparation)

- Active power increase/
decrease at the time of
frequency increase/
decrease

- Active power Droop
according to frequency
change rate

- Voltage, harmonic wave,
flicker at nodes

- FRT requirement at the
time of voltage drop

- Reactive power supply
- Black start and
Protection of grid and
generators

- Active power decrease/
Increase at the time of
frequency increase/
decrease

- Governor control rate

- FRT requirement at the
time of voltage drop

- Reactive power supply

- Speed of power increase/
decrease with load dispatch
order

- Lower limit of load

- Spinning reserve
requirement

operation

-Active power increase/
decrease at the time of
frequency increase/
decrease

- FRT requirement at the
time of voltage drop

- Reactive power supply at
the time of voltage change
- Active power limit at the
time of large voltage
change

- Protection of grid and
generators

Investment for voltage
and reactive power

Microgrid

Sharing responsibility
of grid stability among
utility, IPP, consumers

Option for storage

(especially with inertia)

Data management
Recycle/disposal
“Best-Mix” Energy

Mandatory application of Inverter with reactive power
compensation for Wind/Solar IPP

To promote microgrid to strengthen resiliency

Utility: maintaining transmission and distribution line frequency and
voltage stability, ancillary service

IPP of VRE: installation of inverter with reactive power compensation and
energy storage

Consumer: demand response, ToU setting& EV charging, peak shifting

In addition to BESS, consideration of V2G, hydrogen, (pumped storage),
Compressed Air Energy Storage (CAES) and Gravity Storage based on
cost analysis and future development

Database management, update plans based on implementation status
Consideration for disposal and recycling of battery and PV panel

Multiple alternative for RE and storage, not a single source
(Solar/CSP/Wind/Biomass, BESS/Thermal/new storage, etc.)

OCCTO: Organization for Cross-regional Coordination of Transmission Operators, Japan
FRT: Fault Ride Through

NIPPON KOEI

Pabeco
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3. RE and Microgrid Concept

4. Why Grid Stability is necessary

nippon KkoEl  [PRADECO

o"-\)
jica
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23 Aug 2018 Awaiji, Japan
https://www.sankei.com/west/news/180828/
wst1808280043-n1.html

600 kW, Fallen at 25.6m/s wind while 60m/s design

nippon koEr  PADECO

Smart Houses

Resilience for RE Ty

9 Sep 2019 Kanto, Japan

Microgrid for Resilient System
== Autonomous Micro Grid

@kadowaki_kozo
Damage of roof-top
structure by high speed
Missing control power supply wind

Additional moment due to Excess of high speed

SN A
26 Jul 2019 Himeji, Japan
https://www.dailyshincho.jp/article/2018/0726
0800/?photo=1

Landslide by a heavy rain

For enhancement of resilience:
v' Design Standard with higher rank hurricane
v Autonomous Micro-grid

Japan International Cooperation Agency | 37
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Residences

Clustered \

. Microgrid p
——

Thermal Generation Plant
ﬁ !! Nuclear Generation Plant
[l

with PV and E K=
Shop [

nippon koEr  PADECO

Smart Railway — ~ —

s~
i I x Communication Lh\
4*’Solar Genemtion/ @ Transformer ICT/EMS
_ Clustered Microgrid
’ Battery Energy Management of ; ﬁ
) 2 J Electrical Facilities in A Cluster

=

Buildings

Charging Station

Smart Houses with PV and EV/ Japan International Cooperation Agency | 39

Mi
E - Capacity of generator, and PV, design, selection of equipment.

nippon KkoEl  [PRADECO

Microgrid Concept

Concept of Micro-grid

v’ Respective Micro-grid is
E connected each other, and each
53]

Distribution
Substation

Information

Micro-grid can work
Power System
—

independently
v' Local energy production for local

consumption

v' Generation: PV, wind,
e i 4 biomass, DG, GT, battery, etc.
Distribution v' Demand: industry,
commercial, home, EV, etc.

v No transmission = loss saving
v With loT, control system, EMS,

demand response, smart meters
v’ Enhance resiliency

Parking

Source: Smart City Development and Recent trend in Electric Power Network, Waseda Univ.

crogrid Planning jl’c:)

Study for legal requirement of - Legal requirement for microgrid by the regulatory authority
regulators considering affect on - Method for emergency recovery, switching from microgrid to
transmission line outside of Microgrid master grid, Affect on adjacent areas.

Estimation of load and demand at - Estimate demand of daily curve, total demand of the day/week /
normal and abnormal condition in year, at normal and abnormal condition,
Microgrid - data as much as accurate by each feeder.

Plan for system structure of Microgrid

- Preparation for emergency (load shedding, control, etc.)
in distribution lines based on demand

- Protection and control method considering supply and demand

- Plan RE facility with energy storage based on power demand
- Consider necessary stabilization equipment considering
fluctuation and output instability.

New system installation/enhancement
for stabilization facility requirement
for RE and supply-load balancing

System requirement and legal - Review regulation and rules including grid code for connection to
confirmation for inside and outside transmission line )

Microgrid - Operation method at the time of emergency recovery and
minimize outage

- Based on supply-load balance, finalize system configuration
&Spec
- Operation and EMS development, communication system

Finalization of system configuration
and specification for whole Microgrid

Japan International Cooperation Agency | 40
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Microgrid Ex.-1: Mutsuzawa, Chiba, Japan

Residence

Zone PV & Co-gen

J

Gas Co-gen
Roadside
Station —
EV Charge
Grid connection
facility
National Grid
niepon kol PADECO

Microgrid Ex.-3: South Australia Yorke Microgrid

https://www.electranet.com.au/new-battery-charged-and- -
ready-to-power-lower-yorke-peninsula/

L Dal le substati . ge
(U Mg SN (tcrs | Description
-

9IMW
Wind Farm

NEM

!
E 1320V
EY

%

Load/DER

Dalrymple E
BESS
30MW/8MWh

Grid Forming Energy Storage System addresses challenges of
grids with high penetration of renewables (A case study),

CIGRE, 2020
nipPoN KoEr  PADECO

Mutsuzawa Road Side Station

Gas co-generation (80kWx2), PV system (20kW),

Solar heating (37 kW) EV charger,

Independent power supply for residence zone

Thermal supply for hot spring by co-gen

Microgrid area connected with grid

Continuous supply during Typhoon (large scale

regional power cut approx. 1 week) in Sep 2019
- 1000 utilized power supply, shower, toilet for

emergency

Regional Disaster-prevention facility

All power lines are underground

https://www.env.go.jp/press/files/jp/113284.pdf

Japan International Cooperation Agency | 41

jica

One circuit 132 kV line is connected to the area, which
once had frequent outage and issue on reliability
Autonomous microgrid, sifted to independent operation
without outage, seamless islanding

91 MW Windfarm provides power

BESS provides virtual inertia, reactive power
compensation, and black start function

System provides ancillary service with frequency
adjustment

Utility Electra Net

Area Dalrymple, Lower Yorke, SA
Substation Dairymple S/S 132/33 kV
Generation 91 MW Wind

BESS 30 MW/8MWh ABB

Project cost 30 mil AUD (of which 12 mil AUD

is financed by ARENA)

Japan International Cooperation Agency | 43
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Microgrid Ex.-2: Blue Lake Rancheria, CA, USA

ﬁ/f-rt// PG&E Grid

Protective Relay
(Point of Common Coupling)

Future Distributed
Generator

Existing Back-up
Generator
(1MW)

(a20kw)

https:

(>300 kW controllable)

.
) )
Jica
Humboldt County, natural disaster-prone coastal area

Completed in Mar 2018
Optimized operation with PV and BESS with back-up DG

At emergency, independent operation with seamless

switching of disconnection/connection of main grid
Demand response with load shedding for less important
load at the time of supply difficulty

Microgrid controller (EMS) controls independent operation

25%, $170,000 of electricity saving in 2018

Spec/details

Schedule July 2015 — March 2018

Utility PG&E

Generation PV 420 kW and back up DG 1MW
Inverter SMA TP30-TL-US10

BESS 500kW/950 kWh Tesla Powerpack

Control (EMS)
Project cost

Siemens Spectrum Power TM MGMS
USD6.32 million

/Ibluelakerancheria-nsn.gov/wp-content/uploads/2018/11/BLR_Microgrid_FactSheet.pdf
Japan International Cooperation Agency | 42

Microgrid Ex.-4: Jamaica Caribbean Boiler-JPS jl’c:)

https://www.cvmtv.com/news/major-stories/jps-and-cb-
group-collaborates-on-new-power-plant/

NIPPON KOEI pﬂDGCO

Microgrid with Combined heat and power (CHP)
generation plant and supply to community

The exhaust heat converted into energy and improve
efficiency

improve its operational efficiency and reliability.

5 generators + CB boilers

Provides power to Hill Run community

30% CQO2 reduction by fuel switch from heavy oil to LNG

JPS Power line  CB Boiler

!

® &

Gas generators 2MWx5

T,

—

Facility load

Hill Run Community (800kW)

Japan International Cooperation Agency | 44
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Microgrid Concept in Barbados: Coverley Village lsc: )
3 kW rooftop PV o
5-7 MW additional PV BESS 5000

and EMS NPy
Data for load curve, S A -vl .
Fransforr_ner, distribution line 3000 0.;3 MW fluctuation by PV
information requested - ) -
- Single line diagram S W
- distribution line 11 kV 1000 ——2022/8/9 (Tue)

(feeder length, size, type
(ACRS or cable), impedance,
resistance, capacitance, RLC
Transformer location, kVA
Interconnection with GAIA

0
000 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 000

Load Curve of Coverley Village (kW)

Example of system, to be reviewed

Nos of houses 1026|nos
Roof area for PV 30{m2/house
Commercial/official roof 300|m2 (6 facilities)
Total roof area 31,080|{m2
PV Capacity 3108|kWp
Specific PV generation 4.917 [kWh/kW/day
PV generation energy 15,282 |kWh/day
Peak demand 4,104\ kW
Electric energy demand 41,329|kWh/day
External PV 6,622 kWp

A "‘\ BESS capacity 80|MWh
BESS output 4|{MWh

NIPPON KOEI pHDECO Japan International Cooperation Agency | 45

Why Grid Stability is necessary j.’;!

* VRE connected through inverter. Most of PV and Wind Turbine are
IBR (Inverter based resources)

* Response of IBR is faster than that of synchronous generator.
* IBR has less or no inertia compared to synchronous generator.

* The output of IBR changes according to the connected power
resources such as sunshine or wind.

* When IBR is connected to grid, IBR can not add'ust output according to demand
exactly. It requires support from other controllable power for the lack of power.

N

* Increase or add inertia function to IBR for grid stability
* Grid Forming Inverter

* Increase generators with large inertia for grid stability
* Inertia Resources provided by
Synchronous generators:
Thermal Power, Hydro Power, Nuclear Power
Renewable Synchronous generator:
Biomass, Waste-to-Energy, CSP(Concentrated Solar Power)

2
Japan International Cooperation Agency
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9
3rd Seminar on Grid Stability and Large RE JKA)

Session No. 1

4. Why Grid Stability is necessary

1
Japan International Cooperation Agency

nipPoN KoEl  PADECO

3
Objective of Jica/

Grid Stability Seminar

* To recognize possible issues and necessary examination
items for future grid with large VRE (variable renewable
energy) penetration

* To share knowledge of basic of power system analysis to
examine future grid challenges

* To discuss about innovation for power system for stable
power supply with large VRE

* Data used in the grid stability analysis of this seminar is based on
assumption and the result is as an example, not for actual planning purpose.

3
Japan International Cooperation Agency
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9

, jica’
Role of Us: Power System Engineers

* Supply stable electricity to all the
customers without interruption

* With avoiding power cut, outage or damage on
equipment and power appliance

* With no failures or minimize failures

* By Minimize the influence of disturbance after faults

» Keep the quality of electricity with

* Constant voltage
* Constant frequency
* Less distortion or harmonics

NiPPON Kol PADECO

Japan International Cooperation Agency

———
. . K .’
Base for Evaluation of Grid Stability jica’
* Resource of Virtual Inertia
* VRE with Grid Forming Inverter (1)
* EV(Electric Vehicle) with Grid Forming Inverter for V2G
* Virtual Power Plant

* Evaluation Items of Stability
* SCR(Short Circuit Ratio) (2)
* ATC(Available Transmission Capacity) (3)
* Spinning Reserve (4)

* Tools for Analyzing Grid Stability
* Load Flow Analysis to check available condition
* Stability Evaluation by EAC(Equal Area Criterion)

* Microgrid for Grid Stability
* Decrease power supply of utility transmission lines

* Monitor load flow by smart meter accurately
* Pilferage location may be estimated through State Estimation

NiPPON Kol PADECO

Japan International Cooperation Agency

—

Simple Method of Grid Stability Evaluation  jiea’

* For steady state stability
* Can large amount of RE be installed in the
present/planned power system?

* Apply Load flow analysis:

* If we reach at the normal load flow state, actual system is also considered to
be stable.

* From load flow results, adequacy of power flow of transmission line can be
assessed. It is evaluated with the maximum capacity of transmission line.

* For transient state stability

* Is power system with large amount of RE stable or not,
when instantaneous RE fluctuation happens?

* Apply Equal Area Criterion:

* Power system stability under disturbance can be calculated by using
acceleration and deceleration energy.

* Available Transmission Capacity and Spinning Reserve can be calculated
briefly.

nipPoN KoEl  PADECO
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(1) Grid Forming Inverter for VRE

I
i [
Grid Forming ] ,ﬂ_ =
Inverter | e

Pin Pout

I
| - - — — [ [ i
1
I

Pin : Input power from DG to inverter
Pout : Output power from inverter to grid
& : Virtual phase angle
Pm : Mechanical power
Pe : Electrical power
om : phase angle of the rotor

Synchronous
Generator

Source: M. Kawai, Y. Sakai, H. Sugiyama, H. Taoka “Frequency Improvement of a Power System with a
Distributed Generator using Synchronization Inverter,” 2015 International Symposium on Smart Electric
Distribution Systems and Technologies (EDST), CIGRE SC C6 Colloquium, Sep. 2015.

nipPoN KoEl  PADECO
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Control Algorithm jica’
for Grid Forming Inverter

' The control method of Grid Forming Inverter is expressed by the swing equation.
This equation is added damping term and synchronizing power term.

M d*s, D ds
—

24— KS, =Py~ P,
@, di- @, d

[This swing equation of the Grid Forming Inverter  is solved for virtual phase angle 8.

1
of voltage value Z - i~ ~out . .
y o +2.s-+£m,, D.dampmg.F.actor
M M K:synchronizing Factor

PWM
— AS &

Source: M. Kawai, Y. Sakai, H. Sugiyama, H. Taoka “Frequency Improvement of a Power System with a
Distributed Generator using Synchronization Inverter,” 2015 International Symposium on Smart Electric
Distributi F]n S Sems and Technologies (EDST), CIGRE SC C6 Colloquium, Sep. 2015.

8

NIPPON KOEI Japan International Cooperation Agency
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(2) SCR(Short Circuit Ratio) "

* SCR is the factor to be considered in large RE penetration
for grid stability.
* SCR=AC System Capacity/Rated IBR Capacity
* SCR>3 —------- High SCR, Stable
* 3>SCR>2 ----- Low SCR
Small fluctuation continues.
e 2>SCR -------- Very Low SCR
Sensitivity of IBR to Grid goes high.
Grid is unstable that may bring blackout.

ref) “IEEE Std 1204-1997(R2003)”, IEEE, 2003

* |[EEE Guide for Planning DC Links Terminating at AC Locations
Having Low Short-Circuit Capacities

* Recognized by ANSI(American National Standards Institute

https://ieeexplore.ieee.org/document/653230

10
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GFL(Grid Following Inverter) & jica’

GFM(Grid Forming Inverter)

* GFL(Grid Following Inverter)
¢ Current Source Inverter
e Control output current as adjusting voltage and frequency to grid
* No supply of synchronizing force.
* GFM(Grid Forming Inverter)
* Voltage Source Inverter
Virtual Synchronous Generator
Control output voltage and its frequency as adjusting power to grid’s
Supply Virtual Inertia to Grid
Power resource: PV, WT(Wind Turbine), EV(Electric Vehicle), Battery

ref) “GC0137: Grid Code Modification Proposal Form”
¢ National Grid, UK, 25 Nov., 2021

* This grid code is the first one in the world that includes the
requirement about Grid Forming Inverter.

NIPPON KOEI pHDGCO

9
Japan International Cooperation Agency

SCR(Short Circuit Ratio)
Evaluation Model

* PV: Modelled by virtual low inertia synchronous
generator

* Inertia=0.1 (right side generator)

"
-3 )
Jica

* SG: high inertia conventional synchronous
generator model

* Inertia=10.0 (left side generator)

0.992 1.000 0.999
1.000 £ 12721 £ 24943 £-19.772 1.000
Z -8683 >20.350 § ! 0.350 2> 0.150 1 0.150 <
g ! : > 0025 0.050 “«<|>"0.009 0.005 "=«
= 7> |22 0.350 1 0.350 sz | <e= 0.150 1
0.700 s L7 P o .300
0.100 1000 [> 0.025 0.050 «|> 0.009 0.005 << 1.000 0018
SG1 PV1
1.000
-0.118

Calculated by CPATFree(CRIEP’s Power System Analysis Tools
mippon KoEl  [PADECO
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1 |~
. E 08 SCR=5.0 )
Difference e A
lg 0.4 SG
of SCR value 3.
B, PV
2 0s Oscillation caused by PV
Red: PV iy with low inertia
(Low Inertia) 1
Blue: Synchronous El o G SCR=2.36
Generator (SG) % 04 M—;ﬁ
(High Inertia) F o2 —
8o Slow Oscillation caused
. o2 PV by conventional
70 msec 3 line ground o 04 Y
; : g synchronous generator
fault by lightning at 1 of e
2 circuit transmission \ . ! . 2 * . e ! i 2 B
line close to SG. - A
iz SCR=2.0 \
.. \
E 02 (
3, All generators are /
i stepped out.
& g Sten-out
= |
2 3 |~
NIPRONKOE pHDECO Calculated bv CPAngrg;!C{thFF?’?; Pé\hpsgﬁ&%gﬂﬁu.&naolasiqo%nn;q R
———
o\, )
JicA

(3) ATC(Available Transmission Capacity)

* Transmission capacity needs to be calculated to see whether
RE can be transmitted from source location to demand place.

* Available Transmission Capacity from Heat Capacity Limit

Poss = R (%)2 < Prossuax
* Available Transmission Capacity from Transient Stability
ViV; ViV;
P=—2sind - Pyc=-—""Pgp
R: Transmission line resistance
X Transmission line inductance
V;, 1j : Sending Voltage and Receiving voltage, 2)
P, : Transmission line loss by line Resistance R and line inductance.
P ossmax : Capacity Limit of transmission line
P 7 : Available Transmission Capacity
P,p : Operating Power
nippon koet  PADECO
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Sources for High SCR Grid

* Following resources can supply inertia to grid.
* V2G(Vehicle to Grid) of EV(Electric Vehicle) with Grid
Forming Inverter

BESS(Battery Energy Source System) with Grid Forming
Inverter and SOC Control.

* SOC Control is required to realize Grid Forming Inverter.
* Biofuel Generator
e Solar Thermal Generator

* Renewable Energy Resources (PV, WT) with Grid
Forming Inverter

nipPoN KoEl  PADECO

13
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(4) Spinning Reserve jica’
* In order to get electrical power under abnormal condition

of grid, spinning reserve should be kept even if VRE is

installed.

* Spinning reserve should be more than total fluctuation of
load and VRE.

-> RE, EV and Battery With inertia is required for large RE
penetration.

* Best Energy Mix
-> Energy mix of several resources is highly recommended for
improving grid stability.

* RE Sources for Spinning Reserve
* EV, Battery, Fly Wheel -> Short period, Quick response
* Biofuel or Diesel Generator -> Long period, Slow response

mippon koel  [PADECO
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Available Transmission Capacity  jfea’

& Spinning Reserve
P

Pmax — — — — - = u
Available Transmission Capacity
Required Spinning
Reserve for RE
Pop m—m — - —_ —_ -
Fluctuation of

Renewable Energy (0~100%)

Total Trans\mission Capacity

0 /2 n 6

16
Japan International Cooperation Agency
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Evaluation of VRE Installation jﬂ::’
* To know how much we can install PV or WT in a
particular power line
* Load Flow Analysis

* If you get the answer of load flow such as node voltage
and transmission line power, this case is stable.

* If you cannot get the solution, that case cannot be in
real.

* To know whether RE installed grid is stable
* Search operating point through Equal Area Criterion

* To know how much we can install RE

* Estimate ATC(Available Transmission Capacity) by Equal
Area Criterion

* To know how much spinning reserve is necessary
* Maximum capacity of RE

18
Japan International Cooperation Agency
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Where to add storage? )
How much storage for VRE? Jica

BESS had better to be set to substations where place
BESS at a nearby substation with other PVs.

If the capacity of PV system is large, BESS had better to
be set close to PV system.

PG=0.8 nodel node?2 node 3

Ot

BESS for

utility scale
PV2 MW

node4 node5

I BESS for
@— @ roof-top PV
I ’_ 0.8 MW at
_m substation

|

o

&9
o
i

1
|
1 PV: 0.8MW
B =a(yl+y2+y3+
Utility scale solar 2 MW y4+..)MW
(ex. >1MW)
@ 0=0.8-1.0

17
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N
Capacity Guideline for VRE ~ *'*

* The amount of PV output should be under ATC(Available
Transmission Capacity) in transmission line.

* Maximum PV output should be covered by other
generators for the case of its ramping by weather change.
The capacity of generators to cope with the ramping in the
grid is of Spinning Reserve.

* PV fluctuation can be covered by smoothing effect if PV
systems are installed at different locations among wide
area.

* RE with Grid Following Inverter should be less than 30% as
described in the guideline* about SCR(Short Circuit Ratio).

*|EEE Std 1204-1997(R2003)

19
Japan International Cooperation Agency
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Session No. 2 JicA

Grid Modelling

<Current if>
e Total Demand: 200MW

* VRE(PV & WT): 46 MW } 66MW -> 33% of Demand
e Distributed PV is 10~20MW It is Stability Limit in terms of SCR

* VRE with GFL:
* VRE with GFM:

Limit is 66 MW

VRE over 66 MW should be
operated by GFM.

BESS 1IMW*4h / VRE 3MW
= 4AMWh*66/3 = 88MWh (Expected Value)

* Battery:

20
Japan International Cooperation Agency
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Cost of RE and Stabilization jica’
PV: USS$ 570,000~720,000/MW
SCO(Synchronous Condenser):
USS 140,000~220,000/MVA (20~30% of PV)
Battery : USS 400,000/MWh
For PV:66MW(=200*0.33),
SCO(Synchronous Condenser):66MVar, Battery: 88MWh

PV: USS 700,000/MW*66MW

SCO(Synchronous Condenser): USS 200,000/MVA*66 MW
USS 400,000/MWh*1.33*66MW
USS$ 1,432,000*66 = 94,500,000

Battery:
Total:

2
Japan International Cooperation Agency
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D

Cost of RE and Stabilization jica’

[+

PV: USS$ 570,000~720,000/MW
SCO(Synchronous Condenser):
USS 140,000~220,000/MVA (20~30% of PV)
Battery : USS 400,000/MWh (BESS IMW*4h / VRE 3MW)
For PV:1MW, SCO(Synchronous Condenser):1MVar, Battery:1.33MWh
PV: USS 700,000/MW

SCO(Synchronous Condenser): USS 200,000/MVA

Battery: USS 400,000/MWh*1.33
(1.33=BESS 1IMW*4h / VRE 3MW : Expected Value)
Total: USS 1,432,000

21
Japan International Cooperation Agency
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Cost Comparison of Reactive Power jfea’

Generating Equipment and Sources

Reactive Power o Investment Cost
e apita
E G.Hlﬂ artug Cost Operating Opportunity
quipment’s and ) .
Sources (per Cost Cost
) kVAR)
Capacitors/Reactors $10-30 Very Low No
Difficult
Synchronous to High Yes
Generators
scpgralg
STATCOM $50-100 Moderate No
Stafic VAR $40-100 | Moderate No
compensators
Synchronous $10-40 High No
condensers

Famous O. Igbinovia, Ghaeth Fandi, Zdenek Miiller, Jan Svec, Josef Tlusty,
“Cost implication and reactive power generating potential of the synchronous condenser”
2016 2nd International Conference on Intelligent Green Building and Smart Grid (IGBSG)

nipPoN KoEl  PADECO

23
Japan International Cooperation Agency


nkmanager
長方形

nkmanager
長方形

nkmanager
長方形

nkmanager
長方形


NIPPON KOEI pHDECO

NIPPON KOEI pHDECO

Volatge amplitude (p.u.)

Cost Benefit Comparison between

, jica’
Capacitors and Synchronous Condensers

Costs and Benefits Capacitor Small Generator Retrofitted
Banks (5.0 to Synchronous Condenser
(S/year) MVAR) (5.0 MVAR)
Capital Cost ‘ $22,000 | $50,000
Technology Life Time 10 years 20 years
Preventive Maintenance
Cost $6,000 $3.500
Cost of Voltage .
Regulator Maintenance $6.600 $3.300
Annual Cost in Present .
Value $14.800 $9.300

Famous O. Igbinovia, Ghaeth Fandi, Zdenek Miller, Jan Svec, Josef Tlusty,
“Cost implication and reactive power generating potential of the synchronous condenser”
2016 2nd International Conference on Intelligent Green Building and Smart Grid (IGBSG)

2
Japan International Cooperation Agency

Load Flow Analysis of Barbados Grid ji’c:’
by Microgrid Designer (for Battery)

Volatge profile at nodes
uses by power flow analysis (p.u.)

1 095
1
pss
09
09 e
D385 0&s
08
488 |
123

34567 89101112131415161718192021222324; 08
Node number

Volatge profile at nodes
uses by power flow analysis (p.u.)

12345678 510111213141516171819202122232425262728293031

Volatge amplitude (pu)

Node number

Effect ot Battery

without Battery in end nodes with Battery in end nodes

Wind turbine is located at node 13, which is north east area.
Because of no measures in an estimated grid, the voltage is high.
Battery is a good solution to keep grid voltages as appropriate values.

Japan International Cooperation Agency
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jica’
Location of Batteries

* For WT(Wind Turbine Generator)
* The capacity of WT is large comparing with other RE.

* In case utility scale WT is installed in the future, BESS had
better to be set close to WT.

* For PV system

* 1/3~1/2 of total PV capacity are assumed as rooftop PV.

* The BESS for distributer PV systems should be placed at
upstream substation to which those distributed PVs are
connected.

* If the capacity of PV system is large, BESS had better to be set
close to PV system.

25
Japan International Cooperation Agency
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. JICA
Location of Compensators
* Compensators include SC(Shunt Capacitor),
SCO(Synchronous Generator), SVC and STATCOM(Static Var
Compensator), and other FACTS(Flexible AC Transmission
System) equipment.

* Resources with GFL(Grid Following) Inverter

* GFL controls node current as current source to follow but does not
control node voltage.

* In order to keep voltage of load node as normal amplitude, a
compensator should be installed at substation upstream of the VRE
resources connected through GFL in general.

* The capacity of the compensator should be the same as consuming
reactive power of node.

* Resources with GFM(Grid Forming) Inverter

* It does not require compensators, because GFM inverter is a
voltage source inverter and can keep voltage as operation value.

27
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Volatge amplitude (p.u.)
&

08
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Load Flow Analysis of Barbados Grid  jica’
by Microgrid Designer (for SC)

Volatge profile at nodes
uses by power flow analysis (p.u.) uses by power flow analysis (p.u.)

1

.92

- 0.9
.85

08
12345678 8101112151315161718 1520 21 2225242526 24 12345678 91011121314151617 181920212223 24352627 26293031

Volatge profile at nodes

Volatge amplitude (p.u.)

Node number Node number

Effect of Shunt Capacitor
without SC in end nodes with SCin end nodes

Wind turbine is located at node 13, which is north east area.
Because of no measures in an estimated grid, the voltage is high.
Shunt capacitor makes no influence to the voltages.

Japan International Cooperation Agency

: o 5
1. Per Unit Method A
* Normalize impedances and quantities across

different voltage levels to a common base in a

power system

* Simplify calculations without considering voltage
levels and capacity of equipment

* Rated capacity of equipment to 1.0
* Equipment(ex. Generator): Rated Capacity of each
equipment
* Grid: Grid Capacity or Total Generation
(need not to set to maximum amount of
capacity)
* Rated voltage to 1.0
* Each Transmission Line can be set to 1.0

30
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Session No. 3 ji’c:’
Basics of Power System Engineering

for Grid Stability Simulation

1. Per Unit Method
Definition, Example
2. Modeling of Power System Equipment
Transmission line, Transformer, Generator, Load
3. Active Power & Frequency
Frequency control, Area requirement
4. Reactive Power & Voltage
P-V Curve, Reactive power source

29
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) )
Per Unit Value & Actual Value JIEh

* Normalize a value to one that is based on

unit number 1.0 V=2
* For each equipment _ i . | . P
* Rated capacity -> 1.0 = v ip = T L = ——
* Rated voltage -> 1.0 hase base Thase
° For grld Vh'ngL‘ = -IIJH‘QUZL‘?H“(’
* Total capacity of grid -> 1.0 ' o

* Rated voltage of transmission line -> 1.0y~ i 7

V-b ASE fhli:—il:)' Zhaﬁ{:

V: Voltage, I: Current, Z: Impedance

Vbase: Base Voltage, Ibase: Base Current

Zbase: Base Impedance, Ybase: Base Admittance i B
(VA)base: Base Apparent Power (VA )base = VbaseIbase
Vp: Per Unit Voltage, Ip: Per Unit Current ) 1

Zp: Per Unit Impedance Yiase = -

l}p = .fp Zp

31
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Example of Conversion to Per Unit

(1) Calculate Base Value

210+ 60 MVA
Vbase=275kV Rty 54 502
(VA)base=100MVA I 1 i
(275 % 10%)* Y
275 x 10° ;
Fvbase = . = 756 1
Yhase 00 % 100
2.1+j0.6
(2) Cha nge Actual Value 0.0066+j0.066
to Per Unit Value [ — !
1.0
= 22350 0066 + 50 066 Sep = Vel
o Viep = Vip — I 2y = 1.0 — (2.1 — j0.6)(0.0066 + j0.066) = 0.947 — j0.135
2.1+ j0.6 = 1L.OI; Sep = Vipd )y = (0.047 — j0.135)(2.1 + j0.6) = 2.07 + j0.285

fp=121- 306 S = (2.07 4 j0.285)100 MVA = 207 4 j28.5 MVA
Vi = (0.947 — j0.135)275 KV = 260 — j37.1 kV

. o |Vi| = 263 kV
Figure is cited from

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon koet  PADECO
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Jica

Meaning of Per Unit

* Meaning of Per Unit:

1pu(]|Z]=0.93Q) impedance transmission line can send
1pu(100MVA) power by 1pu(11kV) voltage. Its current is
1pu(9.1kA).

This will be maximum or rated capacity of transmission line.

If transmission line has 2 circuits, its total impedance will be
0.5pu(0.605Q), and the maximum capacity will be
twice(2pu:200MVA).

. . 2 Circuit Transmission Line
Vpu: Voltage in Per Unit

Zpu=1.
(VA)pu: Base Apparent Power in Per Unit Ipu=1.0 pu=1.0
Ipu: Current in Per Unit
Zpu: Impedance in Per Unit
Rpu: Resistance in Per Unit Zpu=1.0
Xpu: Reactance in Per Unit Vpu=1.0

34
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Per Unit Base jica’

* Vbase=11kV
* (VA)base=100MVA
* |base=100/11=9.1kA

» Zbase=Vbase?/(VA)base=112/100=1.21Q
* R=0.05Q/km, X=0.1Q/km

Length =10km

Rpu=0.05x10/1.21=0.42

* Xpu=0.1x10/1.21=0.83

Zpu=v0.42%0.42+0.83%0.83=0.93 => |Z|=0.93
Vbase: Base Voltage
(VA)base: Base Apparent Power
Ibase: Base Current
Zbase: Base Impedance
Rbase: Base Resistance, Xbase: Base Reactance
Rpu: Resistance in Per Unit, Xpu: Reactance in Per Unit

nipPoN KoEl  PADECO

33
Japan International Cooperation Agency

—

.3 )
Jica

2. Modeling of
Power System Equipment

* Make it easy to analyze feature of power system
equipment

* Modeling of Components of Power System
* Transmission Line
* Synchronous Generator

PV(Photovoltaic Generator)

WT(Wind Turbine Generator)

Load

35
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H J
. . JICA
Transmission Line
* In a 3-Phase balanced system, we
may consider only positive phase
circuit same as single phase circuit. Pl § Phasec
i % Phaseb
-'.‘ z P‘ower % Phasea
Phase c — Line
Phase b  — la, Ib, Ic: Phase Current
) Zs: Line Impedance
I8 Z, Va’, Va: Phase Voltage
Phase a —1

(Sending Terminal Voltage,
Receiving Terminal Voltage)

|
ViV 7 P @ P 7 &F &V &7 &7 &

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

36
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—_
Tra nSfO rmer ®1: primary side flux j‘l"CA)
®2: secondary side flux
* Mathematical equations L1: primary side. self inQuctance
f f L2: secondary side self inductance
ot transtormer M1: primary side mutual inductance
M2: secondary side mutual inductance
1 Q: angular velocit
v = i1 1+ (ii,__] & Y
et ;
. e ! i ; iz
vy = iz fg + (;; FRE_'_‘ ks "'_'_‘_|R:|j
[ ) 1 =5 EeE == 2
| ] ]
1y = Lyip + M2z M i
o wr X = —12 th Yo
W = Mayig + Lais Lo

[V1 = hRy + jw(La by + Mizks) = (B + jwE) iy + jwMisis
l‘l"z = IaRy + jw(Mar Iy + Lala) = jwMar by + (R2 + jwla)ia

Magnetic circuit connects two electrical circuits through a transformer.

Figure is cited from

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, .
NIPPON KOEROYBDECO Japan International Cooperation Agency

Equivalent Circuit of Transmission Line  jiea’

Two types of Equivalent Circuit
* M1 (pai) Model 7

* Divide line admittance into sending . | ]
node side and receiving node side 2T 2Yi
* No need to add another node

* T (tee) Model
* Divide line impedance into sending . _
node side and receiving node side 22 2%
* Need to add another middle point node
* M1 (pai) model is easy to handle in analysis,

because it is not necessary to add new node 7777777-
at the middle point of transmission line.

ZI: Impedance of Transmission Line
YI: Admittance of Transmission Line

S LSS S S

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
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Equivalent Circuit of Transformer  jiea’

* Relationship of per unit base values

'!'.fl ‘.r'f-[ . 2 . 2.
= = I]]x rlibase = I2beses Zibase =T Zzbase
Topase r1base
I 12 i r’Zoca _ Zoca 7
B =Is,, = - = = = Zocz
r{1base I3base Z1base Z2base "

* Equivalent Circuit and Equation

Vip = hipZscip + (hip + I2p) Zoc2p
‘./2;; = (ilp i i’Zp)Z.()C‘zp

11: Primary side Current, 12 secondary side Current, r: Transformer Ratio
I1base: Primary side Base Current, I2base: Secondary side Base Current
Zlbase: Primary side Base Impedance, Z2base: Secondary side Base Impedance
V1p, V2p, I11p, 12p: Per Unit Voltage and Current of Primary, Secondary Circuit
Zscl, Zsclp: Short Circuit Impedance from Primary side and its per unit value

Zoc2, Zoc2p: Secondary side Open Circuit Impedance and its per unit value

Figures are cited from

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011. .

mippon koel  [PADECO
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_
.3 )
Synchronous Generator e
(Steady State)
Induced Electromotive Force  f;, — Ege-jd
P+jQ="V.I;
_ Eg‘f'Jé - Wi :
-V ( iXg )
Whke . ., (Vt g Vf)
= sind + cosd — ——
Xe T\ X, Xe
WEg .
P=""8gné
Xg Vt: Terminal Voltage, Eg: Induced Electromotive Force
ViE. V2 Xg: Armature Impedance, Ig: Armature Current
Q 2 i o P: Active Power Output, Q: Reactive Power Output
Xg g 6: Internal Electromotive Force Angle

Po: Rated Active Power

NiPPON Kol PADECO
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How to make a model of jica’

Renewable Energy Generator

* PV(Photovoltaic) & WT(Wind Turbine)
* Negative load model
* Maximum Power Point Control
* Follow the Voltage of Grid
* Model
* Constant Current for GFL
* Constant Voltage for GFM
e ->similar model of
Constant Current or Constant Impedance Load model

* Diesel Generator & Biofuel Generator & SCO(Synchronous
Condenser)
* Synchronous Generator model
* Automatic Voltage Regulator -> Constant Voltage
* Power System Stabilizer -> Control Active Power
* Governor & Turbine -> Control Frequency
* ->similar model of synchronous generator
nippon Koel  PADECO
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Load (Consumer) J

* Numerical Model
 Constant Impedance (Z=R+jX)

* Constant Power (S=P+jQ)
* Constant Current (lI=a+jb)

* Easy to include into network equations of
power system, because these parameters can
be included into Node Admittance Matrix.

41
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9
3. Active Power & Frequency — Jieo’

* Difference of active power
between generator output
and load is proportional to
frequency.

* Active power of synchronous
generators decrease
according to frequency.

* Load characteristic is mostly

FO: No-load frequency

FN: Frequency under normal operation
GN: Power of synchronous generators
under normal operation

. Frequency
Bmport'on to frequency, R Operating Point Load
because load consists of
inductance. - l
N[~~~ ~"~~~=7=====~=7 T

* Crossing point of generator
and load characteristics is an
operating point.

I

I

: Generator
I output

Generator output / load
Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon koEl  [PADECO
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Frequency Control Scheme jica’

* Frequency Control Scheme is categorized to 4 stages.
(1) Self-control of load
Quick response of Load according to its characteristics.
(2) Turbine Governor control (Governor Free)
Function of synchronous generator

Conventional inverter doesn’t have this. (1) 2 3
(3) Load Frequency Control Governor

control
Self-control
of load 5

according to PI (Proportional-Integral) NG -

Feedback frequency and change generator outp

control in EMS as the following equation: f .
1sec Imin 10min time
APG = (K1+K2/s)Af
. ( /S_) . EMS: Energy Management System
(4) Economic Load Dispatching

-> operated in central control center
Select most cost effective generator APG: Generator Output Change

Af: Frequency Change
K1: Proportional Gain
K2: Integral Gain

among LFC generators

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011. »
nippon Koel  PADECO Japan International Cooperation Agency

Power Systems Connected by a Tie-Line jica’

AP,

FO: Rated Frequency

F: Frequency of Interconnected Grid
AG: Generator Output Change

AL: Load Change

AP: Chang of Power

AF: Change of Frequency

KG: Gain for Generator Output Change
KL: Gain for Load Change

K: Power-Frequency Coefficient

* Two interconnected power systems
APy = AGA — ALp
AP = AGp — ALg
Area Requirement (supply and demand
balance and tie line flow)
APy = KaAF + APrp
APB - I(I3A}'1 v AP’;'
Frequency of Interconnected grids
are collected as the following

equations. AL AP, + APg
~ Ka+Kg
APy = KBAI”A — A:AAPB
Figure is cited from Ka + Kp

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
NIPPON KoEI  PADECO
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jiea)
Power—Frequency Coefficients

* Power-Frequency Coefficients is a constant
depending on the governor and load characteristics.
100 Fo — Fn
————— %MW /Hz g=—"2
o—Fn /Hz Fn
100 x 100
g X FN

ToKa = x 100 %

FO: Rated Frequency

FN: Current Frequency

AG: Generator Output Change

AL: Load Change

AP: Chang of Power

AF: Change of Frequency

KG: Gain for Generator Output Change
KL: Gain for Load Change

K: Power-Frequency Coefficient

%Kg = %MW /Hz
AP+ (AG — AL) =0
AP = | Kt Ko JAF

K = Kg + K1 [MW/Hz]

nipPoN KoEl  PADECO

45
Japan International Cooperation Agency

—

. . 8
Relationship between generator,  JI€A

load and frequency

* FFC: Flat Frequency Control
* To keep frequency constant in a grid
* TBC: Tie Line Load Frequency Bias Control
* To keep area requirement (supply and demand balance and tie line flow) zero

ina grid
F\:Grid Frequency
Frequency Frequency
TBC
) FFC
Fpfo====c===2 : Fyr- i
! |
i THO | TBC
! |
! |
! |
Pry Tie line flow Py Tie line flow

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon koEl  [PADECO
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i
LFC and ELD

* Load Frequency Control (LFC)

* LFC control signal, that is output reference of generator, is set
every 1 minutes as follows.

AP: Resulting Change of Power
R: Speed Regulation
Af: Change of Frequency

AP = (-1/R) X Af

* Economic Load Dispatching (ELD)
* Equal A method
» A=incremental fuel cost / capacity of generator

* Comparing each A of generator, select lowest generator every
5 minutes.

a8
nippon Koel  PADECO Japan International Cooperation Agency
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9
Example of LFC jica’
- Generator Output -
! | Diesel 130
i |Ref
H
' 50
)] o 500 1000 1500 2000 S00 3000 3500 4000
Eu-l.'nped Gen | =0 Time [sec]
s o,
() o
v LFC control signal, that is output reference of generator, is
= set every 1 minutes following grid frequency.
o 300 1000 1500 2000 =00 3000 })Jime [SeLéjJ

Calculated by Microgrid Designer
nippon Koel  PADECO
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LFC & ELD Model jica’
in Microgrid Designer

" Pei Demand
= Demand (5mmin)
» Gen. |—>
> sz APdermnd 1 —
APg [Tnertia | AM[ LFC — I
. ¥ Model (FFC)
4 APy, Generator PLre Peo I
: Base L
Gen.
P
_f| Gen.Max I—bgM
to Governor +
Y .
T

to Gen. Reference "

Figure is cited from MicroGrid Designer User and Technical Reference Manual

nipPoN KoEl  PADECO
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Example of LFC i)
- Demand and Frequency -
Mormal_data_set
Demand 18200
lhi.\;ﬂl"l" : '.;-\'-)')'J
) . Time [sec]

AR - LFC signal from central control center, that is

- output reference of each generator, is

ans following demand with every 5 minutes delay.

Time [sec]

Calculated by Microgrid Dessiigner

nNiPPON KOE!  MADECO Japan International Cooperation Agency
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Appendix 5-4-1 Material for the 2nd RE & Grid Stability Seminar (St. Kitts and Nevis) (2)

———
o\, )
Jica

Example of ELD

Microgrid-1, Case-1

1 2 3 4 5 [ 7 B g 10 11 12 13 14 15 16 17 18 18 20 21 22 23 24
Time (hour)

mGl mG2 WGl mGd mGS mG6 mG7 mGE mGY mGl0mGllmGlZmGl3m Gl mG1S
Gl6mGI7mMGISmGIS mG20 mMG21 mG22 mG23 M G24 mG25 W G26 w G27 1 G28 m G29 mG30

Calculated by Microgrid Designer
nippon Koel  PADECO
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Reactive Power & Voltage i

* Relationship between Reactive Power and Voltage

. . . v, v,
P - — ]
Ve = Ve—jXi NG A

NN jxi \/‘; jxi
(a) Usual load Rl
(b) Power factor=1 Phase angle of Vr and | is the same.
(c) Power factor=0,

Lagging load (only inductance) v i i i
(d) Power factor=0, = — ” 2 — :
Vi JXI Vi

Leading load (only capacitance) \ 7

Phase angle of | delays from Vr. Phase angle ofil leads from Vr.

Vs: Sending Terminal Voltage, Vr: Receiving Terminal Voltage
I: Transmission Line Current
X: Transmission Line Impedance
Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
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jiea)
4. Reactive Power & Voltage

* Most of load consumes reactive power and the voltage of
load node will be low.

* Reactive power should be provided or controlled to keep
voltage as a set value.

* Providers of reactive power

* Synchronous generator (SG)
* Shunt Capacitor (SC)
* Synchronous Condenser/Capacitor (SCO, RC: Rotary Condenser)
* Static Var Compensator (SVC) Var means reactive power.
* Static Var Compensator (STATCOM, Self-commutated Inverter)
* Voltage Reactive Power Control (VQC)

mippon koel  [PADECO
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M "
P-V Curve & Q(Reactive Power) ifea)
* The equations describe a Vv
relationship of active power P | . Ve Ve s
and Voltage V according to the fi+jX

change of reactive power Q.

* If Reactive Power Q increases,
voltage V will be up and active
power P of load will increase.

* In order to keep voltage V as
around set value, we should
increase reactive power Q
of load by adding reactive
power resources such as
Shunt Capacitor,
Synchronous Condenser or
Static Var Compensator
(SVC, STATCOM) to the load
node.

* Caution!!: Too much Q decreases
node voltage V and causes
blackout to grid.

Infinite Bus

RP+ X V2 =V,V.cosé
Voltage V FXG+ Y 2

RQ — XP = —V.V,siné

ease Reactive Power Q

Active Power P o
Japan International Cooperation Agency
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Lunch Break

nippon Koel  PADECO Japan International Cooperation Agency

1. Overview of Load Flow Analysis

———
o’ )
Jica

* Steady state analysis under small disturbance

* System is explained as linear model.

* Voltage, power, angle are constant at a certain time, and kept
as the same value under small disturbance at a certain time.

-> Load Flow Analysis: Algebraic equations

-> Eigenvalue Analysis: Differential equations

¢ Bus & Line, or Node & Branch

In actual power system(grid), bus & line(Transmission line &
distribution line) are used.

In mathematical method, node & branch are used.
These words depend on a program.

In Microgrid Designer, node & branch are used.

In ETAP, bus & line are used.

nippon Koel  PADECO Japan International Cooperation Agency

Session No. 4 jica’
Load Flow Analysis and its Evaluation

1. Overview of Load Flow Analysis
Purpose, Methods, Modeling of grid

2. Newton-Raphson Method
Theory, Characteristics

3. DCFlow Method
Simple method to solve load flow manually

4. Load Flow Analysis and Evaluation

mippon koel  [PADECO Japan International Cooperation Agency
Load Flow Analysis N
y jica’

* Node Admittance Matrix
* Relationship between voltage and current for multiple
nodes(buses) in a power system
* Power Equation
* Relationship between active power, reactive power and voltage

* Load Flow Analysis
* Conduct Steady state analysis of grid, and get the operating state.
* A set of simultaneous non linear algebraic equations for voltage

* The output is the voltage and phase angle, active and reactive
power (both sides in each line), line losses and slack bus power

* DC Flow Method (manual calculation): Simplified analysis
method of power and voltage in grid by setting each
voltages as rated value and using scalar value

* Newton Raphson Method (computer calculation): Detailed
analysis method of power and voltage using Jacobian
matrix which describe sensitivity of power and voltage
using vector value
mippon KoEl  [PADECO Japan International Cooperation Agency
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Load Flow Analysis jica’

Necessary items to consider Load flow Analysis
Buses are categorized to the following 3 types.

* Slack (Swing) Node

* Node with largest capacity generator with constant voltage
is generally selected.

* Only the magnitude and phase angle of the voltage are
specified.

e This node supplements the difference between the
scheduled loads and generated power that are caused by the
losses in the network.

* P-V Nodes (Generator Nodes)

* The active power P and voltage magnitude V are specified.

* The phase angles of the voltages and the reactive power are
to be determined.

* P-Q Nodes (Load Nodes or Substation Nodes)
* The active and reactive powers P, Q are specified.
* The magnitude and the phase angle of the bus voltages are

unknown.
nippon Koel  PADECO Japan International CooperationbOAgency
-
de Admi | e
Node Admittance Matrix Jica
Vs = J005 + JO06f o i — B
node 2 11 = JuU. JU. 708 T j05 =-33.
- ; z 1 1
Y = B H e —_— = =2,
22 = j0 05+3004+j0.8+j1.0 72.16
. _ 11
Y33 = 50.04 + 50.06 + 710 + ]TS =—3j2.9
2 . 1 )
Yie=Ys = ~708 J1.25
U S
Yiz=Ya1 = 708 = 2.0
. o 1 .
) . Y23—Y32H—j1—_0-=31.0
Yll’YZZ'Y33'
* Driving Point Admittance —j3.14 §1.25 72.0
* Y12,Y21, Y13, Y30, Y23, V32! Y= j1.25 —j2.16  4§1.0

* Transfer Admittance . . ]
j2.0 j1.0 —32.9

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
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Node Admittance Matrix jica’

Describe Network Structure

I Yu Y - Yiy Vi

TP _ Ya1 Yoz - Youn Va2 Y= 1/(R+Jwl) +jwC
: : : : : R:Resistance

In Yia Yo o P - C:Capacitance

L: Inductance

node 2 * Calculation example of
power flow in 3 nodes
network

V1,,,Vn: Node(Bus) Voltage
11,,,In: Branch(Line) Current
Yij: Admittance between each node

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

61
mippon koel  [PADECO Japan International Cooperation Agency

Power Equation i’

* Voltage and current of node k are described as
following equations in complex value.
° vkzek +j fk' vmzem +j fm
* L=YimVim

* Power Equation of node k is described using Node
Admittance Matrix.

N
Po+iQr = EVi = Y ViV Vi

m=1

N
Prs = Re { Z Y/}c*m(em +jfm)*(elc +Jflc)}

m=1

Vi: Node(Bus) Voltage

L li: Branch(Line) Current

" =I Y*m . * . .

M= {mzﬂ e (em +3fm)" (e +jfk)} Yij: Admittance between each node
Pi: Node(Bus) Active Power

V2 =62+ 2
o S0 iE Qi: Node(Bus) Reactive Power
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Power Equation (Example of 3 nodes network)jch

Power equation describes the way to calculate active power and reactive power using node
voltages and node admittance matrix.
Left side value is specified value of power, and right side is a power equation for each node.

node 2 p, — Re{(j1.25) (e1 + jf1)*(e2 +if2)
+ (—52.16)*(e2 + jf2)" (e2 + 5 f2)
+ (j1.0)*(ea + jfz)"(e2 +if2)}
= 1.25e1 fo — 1.25e2f1 + eafz —e2f3
Vi=es+fi
P35 = Re {(j2.0)"(e1 + j f1)"(es + 1 fs)
+ (j1.0)* (e2 + j f2)" (es + i f3)
+ (=52.9)" (es + 3f2)"(es + ifs)}
= 2.0e1f3 — 2.0e3f1 + e2fs —eaf2
Qss =Im {(42.0)" (e1 + jf1)" (es + j f3)
+ (51.0)"(e2 + jif2)" (e + i fs)
+(=72.9)"(es +7f3)"(e3 + i fs)}
=2.9¢% +2.9F7 — 2.0e1e3 — 2.0f1 f5 — ezes — fofs
Figure is cited from =Vis, fi=0
M.Kato & H.Taoka, “Fundamental Power System Englneerlng,” Suurikogaku-sha, 2011
nippon Koel  PADECO

In this grid, node 1 is set as slack node,
node 2 is set as P-V node,
and node 3 is set as P-Q node.

Japan International Cooperatlon Agency

: 8

Algorithm of Newton Raphson Method  jica’

Suppose y=f(x), we solve the value of x which satisfies equation f(x)=0.

1. First(i=0), assume x(i) to a certain value (ex. 1.0).

2. Calculate
Azl =

3. Calculate

4. Repeat 2 and 3, until Ax(|)<s
where € is a accuracy (ex. 0.001).

5. Get answer of x

¢ // ) ¢
./
Figure is cited from

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
NIPPON KoEI  PADECO
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2. Newton Raphson Method )

* Newton Raphson Method is appropriate in
computer simulation for large grid.

* This method is applied in Microgrid Designer, which
is used in the analysis in this seminar.

* We can get the answer, even if load flow is heavy
and difficult to get it by another methods.

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
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65
Japan International Cooperation Agency

=
o’ }
ICA
Newton-Raphson Method )
Newton Raphson Method is
applied to power equation as
follows:
(0P, 3P, P 0P |
1. Setnode voltage to 1.0 _ sh A B 2 §
2. Calculate Jacobian Matrix 4k aViE alviP alvak alviP||®
using modified voltage (1.0 AVik| | Tde R de ah ||
at first) apm | |em %_}} % %% &
2 4 oex 2 €3 3 E‘u)
3. Calculate AP, AQ and A|V| | 4Qs e 90 96 G
4. Solve voltage difference € of | Pe:  3h den 0 | i
each voltage by eq.(1) (o] [e®] [e® eq.(1)
5. Calculate new Voltage by FACCR I PACE I P
€qg. (2) PREEY B e i &t
6. Repeat 2-6 until differences || [A9] | eq.(2)

of voltage are smaller than a
certain value

67
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jica’

3. DC Flow Method

* Simplified Load Flow Method of Grid
* Set all node voltage to 1.0
* Set all resistance of transmission line to 0.0

* Solve relationship equation below between power and
voltage angle for each node

0 6 : Phase Difference of voltages between
Pr o "X‘ both side of a transmission line
X : Transmission line inductance
Pr : Active power that flows in a transmission line

68
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DC Flow Method

(Example of 3 nodes network)
1.0 0.8

NiPPON Kol PADECO

———
o\, )
Jica

Power equation of each node

node 1 65
= 0_52 0—53
Py 10="38 * o5
l . 62 ~0 52 - 53
0.8 = 08 + 15
node 3 83
.. . d2 = 0.104
Power flow of transmission line Byt D
0—-0.104
Pz = o8 - —0.130
0 — 0.565 Solution of voltage angle
Pz = = 1.13
0 10;1 0.565 d2 = 0.104
_ 0.104+0.565 _
Pm =g - 06 d3 = —0.565

Figure is cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011. .
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Jica

DC Flow Method

Manual method to calculate load flow.

Easy to calculate in manual. & : Phase Difference of voltages Vs, Vr

between both side of a transmission line
X : Transmission line inductance

Pr, Qr : Active power that flows through
a transmission line

B, 4 i =Vie P [*

= V€7j5 (1/5 _ V;e_jﬁ)*

iX V=V, o Ve=Ve
Ve — 12 | ikl |
ViV ViVicosd — V2 T
= sind+j———F——
X X Simplified and Similar to DC circuit solution
P= V;gfr sin 6 g '
X
P, e _‘Z Approximate sind by & M
X —_—
2

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

nipPoN KoEl  PADECO
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-
.3 )
jica
Example of DC Flow method
;. — da
1.0 = _[]'_H__ node 1 node 2 node 3 node 4
o — & §o — & w0 08 | L0 | “:’ |
0= 2 | | 2 3 — 1 — I
{]3 10 J Py % Py % Py 4=0
d3 —dz  d3—0
nN==_"= .
L.0 * 0.5
& =23, d2=15 =05
Pia =10, Py = 1.0, Pyy = 1.0

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
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4. Load Flow Analysis
and Evaluation )

Barbados Grid o

33 nodes +24/11kV
Substations

=>
50 nodes

Barbados grid model is based
on BL&P GIS map opened to
public.

NIPPON KOEI pHDECO

Influence of Total Installed
Capacity of PV
-Bus Voltages-

The total installed capacity of all PV's

connected to feeders is 91IMW.

(1) Planned PV(91MW)

(2) No PV(OMW)

(3) Twice capacity of PV(182MW)
Each PV ‘s output is twice of
rated value.

->

Distributed PV can keep voltage equally

in every nodes.

| doesn’t give some instability to grid.

NIPPON KOEI pHDECO

-~
<
©
4
|
g
S
v
&
3
=3

Volatge amplitude (p.u)

Volatge amplitude (p.u.)

1

0

1

o

@

=

N

lll

Ll

1234567 8910111213141516171819202122 23242526 2728293031

12345678 910111213141516171819202122 2324252627 28293031

Node number

PV location to
feeder

Total Capacity of PV in
our estimated grid is:

Installed PV + Licensed
and to be installed PV
=91MW

NIPPON KOEI FDHDGCO

Influence of Total Installed
Capacity of PV

—Active and Reactive Power of
Lines-

The total installed capacity of all PV's

connected to feeders is 91MW.

1) Planned PV(90MW)

2) No PV (OMW)

3) Twice capacity of PV(180MW)
Each PV ‘s output is twice of
rated value.

o~ —

->
Distributed PV can keep voltage
equally in every nodes.

| doesn’t give some instability to grid.

NIPPON KOEI FDHDGCO

Actuve and reactive power flow 1

Actuve and reactive power flow | Actuve and reactive power flow (

3
‘l I‘llll‘ |H|

v Ungsird
Primary Underground Distributian Main Line
OPERATINGY.

——iw

s Ty

Primary Gverhead Distribution Main Line
Operaling Voltage

—_—t

—

7- 73
LE=I LES
0.1 || I|||||‘ IHl ||||||||‘ |||||I||,.|,I,
l‘ 4l 'H bl ][13|‘:|17I15 | 23] b 1op THlel §3'ir 3941
Branch Number
LEEE LET)

i 'Fl'u‘l"ﬁ[rln AP R T SIS

Branch Number

LR w2

||‘ HiTmEne
ﬁqTMyyfwﬂ
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8
Between Session 4 and Session 5 JicA’
--- For Future Grid ----

* Please let us know your idea about Future Grid with RE
and grid stability with following form:

https://forms.gle/dJ3e7hswMoq8u6bq77

76
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1. Overview of Stability jica’

* STABILITY (Definition)

* If the oscillatory response of a power
system during the transient period
following a disturbance is damped and the
system settles in a finite time to a new
steady operating condition, we say the
system is stable.

* If the system is not stable, it is considered
unstable.

78
Japan International Cooperation Agency
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Session No. 5 jica’

Transient Stability Analysis and
Evaluation of Stability

1. Overview of Stability

2. Equal Area Criterion
Simple method to solve stability manually

3. Exercise of Equal Area Criterion

77
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Type of Frequency/Voltage Stability &

* Small Disturbance Stability (time p
domain graph)
e Disturbance with minor fluctuation
of load, generator, and other power
system components

¢ Linear modelled phenomena

* ->Eigenvalue Analysis, Equal Area
Criterion

* Large Disturbance Stability (time
domain graph) p Large
* Disturbance with non-linear
accidents such as Switching, setting
value change, generator trip, sudden |
load trip, fault in power system L

Small
Disturbance

NS

Load fluctuation

Disturbance

components

e ->Transient Stability Analysis, Equal
Area Criterion

<- 3 Line Ground Fault
(Non-linear accident)

t

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011. 79
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jica’

Stability Analysis

* Equal Area Criterion (Manual calculation)

* Active Power Flow Dynamics between one Generator
and one Load
* Simplified Stability Calculation

* Transient Stability Program (Simulation Software)

* Electro-Mechanical Transient Stability
* Root Mean Square Value Calculation

* Dynamics of Power Flow including both Active and Reactive
Power

* PSS/E, ETAP, CYME, DigSILENT,,,
* Electro-Magnetic Transient Stability
* Instantaneous Value Calculation

* Dynamics of Electrical Signal
* EMTP, EMTDC, PSCAD,,,

80
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| | jlea
Swing Equation

* Swing equation is a mechanical model of generator
rotor movement.

2
' Jq'l ‘é =Tm—Ts J: Inertia Moment
— dﬁ dﬁl M: Inertia Capacity
W= it w: Angle Speed
425 _ &: Rotor Angle
wf——7 = Pm— Fe Tm: Mechanical Torque
dt Te: Electrical Torque
M = wJ . Pm: Mechanical Power
’ ! d2a Pe: Electrical Power
J'.L'f (ﬁz = -Irm - .lr'::a = I'Jrr

NiPPON Kol PADECO
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: : o)
Swing Equation G
* M d26/dt?=P_-P_=AP
* This equation describes relationship between power and
frequency.
f=2nw w=dé/dt
* Power will swing by disturbances caused by unbalance
between generation power and consuming load.
* P.,: Mechanical Generation Power
* Amount of Synchronous Generators,
Renewable Energy and
other Power Resources

M: Inertia capacity

6: Rotor Angle

Pm: Mechanical Power
Pe: Electrical Power
AVR: Automatic Voltage

* P.: Active Power of Load Regulator
eas . PSS: Power System
* Customers, Facilities, Industries, etc. Stabilizer

81
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3
o jica’
2. Equal Area Criterion
* The equal area criterion is a simple graphical
method for concluding the transient stability of

two-machine systems or a single machine against
an infinite bus*.

* This principle does not require the swing equation
for the determination of stability conditions.

* The stability conditions are recognized by equating
the areas of segments on the power angle diagram
between the P-curve and the new power transfer
line of the given curve.

* Infinite bus is a constant voltage bus that supplies and consumes any active
and reactive power to grid.

83
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Jica

Simplified Grid Model

iXy X iX; V=Ve i
Generator - @ | - <§
1 Transmission
E‘; _Fle }iine Reactance Large Grid
Infinite Bus
P+jQ=VI* =
. Ele 3 — v )
- ) X=Xir X
o VE s J}me}é -V E’: Transient Induced Electromotive Force
X4+ Xo + X; X+ Xe+ X V: Grid Voltage
. / Xd’: Transient Reactance
P-6 Equation P= V;f sin § Xt’: Transformer Reactance
Xl: Transmission Line Reactance
Synchronizing Force s= 42 _ ¥E P: Active Power Output

ds X

Figure is cited from Q: Reactive Power Output

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon koet  PADECO
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Equal Area Criterion jica’

for Stability Analysis
s Lsind

- A: Acceleration Energy

A% B: Deceleration Energy
ViV ]
A coss P=—"2sins

op =2t
. ar

as

"""""""""""" Pmax=>ATC

® Synchronizing Force is differential
value of power which is the force
return previous operating point.

m [~

® Gradient of Power Curve

® |f Pm reaches to Pmax, synchroniz
force will be 0. :

0, 0o O
Figure is cited from 002 do b
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011. .
nippon Koel  PADECO
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Equal Area Criterion jica’

for Stability Analysis

A: Acceleration Energy

B: Deceleration Energy

Pm: Power in operation P
Pmax: Maximum of Power B

8,: Phase in operation P, %
6,: Minimum Phase in
disturbance

8,: Maximum Phase under
disturbance

Pmax=>ATC

'
'
"
"
'

Figure is cited from 0 5 00 b
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon koEl  [PADECO
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=
. . . .3 )
3. Exercise of Equal Area Criterion Jica
* Operation: 3LG(3 Line Ground Fault)-> 1 line Open from 2 line circuit
* Area A is acceleration energy, area B is deceleration energy.

* By opening 1 line circuit, deceleration energy can be provided.

- , 02 joa Joa 1.0e-10
V=10, E =105 . §
X=02+01+ %’1- =05 B=105¢5

= P
1.07 py, | S
P= —0-? sinéd = 2.10sin§ '”’*****777—7777,,,,,7771 Steady State
X=02401+04=07
if([
1.05 I = 1.50 sin §
P = ——gind = 1.50sind — One line open
0.7 From 2 line circuit
0
[ ‘7 x 5
Figures are cited from k 2

M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
nippon koEl  [PADECO
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Solution for stability(1)
through Equal Area Criterion .4,

(a) To increase Voltage (b) High Speed Circuit Breaker

P Increase maximum P Decrease
capacity acceleration energy
— 2 line circuit
7 .

A A
Under . N
1 line circuit

fault
0 d

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NiPPON Kol PADECO
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8
Solution for stability(3) jica’
through Equal Area Criterion  »="sms

(e) Middle Point
Switch Gear Station

(f) Series Capacitor

Decrease

. reactance of line
Increase middle >

ri
point voltage of line

0 r
Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.

NiPPON Kol PADECO
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Solution for stability(2) jica/

through Equal Area Criterion

p =YY s
—TSln

(c) High Speed Recloser (d) High Speed AVR

Minimize voltage

Recover to 2 line .
! drop

circuits

j’:l

2 line circuit

Under & 1 line circuit
fault

Figures are cited from
M.Kato & H.Taoka, “Fundamental Power System Engineering,” Suurikogaku-sha, 2011.
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Session No. 6 JICA

Discussion for future grid and VRE

* Current Grid of Barbados
* Currently it goes well according to the several measures.
* Simulation results shows the well controlled grid.

* Assumption of Future Grid (Large amount of RE) in Grid
Model and Simulation
* PVs at east side and west side nodes with/without BESS and
Compensators
* Measures
* BESS, Compensators(SC, SCO, STATCOM)
* SPS(Special Protection System)

91
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S
Special Protection System jica

<Definition>

-> Optional functions installed by utility to improve
grid protection according to each grid code.

* An automatic protection system designed to detect
abnormal or predetermined system conditions, and take
corrective actions other than and/or in addition to the
isolation of faulted components to maintain system
reliability.

* Such action may include changes in demand, generation
(MW and Mvar), or system configuration to maintain
system stability, acceptable voltage, or power flows.

92
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jiea)
Load Flow Analysis of Jamaica Grid

> & [h 1.03
! 1030 =3
4Bkt 048 <1924 2,101 20> 0212 0212
- «|=w o212 0.000 = 2000
s 1 F oo
821 1,000

0,353
a0zt

Calculated by CPATFree(CRIEP’s Power System Analysis Tools

94
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NIPPON KOEI pHDECO

Grid of Jamaica &

o ji’CA)
- To Solve Short Term Spinning Reserve Problem -
Montego Ba ogue Rio BuenoRoaring River
)

13

10

/ Maggotty
27

69 KV
138 KV,

Thermal

Hydro Wigton (Wind) Hunts Ba

Wind JEP Rockfort ~ 20km
IPP Old Harbour

Major City

Red number is node number for power system analysis.
Voltages of nodes in red circle became low in the load
flow analysis.

* Map is from the presentation document of JPS(Jamaica
Power Sector) on May 27, 2019.
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Transient Stability Analysis jica’

(Case Study)

* In case output of PV drops from Max to Zero for 1
second -> Stable

';;naj\,\l/\/‘/f
For
=
Iros
=
Hos
IF;
W““j\L_/—/_

o
203

(GICRIEFT

02
3 4
B fHsec)

— 212 JamaicaGrid20221130_JamaicaGrid2022 1130 2
— 1 JamaicaGrid20221130_JamaicaGrid20221130 7

Calculated by CPATFree(CRIEP’s Power System Analysis Tools)
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Tran
(Cas

sient Stability Analysis jica’
e Study)

* In case output of PV at node 4 drops from Max to
Zero for 1 second -> Stable

(C)CRIEPI

09 J
E 08 L/‘\/——
iﬁﬂ
ko7
e
:a;] 06
e
05
S|

04

] 1 2 4 5 7 8 9 10
B5Rf(sec)
— 1A 0221016, 1016 2

—— #1.JamaicaGrid20221016_JamaicaGrid20221016 7

Calculated by CPATFree(CRIEP’s Power System Analysis Tools)

9
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Transient Stability Analysis ji’c:’
(Case Study)

* In case output of PV at node 4 drops from Max to
Zero for 5 second -> Unstable

NIPPON KOEI pHDECO

[CIGRIEF
16
514
=
712
£ o4
i
os
Ex |
ﬁu.s
04
(el
]
0
0 1 2 5 6 7

3 4
Bflisec]

— #1.)amaicaGrid20221130_JamaicaGrid20221130 2
— #1:JamaicaGrid20221130_JamaicaGrid2022 1130 7

Calculated by CPATFree(CRIEP’s Power System Analysis Tools)
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Transient Stability Analysis jica’
(Case Study)

* In case output of PV at node 4 drops from Max to
Zero for 4 second -> Stable

(C)CRIEPI

4 5
BFfl[sec)

w— 1 d20221016_Jar d20221016 2
— #1:JamaicaGrid20221016_JamaicaGrid20221016 7

Calculated by CPATFree(CRIEP’s Power System Analysis Tools)
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Barbados 50 nodes grid map in ETAP jica’

Barbados grid model is based

e et 9™
U oy on BL&P GIS map opened to
ey ) |~ public.
ol - e
ot e =k -~

- 15 s
g 1hnva

mippon koel  [PADECO Japan International Cooperation Agency
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Generator No. 1 Transient ji’cﬁ’

after Wind Turbine Trip

2= @ o @[] 1A B
Generator Relative Power Angle Lve X Generator Mechanical Power iwe X Generator Terminal Current e X
T o0t 02
— Gen2H —— Gen2H — Gen2H
)\ 00008 s
g " T T T L T T T 1 1.0006 < M
& 1\ 2 \s [ 8 5 i_ 1 iz
& oyl 0.0004 ol T L — 1
o1 2 3 4 5 & 7T 8 8 0
L 00002
Time (Sec)
A U Attt T
0 1 2 3 L 5 5 7 8 g | Generator Exciter Voltage Lve X

Time (Sec.) Time (Sec)
Generator Absolute Power Angle Uve X Generator Electrical Power e X
2 [0
— Gen2H —— Gen2H
" \ 0008 r\ /\
o 1 T T T T T T T T 1
& 1 i 3 L [ 8 9 = 0 VaY
B s T TP
S g 1 \ﬁ Y iM% 1 8 3w
0005
40 L -0t
Time (Sec.) Time (Sec)
Generator Speed Lve X Ger stor Reactive Pow Live X
1515
01 2 & 4 5 6 7 & 9 1
1510 Gen2H 0 n L " 1 L L M 1 1 J
1505
0.002
g 100
1435 ]
2 o
1430
1485+ T T T 0008
01 2 3 4 5 EAN T R i by
Time (Sec) Time (5ec)
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3
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Steps of

jica

Stability Analysis and Evaluation

Steps to evaluate stability will be as follows:

i kAW

Load Flow Analysis

Equal Area Criterion
Short Circuit Ratio
Available Transmission Capacity

Spinning Reserve

NiPPON Kol PADECO
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Voltage and Power of Bus No. 1

after Wind Turbine Trip

e @ w W[k

Bus Voltage Angle.

nipPoN KoEl  PADECO

Per Unit Base calculation method
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Jica

for Transmission Network and
Distribution Network

* Transmission Network
* Base VA
* Base Voltage
* Base Current
* Base Impedance
* Base Admittance

* Distribution Network
* Base VA
* Base Voltage
* Base Current
* Base Impedance
* Base Admittance

nipPoN KoEl  PADECO

100MVA

24kV

4.16kA (=100/24)
5.76Q (=24*24/100)
0.174Q°1 (=1/5.76)

100kVA

400V

250A (=100000/400)
1.6Q (=400*400/100000)
0.625Q°1 (=1/1.6)

Japan International Cooperation Agency
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.. -”\)
Transmission Network Model  Ji€A
Ppy,=0.05
V,=1.0 X=1.3 GMW)
(24kv) 1=0.5 (7.5Q) P,=0.55
(2.08kA) /w\ (55!\/|W)

(o H

(1) DC Flow Method:
I:)Iinezs/x
0.55-0.05=6/1.3
6=0.65rad=37deg

If 65<90deg, these area is stable.
I=(P,-Ppy,)/V=0.5/1.0=0.5=2.08A

V=1.0
(69kV)

|
Pine=0.5 >
(5kw)

104
Japan International Cooperation Agency

NiPPON Kol PADECO

P-8& Curve and Stability Evaluation jiea’

(2) Pmax=1*1/1.3=0.77
(3) Pop=0.5 p
(a) Currently APg=0.15
-> Stable 0.77
(b) If APg>0.27
-> Unstable
SCR=Pop/APg¢ 05
should be over 3
=(a) 3.33 -> Stable
=(b) 1.85 -> Unstable
(4) ATC=0.27 -> If APg>0.27
-> Unstable
(5) Spinning Reserve should be
more than APy
=0.15
NIPPON KoEI  PADECO

Spinning
* Reserve

:f]\“ A\

0 /2 I )

106
Japan International Cooperation Agency

Distribution Network Model jica’
or Microgrid Model

Ppy,=0.05
V,=1.0 X=1.3 (5kw)
(400v) 1=0-5 (0.8Q)
(OO+—=
! /675\ [ po0ss
| S et 55
(1) DC Flow Method: Pline=0.5 (400V)
Pline=6/x (SkW)

0.55-0.05=6/1.3
6=0.65rad=37deg

If 5<90deg, these area is stable.
|=(PL-PPV1)/V=0.5/1.0=0.5=125A

105
Japan International Cooperation Agency
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Jica

Simple Grid Model for RE

PG=0.8 nodel1 node?2 node 3 node4 node5 p BESS2=0.8

1=0.05 X2=0.2 X3=0.2 |X4=0.05 BESS for
< D— roof-top PV
’_ j 0.8 MW at
I _# substation

BESS for ; BESS1=0.8 @
utility scale @
PV 1 MW @@_ _‘#
L ﬁ! PV:Y=
Utility scale solar]1 MW _# @_ a(yl+y2+y3+
(ex. >1IMW) y4+...0.8MW

& a=0.8-1.0
P_PV1=0.2*4=0.8 P_PV2=0.2*4=0.8
X=X1+X2+X3+X4=0.05+0.2+0.2+0.05=0.5

P_PV3=1.0

107
Japan International Cooperation Agency
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Load Flow Analysis of Simple Grid Jica’
-to see the effect of Battery and Large PV-

Y axis : P.U. Voltage

2

e
[

1 B 18

14
075 - 12 12
5
07 07 ) )
o 12345 e 08 08
‘ 12345 12345 12345

PV+Battery+largePV(node5)

only PV PV+Battery PV+Battery+largePV(node2)

 If batteries are connected with no advanced control and output of PV goes zero, node voltage will be high.

* Large PV will cause the increase of node voltages.

* In case PU voltage > 1.1, capacity of distribution line needs to be enhanced.

niepon koel  PADECO

Japan International Cooperation Agency

—
o’ )
Jica

Request of Feedback

Please provide your kind feedback with the form below:

Next:If lasted, | will inform tomorrow, after solving and

Thank You!!

niepon koel  PADECO

Japan International Cooperation Agency

_ 3
Suggestion from You jica’
* Do you have any subject to be solved?

* JICA team may conduct grid simulation based on your
idea about generation source and other items that will be
necessary for future grid.

* Please suggest if any other needs to consider in grid
model and simulation.

* Please let us know your request through the following
google form, if any additional. (same as the one before
session 5)

* We will include your idea or request as a
subject in the next Grid Stability Seminar in
January, 2023.

nippon koe!  PRDECO

Japan International Cooperation Agency

I
S

Technical Cooperation to Promote jiCA}

Energy Efficiency in Caribbean Countries

Consideration of Large VRE into Grid

Introduction for Seminar on Grid Stability and Large RE

October 2022

Nippon Koei Co., Ltd.
PADECO Co., Ltd.

nippon Kol [PRDECO

Japan International Cooperation Agency | 1
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Agenda

* 9:30-9:40 Introduction and Schedule

* 9:45-10:30 Evaluation of Load Flow Analysis by
Microgrid Designer,
and Transient Stability Analysis

* 10:30-10:45 Example of LFC and ELD
in Microgrid Designer

* 10:45-11:00 Hydrogen and Ammonia concept
with Nevis Geothermal

* 11:00-11:30 Draft Program of Training in Japan

* 11:30-12:00 Consideration of Large VRE into Grid,
Discussion

NIPPON KOEI pﬂDECO Japan International Cooperation Agency | 2

Schedule and Key Events for RE&Grid Activity j,’c:J

2022 2023

Team Country | Oct Nov | Dec Jan Feb Mar Apr

Barbados 4*| 2nd {*l ‘A’Fin al *Jcc
St.Kits&Nevis *sam ngr * seninar #

(at Barbados) 3rd semirjar
(We prd herel >

RE&Grid

Jamaica

Barbados
St.Kits&Nevis
(at Barbados)
Jamaica

EE

NIPPON KOEI

Training in Japan

RE&Grid Team and EE team visit Barbados on spot alternately.
2nd Seminar on Grid Stability and RE on 3-5 Oct 2022
3rd Seminar on Grid Stability and RE on 6 and 8 Dec 2022

Obijective: to discuss challenges and solutions for future Barbados/StKN Grid with RE penetration

and to share knowledge about grid stability and simulation for future optimum grid planning
4th Seminar on Grid Stability and RE in late Jan 2023 (2 days from 16-20 Jan 2021)

Final Joint Coordinating Committee (JCC) in March 2023

“Abeco

Japan International Cooperation Agency | 4

Overall Project Schedule

.O‘\)
jica

1.2 3 45 6.7

8.9 10:11:12:13 32 .33 343536 37 3839 40 41 42 43 44 45 46 47 -

Phase 1
(Baseline Survey)

Phase 2 (Technical Transfer)

Year

information is
confirmed for the
capacity building
for the
introduction of RE

»

of RE

Year 2019 Year 2020 2021 Year 2022 Year 2023
4.5 6.7 8. 9(101112{1 .2 3 4 == seoiveevn weiee 11:1211:2:3: 4. 5.6 7.8 9:1011:12/1:2 3
Output 1 Output 3 RE and Grid Stability activity is to:
- - introduce computer modelling for grid
The basic The human and

institution
capacity are
enhanced for the
mass introduction

analysis and examine issues associated
with a large penetration of VRE

- introduce micro-grid concept in one of the
agreed areas and develop modelling based
on existing grid data.

- propose the way to enhance resiliency by

The basic
information is

confirmed for the
capacity building

for the promotion EE
of EE

Output 4 B

The human and
institution capacity
are enhanced for
the promotion of

use of asset management system.

consider and propose the necessary

technologies for achieving the RE goals,

including grid stabilization,

- consider and propose additional policy legal
system for achieving RE goals

- Prepare training plan, provide

recommendation on policy

I
NIPPON KOEI  [PRDECO

2. Baseline Survey Report- Summary

Summary (St Kits and Nevis)

Japan International Cooperation Agency | 3

[ Feds | Findings ________| _ProjectActivity

Energy Efficiency

(Nevis)

Renewable Energy

Grid Stabilization

0&M of Thermal Power
Generation

Human Resources and Capacity *
Building .

nippon Kol [PRDECO

Electricity (63%) , Oil (37%)

Energy Source:

Priority 1: Optimized
operation with inverter
Priority 2: Mini split AC
with inverter

Priority 3: VRF

Load Curve: Bactrian camel type
Annual Peak Demand: about 25MW (St. Kitts)
about 10MW or more

Peak Period: around 11am, 6pm-8pm (St. Kitts)
around 12am, 6pm-8pm (Nevis)

100% RE by 2020 target

0.7+0.5 MW PV (St.Kitts), damaged

2MW wind operated at 1.1 MW (Nevis)

Bellevue 5.4 MW wind, Leclanche 35MW PV

6MW 34 MWh BESS planned for 35MW PV
Output suppression conducted in NEVLEC

Monitoring RE project incl.
geothermal

Training for grid simulation
Introduction of asset
management

Thermal power plant: total 13 units (St. Kitts),
total 8 units (Nevis)
Installed Capacity: total 44.9MW (St. Kitts) -
total 21.3 MW (Nevis)
Peak demand 24MW (StK), 9.83 MW(Nevis)

MPI’s Energy Division: 4 employees
Most of capacity building is done by OJT
There is no systematic HR development.

JET experts select topics
and develop curriculum for
technology transfer

Japan International Cooperation Agency | 5
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RE: Status in St.Kitts & Navis

Plan of Install Geothermal Power

8
jica’

RE Projects in St. Kitts and Navis = LEotnD = . . .
S B o Plant and Grid Improvement in Nevis
S: SCASPA PV 0.7 NA 2013 §
S: SKELEC PV 0.5 1 2015 !‘5
N: Windwatt Wind 2.2 5.25 2011 b * Phase 1: . .

N: NREI Geothormal [Geo | 1030 __NA | 2028 . z Power Grid Reinforcement from 11KV to 66KV

S: Leclanche PV 35 43.8 2020 ik

S: Bellevue Wind 57 Na NA — = * Phase 2:

S:NW Geothernal [Geo | 18-36]  NA_ [ WA ESMAP Expand 66KV transmission, Install 30 MW Geothermal

Osamer | GT map 2019 Solargss

| ' at N3, Connect into St. Kitts Power System

* Phase 3:
Hydrogen Based Project at Long Point, Install 15 MW
Geothermal at N3

* Phase 4:

| Necessary consideration for future RE

1) Grid stability analysis for new 35MW PV system
2) Update of geothermal development
3) Interconnection (11kV, 66 kV)?

Phase Nevis Geothermal and Grid Interconnection Plan (provisional) . . .
Phase-1 Power Grid Reinforcement from 11kV to 66kV 66KV from I__ong Point to Cam - (CerUIar Line Complete)l
Phase-2 Expand 66kV, 30 MW Geothermal at N3, Connect into St. Kitts Power System Offshore Wmd at 50 MW’ Ad It.lonal GeOthermaI from
15MW to 30MW at N1, Expansion of Hydrogen Based
Phase-3 Hydrogen Based Project at Long Point, Install 15 MW Geothermal at N3 Project
Phase-4 66KV from Long Point to Camp, Offshore Wind at 50 MW, Additional Geothermal
from 15MW to 30MW at N1, Expansion of Hydrogen Based Project
nippon koEr  PADECO — Japan International Cooperation Agency | 6 miepon ket PADECO Japan International Cooperation Agency
. - . . - . H i H H -
Grid Analysis Model of Microgrid in St. Kitts GIS, Asset Management with Grid Simulation 8 )
Example of St. Kitts JICA
Schematic view of Grid confignration (11k1) z [malssoianBenT
® —0—a@ woes B3 S ™
ek O -
g s B {;E;qui T; 6l e
®H* '——m’ Sl wouy [ |zome
H T —o—0@ - : ”“’f‘f Vo o :
(DT r—————— N
O - @l @ Lot B | w
[ LoadTransit Buswith bus murnber 0 Y lage
—@: =" ' b Asset dgta management
t: —@ {5~ Basseterre (PS000| LWith m3pping
PVBT.PV+ BT
—_— GIS mapping

Example of micro-grid model (St. Kitts)

Grid analysis result (generator output,
voltage, frequency)

—

Analysis result is viewed in geographical information system
Smallworld is applied to visualization for investment plan and design

Visualization of grid
simulation result

— Japan International Cooperation Agency | 9
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Saint Kitts and Nevis jiea’ Plan of assumed 66 kV jica/
Assumed Grid for Discussion interconnection

Google Earth

jica’ o ' jica’
Objective of Analysis

3 rd Se m | Nar * In order to get a superior future grid for St. Kitts and Nevis,
wedhave tc% ctgalnside? crfme;:k, eva_(LjJate and make a valuable
. ol and acceptable plan for future grid.
O N G [l d Sta bl | Ity * Here we show several processes to do them and try to make
some advice for you.

an d La rge R E * So the data used in this seminar is only a sample for

demonstration.
D ay 2 * Today we introduce and show some tools to evaluate grid.

* |f you have some subject to be solved, please let me know it,
We will include them and solve the best way in the next
JICA Expert Team, Nippon Koei Co., Ltd. seminar.

NIPPON KoEI  PADECO Japan InternationahCooperation Agency nippon koEl  [PADECO Japan International Cooperation Agency
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Current and Future Grid of jica’
St. Kitts & Nevis

St. Kitts &
Nevis Grid

<Current>

* Voltage: 11kV

* Capacity: St.Kitts 25MW, Nevis 10MW

* Installed PV: 35MW in St. Kitts

¢ Installed WT: 5SMW in Nevis

¢ Installed BESS: 6MW, 44MWh in St. Kitts

<Future Plan>

* Voltage of main transmission line will be up: 66kV

e Capacity of PV: 35MW more

* Capacity of WT: 50MW

* Geothermal Power Plant: First plan is 30MW, Next Plan is upto 90MW

Source: Prepared by NEVLEC
using Google Earth. Node
Number is added by JET.

nippon Koel  PADECO nippon koEl  [PADECO Japan International Cooperation Agency
d P £ J'i’c:’ ii’c:’
Future Grid Plan of St. Kitts : :
Future Grid Plan of Nevis
* Grid Capacity except for VRE: 48.9 MW * Grid Capacity except for VRE: 18.5 MW (output 16.8MW)
e Peak Demand: 26.2MW * Peak Demand: 9.83MW
* Transmission Line Voltage: 11.2 kV * Transmission Line Voltage: 11.2 kV, Planned to 66kV
* Generators: Diesel: 16 Units at Needsmust (S1) * Generators: Diesel 8 Units at Prospect (N1)
 Wind Turbine: 6.6 MW at Bellevue (Cayon feeder) (S10) * Geothermal Power: 10-30 MW planned (N12)
* PV: 0.75MW (not operating) + 0.5MW (some not fully * Solar Power: 3- 5 MW planned (N3)
operating) + 1.0MW fully operation (54, S9) * Wind Turbine: 2.2 MW(0.5MW limit) (N7), 50MW (N5)
* Planned PV: 34 MW Leclanche (with 6MW, 44 MWh * BESS: 3-5 MW planned (N3)
BESS) under design. Completed in 2024. (S2) * Hydrogen Based Project: 15MW (N2)

NIPPON KoEI  PADECO Japan International Cooperation Agency nippon koEl  [PADECO Japan International Cooperation Agency
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Load Flow Analysis of St. Kitts

Data written as PSS/E format is

provided by SKELEC and converted

for Microgrid Designer.

Voltage amplitude (p.u.)

0.54

Voltage profile at nodes
uses by power flow analysis (p.u.)

Appendix 5-2-1 “\
0\, )
JICA

Voltages of node no. 29 and 30 are

5~6% over from the rated value. Line

currents are within the rated values.

Capacity limit of equipment can be
evaluated by load flow analysis.

Amplitude of line current (P.U.)

= = =2 = =
s 8 B £ =

Current amplitude (p.u.)
=

0|”||I|I.. |m |||| NI .||.|||

13 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 390 41

12345678 91011121314151617 181920 2122 23 2425 2627 2629 30
Node number

Node Voltage

NiPPON Kol PADECO

Data for Future Grid of St. Kitts & Nevis™ g~

Brunch number

Line Current
Calculated by Microgrid Designer

Japan International Cooperation Agency

jica’

Data is assumed base on Google Map data provided from NEVLEC.
Both network of St. Kitts and Nevis are connected bi 66kV transmission line.

Node ID. | Node type | APiude of |Phase anele of) oge admitiance g Qe Pl Ql Load PV wp BESS
(Uptod | Po-0PV-L | ()| (Degree) () () () ouw | Guw | G ) (o) (ov)

S1 2| 1 0.25| 0| 0.05| 0 0.05]

S2 1 1 0| -0.23] 0) 0.05] 0.34] 0.06]

S3 1 1 0| 0| 0) 0|

S4 1 1 0| 0 0 0|

S5 0| 1 0| 0| 0.04| 0 0.04|

S6 0| 1 0| 0| 0.03| 0 0.03]

S7 0| 1 0| 0| 0.03| 0 0.03]

S8 0| 1 0| 0| 0.01 0 0.01

S9 0| 1 0| 0| —0.08| 0 0.01 0.09|

S10 0| 1 0| 0| —0.046| 0 0.02] 0.066|

St11 0| 1 0| 0| 0.02| 0 0.02]

S12 0| 1 0| 0| 0.02| 0) 0.02)

S13 0| 1 0| 0| 0.02| 0) 0.02)

IN1 1 1 0.1 0| 0.01 0 0.01

IN2 1 1 0| 0.17| 0 0.02| 0.15]

IN3 1 1 0| 0| 0 0.05| 0.05]

IN4 0| 1 0| 0| 0.01 0 0.01

INS 1 1 0| 0| —0.5| 0 0.5]

IN6 0| 1 0| 0| 0.01 0 0.01

IN7 0| 1 0| 0| 0.005| 0 0.01 0.005

IN8 0| 1 0| 0| 0.01 0) 0.01

IN9 0| 1 0| 0| 0.01 0 0.01

IN10 0| 1 0| 0| 0.01 0 0.01

IN11 0| 1 0| 0| 0.01 0 0.01

IN12 0| 1 0.3 0| 0 0| 0|

NiPPON Kol PADECO

Japan International Cooperation Agency
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Voltage amplitude (p.u)

NIPPON KOEI

Schematic view of Grid configuration (11k1)

L.

FVET: PV+ BT

9 )
jic

St. Kitts Grid

Generators, PV and batteries are
located at the same node no.1.

0299000000

s S, R M o

o -
Legend

.
@' {21] @‘ Generation Bus (generator) with bus number
v
' u\@ Load/Transit Buswith bus number
_m" Load/Transit Buswith bus number
* Load

MADECO

From Microgrid Designer

Japan International Cooperation Agency

Appendix 5-2-1

"

Load Flow Analysis jica’

for Future Grid of of St. Kitts & Nevis

In a case of future grid data of St. Kitts & Neuvis,
node voltages are within regulation, and

095

line current

Voltage profile at nodes
uses by power flow analysis (p.u.)

1234567821011

MADECO

is under rated value.

Amplitude of line current (P.U.)

1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 3
Brunch number

Current amplitude (p.u)

01
005
a

1213141516171819202122232425.

Node number Calculated by Microgrid Designer

Japan International Cooperation Agency



Grid of St. Kitts & Nevis

0,000
1191
0000 g g08

Calculated by CPATFree(CRIEP’s Power System Analysis Tools

NiPPON Kol PADECO

Japan International Cooperation Agency

Appendix 5-2-1 “\
. . .‘,
Requested Data for grid analysis jica’
* NEVLEC
* Single line diagram of overall network and feeders
» Demand data (peak and load curve of day, month, year, if any)

* Distribution line data and transformer of each feeder
(feeder length, size, type (ACSR, cable, etc),impedance,
resistance, capacitance), and GIS data if possible

* Location, Capacity and Terminal Voltage of Generation plants
including RE and Battery

* Generator parameters including AVR, AVR, PSS, turbine and, if
any, other control equipment

* Location, Capacity and Terminal Voltage of Substation with
transformer, SVC, STATCOM or Battery

* Location and amount of consuming power or load in nodes
including peak load and minimum load in analysis model, if any

* Usual operational style about network structure with switch gear
operation under heavy load and light load

* ETAP data and QGIS shapefile of 11 kV network
* SKELEC
* Same as NEVLEC, if any update from 2019

NiPPON Kol PADECO

Japan International Cooperation Agency

Appendix 5-2-1

. )
Transient Stability Analysis jica’

for Future Grid of of St. Kitts & Nevis

After PV in S4 was stopped for 100 mili seconds, the system is going to be
stable. Transient stability analysis is necessary to evaluate fluctuation of PV.
Transient stability analysis is required to make a plan.

(CIGRIEPT

-08

-0.9

PP BRENEHHIp]

4 5
B5fal[sed]

— 1Sttt Nevis25_StKittsNevis_25 1

nipPoN KoEl  PADECO

Japan International Cooperation Agency

Appendix 5-2-1

Hydrogen and Ammonia concept
with Nevis Geothermal:
--- Preliminary Study

nippon Kol [PRDECO

Japan International Cooperation Agency | 13



Hydrogen and Ammonia :

Appendix 5-2-1

s“\
jica’

Preliminary General Cost Study

* Does cost of geothermal 16-17 Usc/kWh with higher
capacity factor than PV/Wind for H2 production plant

have advantage?

* How does the location of Nevis with tanker
transportation affect transportation cost?

* H2 or NH3, which is more feasible in Nevis?

NiPPON Kol PADECO

Advantage of Geothermal High Capacity Factor?

Hyragen production cost (USD/ka)

)

Japan International Cooperation Agency

Appendix 5-2-1

"-\
jica’

i Electrolyser cost
Capacity ..

RE Type Hour/yr w/o electricity
Capacity factor Capacity factor factor USD/kg*
of PV gnd Wind of Geothermal

PV 13-25% 1140-2190 2.8-4.5

Wind 20-30% 1752-2752 2.3-3.3

Geothermal [90-95% 7784-8322 0.8-0.9

1947 292 3894 4867 5840

Operating hours

Electrolyser system cost (USD 770/kW) + fixed costs

I Electrolyser system cost (USD 500/kW) + fixed costs
I  clectrolyser system cost (USD 200/kW) + fixed costs
B  cGiectricity price (20 USD/MWh)

pm———

+ — — _ 4 Blue hydrogen cost range

Source: IRENA Green Hydrogen Cost Rduction

Note: Efficiency at nominal capacity is 65% (with an LHV of 51.2 kWh/kg H2 ),

the discount rate 8% and the stack lifetime 80 000 hours

NIPPON KOEI

Capeco

*Electrolyser system cost (770USD/kW)

Advantage of high capacity factor of
Geothermal:

2.0-2.8 USD/kgH2 (@ 770 USD/kW)
System cost/kW become lower, the
advantage will be smaller

Japan International Cooperation Agency | 16

Hydrogen Production Cost by Natural Gas with CCUS, Wind, and Solar

Appendix 5-2-1

o‘-\
jica’

* Natural gas with CCGS is lowest, 1-1.5 USD/kgH2 in 2030 but site is limited.
» Hydrogen production by PV and wind is expected to be 1.5-5 USD/kgH2 in 2030

Levelised cost of hydrogen production by technology in 2021 and in the Net Zero Emissions by 2050 Scenario, 2030 and 2050

10

USD/kg H;
w

=

P

B
[ RN

]

[ ]
|
L1

2050| [T

O
B

— o = o = (=) f=] o (=] o w1 (=] o A o j=] =t o Q — 8 o
o~ «© o~ © o~ (50 wn o @ uwn o @ w o~ (3] wn o (] n o~ wn
o o o o o o o o o o o o (=] o o o
o ™ ™~ o~ o™ ™ ™~ o~ o~ o~ o~ o~ ™~ o™ ™~ o~ (2] o~ (3} o ™~ o~ o~
Natural gas |Natural gas w/| Coal wio [Coalw/ CCUS|Wind onshore|Wind offshore| Solar PV Nuclear
wlo CCUS ccus Cccus

Source : IEA Global Hydrogen Review

IEA. All nights reserved

Notes: Ranges of production cost estimates reflect regional vaniations in costs and renewable resource conditions. The dashed areas reflect the COz price impact, based on CO: prices
ranging from USD 15fonne COz to USD 140/tonne CO:z between regions in 2030 and USD 55/ tonne COz to USD 250/ tonne CC;z in 2050.

Sources: Based on data from McKinsey & Company and the Hydrogen Council; Council; IRENA (2020); IEA GHG (2014); IEA GHG (2017); E4Tech (2015); Kawasaki Heavy
Industries; Element Energy (2018

NIPPON KOEI

Pabeco

Japan International Cooperation Agency | 15

Appendix 5-2-1

_
Hydrogen Production Cost by Geothermal vs PV/Wind jl’CA)

Hyrogen production cost (USD/kg)

Source: IRENA

Operating haurs

Electrolyser system cost (200 USD/kW) + fixed costs
Electricity price: USD 10/MWh

Electricity price: USD 20/MWh

Electricity price: USD 40/MWh

Blue hydrogen cost range

Green Hydrogen Cost Reduction

Note: Efficiency at nominal capacity is 65% (with an LHV of 51.2 kWh/kg H2 ),
the discount rate 8% and the stack lifetime 80 000 hours

NIPPON KOEI

FADeco

Hydrogen production cost USD/kG

O Rk N WA OGN ® O

0 2 4 6 8 10 12 14 16
Electricity cost USc/kWh
Incremental Hydrogen production cost
against electricity cost

Source: Prepared by JET referring to IRENA Green Hydrogen Cost
Reduction

» Advantage of high capacity factor of

Geothermal: 2.0-2.8 USD/kgH2

- in case geothermal cost is
16USc/kWh, it will have advantage by
capacity factor if PV and Wind (13-30%)
and is more than 10.2-12 USc/kWh
(102-120 USD/MWHh)

Japan International Cooperation Agency | 17
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jica

for future cost reduction of H2

30%
@-Power Supply ;
3
S g
o 3
£ 20% $
g @ Manufacturing s
Z g
L 3
= £
2
2 @ Deionized Water Circulaf
% 10% .‘Hydmgen Processing
5
8 Electricity
4 Bipolar Plates (BPs) Cooling 160 USD/MWh
o @-Porous Transport Layer Kokl basetlanbdos
@ Small parts (PTLs) [ o
0% (sealing, frames) Nickel based cathodes
Low Medium High

Potential for cost reduction
Source: IRENA

- Electricity cost is affect cost highest
- Manufacturing cost (plant for electrolysis) is about 19%, which is related to scale merit
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Hydrogen and Ammonia energy content jl’CA)

Type Energy content Energy content Density

e (LHV) [MJ/Kg]  |(LHV) [MU/L] |[kg/m3]
Cooled Ammonia 12.69 . .

o 186 \ 6s2| « Energy content per kg : H2 is
(Liquefied) (1 atm, -33°C) 10 times than NH2
Compressed Ammonia 186 11.65 626
(Liquefied) ~|(300 bar 25°C) * To liquify for transportatioon by
Cooled Hydrogen 120/ . tanker, H2 requires -253 °C
(Liquefied) (1atm, -253°C) R P

fquet o . 1ton LHOC (liquid hydrogen
Compressed Hydrogen 120/%% ) 054| Organic career) can transport
(gaseous) (300 bar, 25°C) 62 kg H2 7440 MJ/ton

. 32.89 -
Diesel (n-dodecane) 4411 (1 atm, 25°%C) 7457 ® |_|qu|f|ed NH3 18,600 MJ/ton

. . (n-octane) 30.93 (n-octane)
Gasoline (iso-octane) 4434
(1 atm,25°C) 697.6

Source: prepared from https://www.iea-amf.org/content/fuel_information/ammonia
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Current cost and projected cost of NH3 JICA

Current Cost for NH3 300-650 USD/MT depending on fossil fuel price
Cost for NH3 from H2 is depending on H2 production cost

Ammonia
nwzvsvwvul ¢/ 0+ mlole v 1400
T 2 1200 oo
g;gfgg; ﬁg;tl:\ﬁ"d: § 1000 Cost for NH3 from H2:
= 1000 USD/MT

800 - +0.4 - 1 USD/kg
600
400
200
s .

https://www.procurementresource.com/resource-center/ammonia-price-trends .
Source : IEA Global Hydrogen Review
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Cost of Transportation of Hydrogen and Ammonia {jea’

Levelised costs of delivering hydrogen by pipeline and by ship as LHz, LOHC and ammonia carriers, and electricity fransmission, 2030
30

25

Levelised cost of delivering hydrogen (USD/kg H,)

20
15
10
05
0.0 =
0 1000 2000 3000 4000 5000 6000 7000 8000

New 20-inch pipeline
(50-130 ktpa)

—— LH, tanker (200 kipa)
Source : IEA Global Hydrogen Review

Repurposed 20-inch pipelineg
(50-130 ktpa)

——— LOHC tanker (15 ktpa)

New 48-inch pipeline . Repurposed 48-inch pipeling
(630-1 900 ktpa) (630-1 900 kipa)

~—— Ammonia tanker (180 kipa) ~—— Offshore HVDC (160 kpta)
IEA_ All rights reserved

Notes: ktpa = kilotonnes per year; LHz = liquefied hydrogen; LOHC = liquid organic hydrogen carrier. Includes conversion, export terminal, shipping, import terminal and reconversion
costs for each carmier system (LH2, LOHC and ammonia). The import and export terminals include storage costs at the port. Pipelines refer to onshore transmission pipelines operating
at ranges between 25% and 75% of their design capacity during 5 000 full load hours. Electricity transmission reflects the transmission of the electricity required to obtain 1 kg Hzin an
electrolyser with a 69% efficiency located at the distance represented by the x-axis.
Source: IEA analysis based on data from Guidehouse (2021) and IAE (2016).
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Cost of Transportation of LOHC

Cost of Hydrogen, LOHC, NH3 tanker

Geothermal capacity
Operation hr

Power Production
Hydrogen efficiency
Hydrogen production
LOHC carriage
LOHC tanker

H2 by LOHC tanker
nos of tanker

10 MW
8000 hr/year
80,000 MWh/year
48.95 MWh/ton
1,634 ton/year
62 kgH2/t_LOHC
15,000 ton/year
930 tonH2/year
2 tankers/yr

Organic Chemical
Hydride Method -

P transport

Q=4 )

cH,

Py iy
O+ 3H2-'EUJ AH= -205k)/mol

Toluene

MCH

Produce MCH (SPERA Hydrogen)
from Teluene and H2 by chemical bonding

NIPPON KOEI

MADECO

Appendix 5-2-1

9 )
jica

NH3/ LOHC Career cost (USD/kg)

H

Transport

Hydrogen market km LHOC/tanker H2 NH3
Barbados 500 2 2.35 2
Jamaica 1,500 2.05 2.4 2.1
Miami 2,100 2.1 2.5 2.2
New York 3,900 2.2 2.6 2.25
Tokyo 18000 2.5 3.2 2.45
Source : Prepared by JET IEA Global Hydrogen Review
* Ammonia Production cost: +0.4-1 USD/kg
o Methyleyclohexane(MCH)

‘ﬁl\_J(__) He

A .

Hydrogenation stomg\:li!:e [{‘/J] —Atorage
wrrr—o

Dehydrogenation

o, cu,

r\] - K@ + 3H2 AH= +205k J/mol
o

MCH Toluene

Extract H2 from MCH ]

Source : NYK Group https://www.nyk.com/english/news/2017/20170727_01.html!
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For the next step jica’

* If PV/Wind cost is more than10.2-12 USc/kWh, 16
Usc/kWh Geothermal has advantage in hydrogen
production in terms of market competitiveness

 For smaller transportation, LOHC may be the
appropriate considering tanker transportation and
10-30 MW scale

» Difference of H2 and NH3 production cost: For
larger scale, NH3 may have advantage

* F/S considering site specific cost and future details
IS necessary

nippon koer  [PADECO
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Appendix 5-4-2 Attendant list, and Q&A, of the 2nd RE & Grid Stability Seminar (St. Kitts and Nevis)

Technical Cooperation to Promote Energy Efficiency in Caribbean Countries
Seminar on Grid Stability and Large RE in Dec 6-8 2022 (Barbados and St.Kitts&Nevis): Q&A

No Item Content Name Answer Further Notes
The base map with 11 & 24.9 kV feeder line is from Web page of |/SSUeS With the different format of
o input of coordinate system may
. . Stephen BL&PC. The data of transmission lines, generator, transformer X
. How current is the data that is been S cause inaccuracy of map. Those
1 Question Worme, and load are assumed by JET. The PV location is based on MEB . -
shown on the Barbados maps? ; ) ) . are being rectified to ensure
BREA solar database. Information of PV capacity on feeder lines is as of standardization. Mapping onl
Oct 2022 based on MEB. - vapping only
started recently.
. What about Hydrogen potential as Stephen !—Iydrogen' is alternauvg way for energy storage. When hydrqgenl
2 | Question an Emeraing Technology? Worme, is stored in Fuel Cell, it can be converted to electricity. Cost is still
ging 9y BREA much higher than BESS.
It depends on regulation. In some countries, only transmission
Would you propose that the Stephen operator can own and operate microgrid. In Japan, private local
3 | Question [Microgrid be owned by the Utility or |Worme, utility JV with local government operates Microgrid. It may be an
have a separate owner? BREA idea that government of a central utility owns or manage the micro
grid.
. . California etc. can be used as
Can these examples of microgrids N
s . examples but they can import
on the large systems indicated in Yes. : . .
. . Stephen . . . energy unlike us here in the region
4 | Question |the examples be easily Australia can be used in terms of a scalable example as seen in R
. Worme . as SIDS. Barbados is small and
extrapolated to the smaller grids of the presentation. ) o R
- ) unlike Jamacia it has size
Jamaica, Barbados and St Kitts?
challenges
Microgrid Ex.-3: South Australia Yorke already applies a kind of
Grid Forming Inverter for BESS. It is demonstration. In Japan, 5
Are Grid Forming Inverters inverter manufacturer demonstrates. Hopefully it will be available
commercially available? Can you in the market for 5 years. Since the difference of GFM with
. . - Robert ) . : . .
5 | Question |provide examples you are familiar Goodridae conventional inverter is software, not material, the cost will not be
with/ How does the cost compare 9 very higher than other inverter, although development cost need
with Grid Following Inverters? to be considered.
We will inform and discuss current states of the development of
Grid Forming Inverter in the next seminar.
Grid forming Inverters look like they
could be a very valuable solution to . .
- i~ From recovery of black-out, generator with permanent magnetic
address some of the grid stability .
) motor is necessary.
challenges. Would they still Stephen . X .
. . R Grid Forming Inverter converts provided energy resources to
6 | Question [continue supplying power to the Worme, L ;
. . electricity, however, it can not operate solely from black start
grid when the grid power goes off |BREA " ) .
. : condition. In order to continue to supply electricity, energy
and, if they do wouldn't, they . .
. . : resources should be available continuously.
introduce a potential safety issue
for the utility?
Has JICA conducted any analysis
of the current state of the Grid in . . .
” We conducted some analysis based on current grid assumptions
. Barbados? Has any specific Robert ) " : X - Ny
7 | Question o . ) and some PV/Wind additional scenario for trial, which will be
projections/recommendations been |Goodridge . . .
presented in afternoon session and tomorrow session.
made to address current/expected
stability issues in Barbados?
. i (1) 66MW is 33% of total capacity of 200MW in a sample grid.
Slide 20: s ) . .
Japanese utilities consider that the capacity of PV is about 1/3 of
(1) Why 66/37 its rated capacity when they make daily operation plan. This
8 | Question |(2) Is the 3MW VRE directly Felicia Cox pacity wr Y Y op plan. 1
connected to be battery? should be different in case of Barbados when 100% RE is
i targeted and should be higher like 66/0.8.
(2) VRE is connected to battery through DC filter.
Do you recommend 4 hours of William 4 hours is just an example. It is half of day time. We will discuss
9 | Question [storage for PV and what size PV Hinds the way to calculate the optimal size of battery in the next
systems should have storage ? seminar.
For Barbados, it will be necessary to to be a higher percentage.
(3) Is the recommendation that IRRP should already study the optimal size.
. peak battery be 1/3 peak VRE? - For the case of Japanese utilities, they consider that the capacity
10 | Question | 1y\hy 4h battery? Felicia Cox | ¢ b/ is about 1/3 of its rated capacity when they make daily
operation plan.
(4) 4 hours are an example. It is half of day time, as stated above.
. . - We'd think there is no international standards, and the applicable
. Is there an international standard  |William . ) R
11 | Question o . standards depends on design philosophy with situation and
for sizing storage ? Hinds conditions
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No Item Content Name Answer Further Notes
We will have variable RE up to 100
MW. Query the approach for Rohan
. analysis of the Bar system give we Thank you for your information about future plan of RE. It is
12 | Question | . Seale, -
will have a very large share of RE. BLPC challenging.
Related to dynamic and transient
stability. Sorry 100 % RE
All these examples assumes that
you have other generation that are
not VRE. Remember that VREs
don't contribute to SC. There is no |Chandrabh [That is right. Our tested cases are examples to evaluate several
13 | Comment ) ™
standard for battery storage. It an Sharma |measurements to solve the problem on grid stability.
depends on the length of time the
probability of not having VRE
available reserves.
That is the core of our technical capacity building project. We
. . Rohan have created a 91 MW RE scenario in which we will share today
Can it model current and ongoing . .
14 | Comment rid RE intearation Seale, for example. Tomorrow we would like to exercise what you are
9 9 BLPC having as current situation. If you could provide the current or
ongoing or planned RE situation, we will simulate.
Can we reduced the need forl - Biodiesel can be used as a base load generator. However, fuel
. overnight storage by use biodiesel [William : X N . S
15 | Question |; e ; . cost will be high. Cost comparison with BESS considering
in a limited number of fossil fuel Hinds, MEB - y .
deterioration should be discussed.
generators ?
Without spinning reserve, it will be a problem with possibility of
high grid instability. High PV grid penetration will cause instability
if the ramp rate of the spinning reserve cannot manage the We have to take some
Would there be a significant William fluctuation of instantaneous PV output. For example, if 100 MW  |measurements to keep suitable
16 |Question [problem if the solar on the grid is as Hinds. MEB peak, 60MW is PV with 40% spinning reserve 40MW, and if 80% |inertia in the grid. One of solutions
much as 60% ? ’ of PV output fluctuates instantaneously, 48MW will fall suddenly. |will be an install of Grid Forming
Apparently, 40MW spinning reserve can not cover this, and black |Inverter with Battery.
out will occur.
Light & Power has a load shedding
system which traditionally trips
feeders when the frequency drops
to a certain level. This is now Usually the RE is stopped by load shedding and can not supply
complicated by the connection of during load shedding of the feeder to which the RE is connected.
PV systems on the feeders as, If a grid forming inverter is installed, the inertia for the grid will not
when feeders are tripped due to Stephen be lost, which can increase grid instability. Correct planning
17 |Question [load shedding, they will not be only P should be employed when determining the effects of load
! X Worme X . )
disconnecting load but also shedding using energy modeling software.
disconnecting generation if done We will introduce an example of special protection system with RE
during the period of operation of the, which has been installed to the Chubu Electric Company in Japan
RE system. What will be the in the next seminar.
impact of this instability? Have you
modelled this and what were the
impacts?
How much MW of storage is - If Biodiesel 1MW gz.anera.tlon is applled, same output of batt.ery
. L William can be saved. Biodiesel is expensive compared to conventional
18 |Question [reduced by 1 MW of biodiesel . . ™
. Hinds, MEB [comparable fuels. Comparison of biodiesel and battery cost need
generation ? h . .
to be done. It may be discussed in the next seminar.
Microgrid Designer is a excel macro base software, in which main
’ . . Stephen part is for load flow analysis. It can calculate steady state power
. How does Microgrid Designer . - . X
19 |Question rogram differ from ETAP? Worme, flow and voltage in a grid, but it cannot calculate dynamic
prog : BREA phenomena and transient stability of grid. ETAP includes static
and transient stability analysis.
. The§e inputs are _base_d on Stephen Yes. We are doing steady state load flow analysis to determine
20 [Question |maximum capacities given the Worme, the typical case scenario
static inputs? BREA P :
Stephen Currently PV is available for across the island and rapidl
21 [Question |Why is the PV desegregated? Worme, Y . i X " picly
spreader. Wind need specific terrain condition.
BREA
What is the cut off point for failure
. . . Stephen There are some parameters such as frequency, voltage, current,
. tolerance in the designed grid? And . B e )
22 |Question X S Worme, etc. according to transmission line specification and grid code.
what is the cut off time in terms of .
. BREA Such parameters are considered .
days disconnected?
Stephen Load flow data by second is ideal for our microgrid simulation. We
. BLPC has provided all the data p have used the information of BLPC opened to public with some
23 [Question Worme, . X
necessary? BREA assumption simulate data.

Some data is provided by BLPC. Some is assumed by JET.
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No Item Content Name Answer Further Notes
This program shows the economic load dispatch of thermal We consider the fuel costs and the
. Stephen generators, and it doesn’t show PV as it doesn’t consume fuel. heat rate of generators as
. In ELD, does the simulator show ) o .
24 |Question PV and all the generators? Worme, The PV output assumed to be used always with 1st priority since it|parameter. Lower load than rated
9 : BREA does not have marginal cost. Is deducted from the generator output decrease the efficiency of
output. generators
The power flow analysis can solve even transmission capacity is |100 MW off-shore wind is not
100 MW off-shore wind will require [Stephen not sufficient. It provides value of p.u. and we need to assess from|included in IRRP and we have to
25 |Question |60 kV line, not 24.9 kV as Worme, the result of the value for transmission line upgrade according to |add an additional scenario for what
conducted in power flow analysis. [BREA result. You are right. Transmission line should be upgrade to is envisioned by Barbados and the
higher voltage. Government.
Our IRRP shows installed capacity |Stephen For system planning, w.e wﬂl gssume the mc?st severe (maximum)
. case of power flow, which is installed capacity, not average
26 [Question |and not output. How can we Worme, outout
remedy this? BREA put.
We have 600MW of capacity in our Tg provide sufficient MWh W|th_low capaqty f_actor of PV and . . o
. - g Stephen wind, much larger MW installation capacity with energy storage is |Biofuels are the best option in
. model, while real-time peak is - . R .
27 [Question 150MW Worme, necessary. We have to always consider the inrush current and Barbados in the short to medium
BREA demand flows in our grid to create the best fit grid model for term
Barbados.
. . Generator capacity is based on IRRP scenario-1. Network The goyernment will apply lRRF’
. What is the load flow calculation Stephen ) scenario-3 as the base. Scenario-3
28 [Question structure and impedance are assumed from a google map and X :
based on Worme need to be incorporated in
opened data of BLPC Web page. ) .
simulation.
29 |Question Guyana has standard for battery NEVLEC Thank you for the information. In Japan, NITE also covers
safety. standard for battery.
30 |Request We would like to test the Microgrid NEVLEC [We have sent the software. Please try and contact us if any.

Designer and input Nevis model.
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Technical Cooperation to Promote Energy Efficiency in Caribbean Countries

Total (except JET) 45

Seminar on Grid Stability and Large RE: Attendant Day-1 (6 Dec 2022) Total (including JET) 50
No. Name Resistered Position Organization Country Confirmed
1 |Alex Harewood JET Barbados OK
2 |Allison Davis MEB Barbados
3 |Alton Best OK
4 |Andrew Gittens PS MEB Barbados
5 |Andy Williams SKELEC Barbados OK
6 [Bertill Conroy Browne Director MPI St. Kitts and Nevis |OK
7 |Bryan Haynes OK
8 [Clement Williams SKELEC St. Kitts and Nevis
9 |Collin Brown Control & Operations Manager |[SKELEC St. Kitts and Nevis
10 [Collin Williams SKELEC St. Kitts and Nevis |OK
11 |Curleane Liburd NEVLEC St. Kitts and Nevis
12 [Curtis Morton NIA St. Kitts and Nevis |OK
13 [Cyprian Moore BLPC Barbados OK
14 [Dara Haynes Fergusson MEB Barbados
15 |[Debra Dowridge DPS MEB Barbados
16 [Denasio Frank MPI St. Kitts and Nevis |OK
17 |Felicia Cox Director Adaptive Intelligence Solutions [Barbados OK
18 |Frances Scantlebury MEB Barbados
19 |Frank Branch Technical Officer MEB Barbados OK
20 |Gaston Dixon SKELEC St. Kitts and Nevis |OK
21 |Giovanni Buckle CCREEE Barbados OK
22 |Glen Amory Sr. Assist. Secretary MPI St. Kitts and Nevis [OK
23 |Haniff Woods Operations Engineer SKELEC St. Kitts and Nevis [OK
24 |Heather Sealy Deputy Chief Electrical OffigGEED Barbados OK
26 |Horace Archer MEB Barbados OK
27 |lan Ward NEVLEC St. Kitts and Nevis
28 |I-Ronn Audin JET St. Kitts and Nevis [OK
29 [Jason Andalcio CCREEE Barbados OK
30 |Jervan Swanston NEVLEC St. Kitts and Nevis |OK
31 [Jesse Hunkis NIA St. Kitts and Nevis |OK
32 |Jonathan Brathwaite BLPC Barbados OK
33 |Jonathan Kelly Engineering Manager SKELEC St. Kitts and Nevis  |OK
34 |Joy Cox Director Adaptive Intelligence Solutions |Barbados OK
35 [Justin Taylor CCREEE Barbados OK
36 |Karl Nembhard BREA Barbados OK
37 |Keane Mark Generation Maintenance Engin|SKELEC St. Kitts and Nevis
38 [Kenrod Roberts Assistant Engineering ManagelSKELEC St. Kitts and Nevis  |OK
39 [Kevin Bennett Generation Manager SKELEC St. Kitts and Nevis |OK
40 |Mick Pascal SKELEC St. Kitts and Nevis
41 [Morland Williams Inc.Mechanic Engineer GAIA Barbados
42 |Naftalie Errar Planning Engineer NEVLEC St. Kitts and Nevis |OK
43 |Natasha Corbin Uwi Barbados OK
44 |Natasha Davis OK
45 |Nelson Horatio Ald Junior §Distribution Manager NEVLEC St. Kitts and Nevis |OK
46 |NEVLEC NEVLEC St. Kitts and Nevis  [OK
47 |Nidia Reader WCC Barbados OK
48 |Raoul Pemberton NIA St. Kitts and Nevis [OK
49 |Rhondel Philip SKELEC St. Kitts and Nevis [OK
50 |Robert Goodridge BREA Barbados OK
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51 |Robert Harewood BLPC Barbados OK
52 |Roger Beckles BLPC Barbados OK
53 [Rohan Seale BLPC Barbados OK
54 |Ron Farley Managing Director BREA Barbados OK
55 |Ronell Pemberton NEVLEC St. Kitts and Nevis [OK
56 [Starett France NEVLEC St. Kitts and Nevis  [OK
57 |[Stephen Worme BREA Barbados OK
Chief Operations Engineer

58 Terrance Straughn Renewable Energy Officer BNTCL Barbados OK
59 [Terry Neblett MEB Barbados OK
61 |[Tyrone White Chief Electrical Officer GEED Barbados

62 |William Hinds MEB Barbados OK
63 |[Yuka Nakagwa JET Japan OK
60 |[Tomoaki Tsuji JET Japan OK
25 |Hisao Taoka JET Japan OK
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Technical Cooperation to Promote Energy Efficiency in Caribbean Countries

Seminar on Grid Stability and Large RE: Attendant Day-2 (7 Dec 2022)

No. |Name Position Org.

1 |Frank Branch MEB

2 |Horace Archer MEB

3 |William Hinds MEB

4 |Terry Neblett MEB

5 |Stephen Worme BREA

6 |Robert Goodridge BREA

7 |Giovanni Buckle CCREEE
8 |Justin Taylor CCREEE
9 |Jonathan Brathwaite BLPC
10 [Yuka Nakagwa JET

11 |Taoka Hisao JET

12 |Alex Harewood JET

13 |Natasha Davis Operations Manager |Williams Solar

[N
~

Felicia Cox

CEO

Adaptative Intelligent Solutions
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Appendix 5-5-1 Material for the 3rd RE & Grid Stability Seminar (St. Kitg§\anc
9
jica’

Technical Cooperation to Promote
Energy Efficiency in Caribbean Countries

4th Seminar on Grid Stability and Large RE
for St. Kitts and Nevis
(Day-1)

1 Nevis)

Agenda (Day-1)

wh =

©CeNOO A

Introduction for the Seminar, Review and feedback
RE and Microgrid Planning
Development Status of Grid Forming Inverter and its Safety

- Current Status, Blackout with GFM & Black Start using BESS
Battery & Hydrogen as an Electricity Storage, cost comparison
Special Protection System including Load Shedding, PV/WT Trip
Inter-connection, Simulation Cases for future grid of St.Kitts &Nevis
Harmonics and filtering
Measurement Function of Inverter, Grid Code
Sample of Other Countries Situations of Grid and RE
10 Demonstration of Asset Management System

_—
9 )
jica

11. Presentation from SKELEC and NEVLEC about current status
18-19 Jan 2023 and challenges
Nippon Koei Co., Ltd.
PADECO Co., Ltd.
NIPPON KOEI pHDECO Japan International Cooperation Agency | 1 NIPPON KOEI pHDECO Japan International Cooperation Agency | 2
4th Seminar on Grid Stability and Large RE 9 ) Introduction _ 9 )
JICA Project Outline and Schedule JICA

for St. Kitts and Nevis (Day-1)

1 Introduction for the Seminar, Review and feedback

niPPoN KoEl  PADECO

Japan International Cooperation Agency | 3

1/2:3:4:56:6:7:8:9:1011:12

13

32:33:34 35 36:37:38 39 4243 44 4548 47

Phase 1
(Baseline Survey)

Phase 2 (Technical Transfer)

Year 2019 Year 2020

Year

2021 Year 2022

Year 2023

4:5:6:7:8 9|10:11

information is

for the

confirmed for the
capacity building

introduction of RE

The basic The human and

institution
capacity are
enhanced for the
mass introduction
of RE

»

The basic
information is

of EE

Output 2

confirmed for the
capacity building
for the promotion

I I
Output 4

The human and
institution capacity
are enhanced for
the promotion of

»

120112 314 ceiaivenionnianion

1M12/1:2:3:4.5:6:7 8 9:1011:12/1:2

RE and Grid Stability activity is to:

introduce micro-grid concept in one of the
agreed areas and develop modelling based
on existing grid data.

introduce computer modelling for grid
analysis and examine issues associated
with a large penetration of VRE

propose the way to enhance resiliency
consider and propose the necessary
technologies for achieving the RE goals,
including grid stabilization,

consider and propose additional policy legal
system for achieving RE goals

prepare necessary training plan

provide recommendations on design of the
policy/ legal system

3

NIPPON KOEI

Cabeco

Japan International Cooperation Agency |

4
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Introduction _—
Schedule and Key Events for RE&Grid Activity  jiea/
2022 2023 JCC: Joint Coordinating Committee
Team Country | Oct Nov | Dec Jan Feb Mar Apr
Barbados *l 2nd {*| ard *4"‘ | *JC * Program
RE&Grig | StKits&Nevis ﬂrs bmingr * eminar *\, Seminfr *in Jdpan
(at Barbados)
Jamaica ‘k[ * *

|_Title | _Date | Objective

Introduction

SCO: Synchrono —
F d b k h 3 rd S M ZlF;S’\j ga.t;e;y E“'CIET aw.tusc Syswenn .s )
eedback at the eminar e siromngiverer jiea

ltems _________| Feedback 4% Seminars_________

To achieve 100% RE,

what generation source

do you want to try for
the grid stability

What is necessary for
grid stability in your

Nevis 100 % RE will be achieved
by Geothermal. Other mix can be
(50% geothermal energy, 25% PV,
25% Wind)

1)BESS with 4hrs storage, redesign of
the Nevis grid. Add a transmission

In Day-2, the scenario will
be in the grid model.

35 MW PV case for St. Kitts
is also tested.

1) 4hrs storage case will be
considered in grid model

st 27 Jul To confirm present'situation *RE target and cha!lenges, revise of activity, country? system N . 2) GFM updated situation is
Seminar 2022 and needs for seminar general issues of grid with large RE 2) SCO by Utility company. Grid : ;
. ) : - - provided in no. 3 of Day1
penetration ¢ Microgrid Concept for resilience forming inverter can be part of the
ond 3-5 Oct To share basic technical Overview of Power system, per unit method, solution once commercially available.
Seminar 2022 knowledge for grid analysis modeling, load flow analysis, introduction of Other requests to 1) Nevis have 11kV distribution system. 1) Included in Day-1, no,6
with large RE method, software and tools consider in grid model  Addition of a transmission system will  2) Included in Day-1, no.5
3rd 6-8 Dec To conduct and exercise grid Grid modeling, Microgrid, example, Load flow and simulation. enable separation of T&D.
Seminar 2022 modeling and analysis analysis and stability analysis, evaluation 2) Short circuit analysis.
4th 18-19 Jan Review and exercise of grid Detailed system and countermeasures, Plea-sfe provide _ - incgntive/tariﬁs for other types of ~ -Demand side .mgnagement
Seminar 2023 analysis with scenario cases protection, Exercise of tools for grid analysis Additional suggestion grid improvement beyond storage  -Weather prediction system
with various RE scenarios for seminar - Weather prediction (15 min. included in no. 2, Day-1
Final Mar 2023 To confirm outcome of project Review of TC activity output, policy ahead) required with microgrids
JCC and way forward recommendation, Program in Japan
N ST o= Japail IS auviial CUUPEIauull ABEliLy | D NIPPON KOEI pHDECO Japan International Cooperation Agency | 6
Introduction ° Ch t . t_ f VRE ’—.\
rd i oL aracteristics o oL
Feedback at the 3" Seminar (2) jica’ jica’

ltems___[Feedback ________________________|4"Seminar |

1) Cost of grid stability based on various RE, overall cost
impacts of technology mixes as PV penetration increases.

2) The approach to building the model. What do you consider
when using lumped parameters? In ETAP?

3) Hormonics or less distortion

4) The impact of load shedding at various times of day of
feeders which have PV penetration and complications that
result when tripping occurs.

1) Included in Day-1, no.3

2) Included in Day-2

3) Included in Day-1, no.7

4) Let’s try in Day-2 (most
severe case)

5) Included in Day-3

6) Sorry. We can not

Questions that
you would like
to know more

= T |

Wind

- Unpredictable generation output change

produce ramps according to weather condition
Depending on geographic areas, fluctuation comes at

[}
00:00:00 04:00:00 08:0000 1200:00 16:0000 20:0000

Wind Output

0 H -
; . L W‘g\ once if it installed in the same valley
PV

- No output in night-time and rainy day
- Large fluctuation in tropical climate (likely to change

80% in a minute)

Both (VRE):

- It does not always generate when needed. Load-supply

PV output

AR

y  im|

matching is an issue
Time coincidence of VRE, there can be times when there is

detallls it 5) Safety considerations of GFM, which seem to be able to SInce opensource 1S
seminar - . . . not recommended.
continue operating when power is lost from the grid. 7) May discuss in
6) Calculations or model development in open source software Pro}éram in Japan
e.g. Octave, Python, etc. 8) It is same as RE with
7) Shallow geothermal wells compare to deep wells thermal
8) Combine RE source of energy, Geothermal and hydro
Particular 1) Solar without storage 1) Brings stability issue
challenges 2) more specific discussion of SCO, more worked examples 2) discussed in Day-2
of grid 3) using BESS for black start 3) Included Day-1,no3
stability, RE, 4) Using a BESS for frequent discharge on the system :effect  4) Included Day-1, no2
others in battery degradation and the life of the battery. 5) Included Day-1, no.7
5) Harmonic distortion and frequency stabilization
NIPPON KOEI pﬂDECO Japan International Cooperation Agency | 7

too much supply. Curtailment of VRE is necessary
—>energy storage/control cost need to be considered.
Challenges in Caribbean Islands:
- Lower cost than tariff >rapid private investment
- Frequent change of weather
- Limited area for transmission and smoothing
- Limited stable RE (hydropower/geothermal)
nippon koer  (PADECO

Challenges for
- Cost for stability : who covers?
- Technical and regulatory matters

Japan International Cooperation Agency | 8
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Arrangement toward 100% RE

VRE 0%

Ongoing
Technology

\/

Curtailment

v

Energy Storage
& BESS

\/
\/

Demand

Response (DR)

_—
9 J
jica

| Voltage and frequency Stabilization |

Emerging
Technology

CSP, Biofuel
generation

Grid-forming
Inverter

Curtailment of VRE energy in PCS to make grid stables,
smart inverter

Governor Free (GF), Economic Load Dispatch (ELD),
Load Frequency Control ( LFC)

Energy storage: Battery, flywheel

Reactive power supply: SCO, Statcom

EV charging time shift

Demand side management

Regulatory framework change, review of grid code

Insufficient Inertia, Synchronizing Force

Battery-Motor generator set

Biofuel (diesel, jet) for DG

CSP (Concentrated Solar Thermal Power)
Gravitational Power

Grid forming Inverter

H2 generation from RE by electrolysis

Power Tariff and RE Levy

Is the increase in RE penetration so far helping or hurting electricity price?

JPY/kWh

25 —

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

1USD =135 JPY

Average JPY/ k Wh

= RE Levy
JPY/kWh

Power Tariff in Japan (JPY/kWh)

RE % inJ

apan

——RE Levy
IPY/kWh

.0
jica’

In case of Japan...

VRE Percentage: approx. 10% in 2021
RE Levy is approx. 10% in 2020-21
10% VRE in kWh base is 20-50 % of
VRE capacity base

RE Levy (additional tariff/kWh for RE
cost) is likely to be proportional to
VRE percentage

Stabilization cost > fuel saving

-Future ??

1 3216 H VAT
= RE
Levy

Gen,
T&D
‘cost

VRE - Seasonal large scale storage e e —
100% hytro MGeothermat Mcmass Wiid 7y Power Tanff in Germany (Usc/kWh)
° SCO: Syncronous Condensor Prepared by JET from METI and Enetech data hitps:/iwww.de-infq get/
NIPPON KOEI pHDECO Japan International Cooperation Agency | 9 NIPPON KOEI pﬂxc Japan International Cooperation Agency
Introduction Introduction

Summary of Status (St. Kitts and Nevis)
| Felds | staws | ProjectActivity |

Energy Efficiency

Renewable Energy:

Grid Stabilization |

Thermal Power
Generation

NIPPON KOEI

Energy Source:

Electricity (63%) , Oil (37%)

Load Curve: Bactrian camel type

Annual Peak Demand: about 25MW (St. Kitts)
about 10MW or more (Nevis)
Peak Period: around 11am, 6pm-8pm (St. Kitts)

=

Priority 1: Optimized
operation with inverter
Priority 2: Mini split AC
with inverter

Priority 3: VRF

around 12am, 6pm-8pm (Nevis)

100% RE by 2020 target

0.7+0.5 MW PV (St.Kitts), damaged

2MW wind operated at 1.1 MW (Nevis)
Bellevue 5.4 MW wind, Leclanche 35MW PV

6MW 34 MWh BESS planned for 35MW PV
Output suppression of wind conducted in NEVLEC

Monitoring RE project
incl. geothermal
Training for grid
simulation
Introduction of asset
management

Thermal power plant: total 13 units (St. Kitts),

total 8 units (Nevis)

Installed Capacity: total 44.9MW (St. Kitts) -
total 21.3 MW (Nevis)
Peak demand 24MW (StK), 9.83 MW(Nevis)

~ADECO

Japan International Cooperation Agency | 11

RE Status and Plan in St. Kitts & Nevis

s

Source:
ESMAP

Wind potential

;L.

Solar potential -

Source:
ESMAP

| Necessary consideration for future RE

s

Location | Project and Location | Type |Gapacity| Year
St.Kitts  |SCASPA PV 0.7| 2013
St.Kitts  |SKELEC PV 0.5| 2015
Nevis Windwatt Wind 2.2| 2011
St.Kitts |Leclanche PV 35| 2024?
St.Kitts  [Bellevue Wind 5.7|planned
Nevis N3 Geothermal -Ph2  |Geo 30| 2025
Nevis N3 Geothermal -Ph3  |Geo 15|proposed
Nevis N1 Geothermal -Ph4  |Geo 15-30|proposed
Nevis Off-shore wind -Ph4 Wind 50|proposed

1) Grid stability analysis for new 35MW PV system
2) Update of geothermal development
3) Nevis plan with Interconnection (11kV, 66 kV)?
Phase Nevis Geothermal and Grid Interconnection Plan (provisional)
Phase-1 Power Grid Reinforcement from 11kV to 66kV
Phase-2 Expand 66kV, 30 MW Geothermal at N3, Connect into St. Kitts Power System
Phase-3 Hydrogen Based Project at Long Point, Install 15 MW Geothermal at N3
Phase-4 66KV from Long Point to Camp, Offshore Wind at 50 MW, 4hr BESS, Additional
Geothermal from 15MW to 30MW at N1, Expansion of Hydrogen Based Project
NIPPON KOEI pﬂDECO Japan International Cooperation Agency | 12
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4th Seminar on Grid Stability and Large RE
for St. Kitts and Nevis (Day-1)

2. RE and Microgrid Planning

NIPPON KOEI  [PADECO

Japan International Cooperation Agency | 13

Feedback: What is Cost of grid stability based on various RE?

-

.
Cost of comparison of Grid Stability for various REjicA’

Cost of stability is depending on plant factor and fluctuation of VRE

- lower plant factor requires large battery storage size (inverse proportion)

- larger and more rapid fluctuation requires larger ramp rate of spinning reserve and
battery discharge speed

- Smaller cost of kW output requires larger cost of grid stability

- Total cost of RE and grid stability needs to be considered in planning

- RE cost is site specific. F/S for respective project is necessary.

Total installed costs Capacity factor Levelised cost of electricity
ozL usD/w) ozL usD/win

D D
Bioenergy 2714 D555 -13% 2 68 -6% 0.078 0.067 -14%
Geothermal 2714 3991 47% 87 77 -11% 0.050 0.068 34%
Hydropower 1315 2585 62% 44 45 2% 0.039 0.048 24%

Solar PV 4808 857 -82% 14 17 25% 0.417 0.048 -88%
CSP 9422 9091 -4% 30 80 167% 0.358 0.114 -68%
Onshore wind 2042 1225 -35% 27 39 44% 0.102 0.033 -68%
Offshore wind 4876 2858 -41% 38 39 3% 0.188 0.075 -60%
Source: RENEWABLE POWER GENERATION COSTS IN 2021 (IRENA)
NIPPON KOEI pHDECO Japan International Cooperation Agency | 14

Cost of comparison of Grid Stability for various RE ™,

Capacity USc/k | Availa- | Cost for stability
factor Wh bility
PV

13-18% High 4-10 Everywhe Highest. Need spinning Lowest generation
i reserve and battery for rain cost, Highest stability
day/night time cost
CSP 30-80% No 15-40 Limited Zero Emerging technology
Wind 25-50% High 5-15  Limited Need spinning reserve/battery  Cost can be reduced
potential by smoothing in wide
area area installation
Geother -95% No 15-20 QU_ite Zero or negative, as base load. |deal
mal limited Ramp rate : 20%/min of output
Hydro 10-90% No 4-20  Very Negative, as spinning reserve . Seasonal fluctuation of
limited Ramp rate: 10-30%/min water availability
Biomass 20-80% No 8-20 Limited by Zero. Ramp rate: 1-4%/min Depends on feedstock
Feedstock availability
Biofuel 0-80% No 20-40 Need Negative. It can be used as Fuel cost is high
import . spinning reserve. Ramp rate:
20%min
Biogas 20-90% No 10-20 Limited Negative. Best as spinning Depends on tank size
reserve. Ramp rate: 50%/min  and feedstock
of output
NIPPON KOEI  MADECO Japan International Cooperation Agency | 15

Feedback: Weather prediction (LIDAR/satellite/etc; 15 min. ahead)

Weather prediction system for VRE

Weather prediction system provides forecast PV output
- Satellite is used for more than 1hour ahead prediction

and contribute stability
- Jamaica JPS applies AWE system
In case of Solcast API
- Analysis on live and forecast data

data updates every 5 to 15 min

% errors of Intraday & Day-Ahead PV Power Forecast

-

)
Jica

- The system enables preparation of optimized spinning reserve

- The live and forecast data products deliver PV power, irradiance,
and weather data globally, with spatial resolution of 2km and

Tvoe Data source +1 hours +3 hours +24 hours
yp ahead error(%) | ahead error(%) ahead error(%)
Solcast (2.4% t0 3.8%) | (3.2% to 5.6%) ‘ (4.5% to 7.0%)
Tropical/Subtro Smart
pical, Humid (7 . (3.0% t0 5.3%) = (3.7% t0 6.9%) | (3.8% to 8.6%)
sites) Persistence
GFS (4.6% to 8.5%) |
https://solcast.com/forecast-accuracy
NIPPON KOEI pﬂDECO Japan International Cooperation Agency | 16
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Feedback: Weather prediction (LIDAR/satellite/etc; 15 min. ahead) MiCI‘O I‘Id COnce t
Weather prediction system by Sky Camera for VREJICA) 9 P
For short time advance prediction, whole-sky camera system will do.
- Weather prediction for 5-30 minutes advance by detection of cloud movement with

Concept of Micro-grid

Whole-Sky Camera Distribution v’ Respective Micro-grid is
- Al reads image and predict short-term irradiation (ex. SolarMi by Skyperfect JSAT) Substation & connected each other, and each
amo L= === ek | [ Pawrsf"l::':"“" ™ E Micro-grid can work
2000 Okl E?, independently

v' Local energy production for local
consumption
v Generation: PV, wind,
.é* biomass, DG, GT, battery, etc.
g v Demand: industry,
o commercial, home, EV, etc.
1 v No transmission = loss saving
T v With IoT, control system, EMS,
byeey|  demand response, smart meters

v/ Enhance resiliency

Output (kW)

000 4/2 1200 4/300:00 4/3 1200 4/4 00:00 474 12:00 UEW 475 1200 »

PV output time series variation (1 Apr to 4 Apr9)

Parking
p https://www.data.jma.go.jp/sat_info/himawarindan/kai3/shiryou3_2-2.pdf Source: Smart City Development and Recent trend in Electric Power Network, Waseda Univ.
NIPPON KOEI ADECO Japan International Cooperation Agency | 17
- - agm — —
Microgrid for Resilient System «® ) | Microgrid Plannin 9 )
: . jica g g JicA
-- Autonomous Micro Grid
Residences i - Legal requirement for microgrid by the regulatory authorit
= i Study for legal requirement of g q 9 y 9 y y
— Th I G tion Plant g . :
* : (t:'/llulésrtgé?i(jd N Nuirlg;ar Genzr::tri?)rzolglan?n Izl regulators considering affect on - Method fqr emergency recovery, switching from microgrid to
P — =P - transmission line outside of Microgrid master grid, Affect on adjacent areas.
Wit L) et e eeeeeaeeeoeeoeeeeeeeeeeeseeeoeeaeeeeeeeeaeesieeareeeiresrtsieeisissessesssessesessresseseissesieisisssieisrssiesieisresiesecsresisircsissimtresimeres
S LN B :
: |z| Estimation of load and demand at - Estimate demand of daily curve, total demand of the day/week /
= Building peak condition in Microgrid year, at peak condition, abnormal condition
Smart Houses
ith PV and E Clustered Mlcrogrld / | *
wi arghop = I Power Exchange between Clusters : - Determination of capacity of generation system, design, selectio
— : E Plan for system structure of Microgrid of equipment.
—_— Clustered : in distribution lines based on demand - Preparation for emergency (load shedding, control, etc.)
x g - Protection and control method considering supply and demand
. == 0 A, communication LN o
Solar Generation / Transformer ﬁ! N IEI New system installation/enhancement - Plan RE facility with energy st_orage l?ased on demanld
‘*@ | d - . d i H for stabilization facility requirement - ﬁ)or;smtgr neczssatry stt?b't"zslt_'to” equipment considering
| ey : for RE and supply-load balancin uctuation and output instability.
Clustered M |Cr0g rl ReSIdences! PPy 9 - Grid plan: Load flow analysis and transient analysis
‘ Batte Energy Managementof = -..".."......".."...........".."......".."..."....."..."..........".."..T"."...".."._ ------------------ e - ------- s e -
) Electrical Facilities in A Cluster ﬁ System requirement and legal - REVIeV\{ regulgtlon and rules including grid code for connection to
| : b Shops 5| | confirmation for inside and outside transmission line
\‘ Microgrid - Operation method at the time of emergency recovery and
[ I minimize outage
=\ —- | IEl Finalization of system configuration - zgspe;dc on supply-load balance, finalize system configuration
Butldings and specification for whole Microgrid - Operation and EMS development, communication system

Charging Station
NIPPON KOEI pﬂDECO Smart Houses with PV and EV Japan International Cooperation Agency | 19 NIPPON KOEI pﬂDECO Japan International Cooperation Agency | 20
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Microgrid Planning

(1) [Max kW of peak day

(2) |Demand consideration yr

(3) |Demand increase %/yr

(4) |Final peak demand kW

(5) |Reserver rate

(6) |Design capacity kW

(7) |Present energy demand kWh/d

(8) |[Design energy kWh/d

(9) |[Specific PV generation kWh/kW/day

Design PV Output kW

(9) Calculated from
- lIrradiation: | kWh/m2
- PV output: P kW/m2
- Design coefficient K

_—
9 )
Determination of generation output (in case of PV) JICA
YT 12 (1) Peak demand
10 1
....... L 08
1,230
10% ZA(t)
1,353
20,962
23,155 0
""""" L) 0:00 2:00 4:00 6:0 00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
..... 4,164 o
4,400 Example of Load Ce for Microgrid (MW)
Average increase: 1.0%
1,150 I
1,100 -
1,050
E 1,000
g 950
900
850
WARD 800
2012 2014 2016 2018 2020 2022 2024

Solar Atlas provides
typical kWh/kW/day

nippon koer  PRADECO

N
ERLAND

Annual peak demand kW

Japan International Cooperation Agency | 21

-
Microgrid Planning: Determination of Battery Capacity ji’ )
(7) |Present energy demand kWh/d
(11) [BESS PCS output kW s
(12) |Efficiency of PCS 95%| Where,
(13) |Battery Capacity kW 1,425| S : Energy Capacity of Battery (kWh)
(14) |Capacity rate after cycle life K 0.8| n:nos of days to store energy
(15) |Depth of Discharge D 0.8| A(t) : Hourly demand of battery coverage (kWh)
(16) |Charge-discharge efficiency n 09| L: Maintenance factor =K x D
(17) [Nos of days to store energy n 1 K: Capacity after cycle of life, generally 0.8 for LiB battery
(18) |Design Battery Energy kWh 35202 ; D: Depth of discharge , generally 0.8 -1.0 for LiB battery
Quite large to store all |~ ¢ Charge-discharge efficiency of battery
24h energy!
12 120%
100%
1 \
> 80%
0.8 ©
T 60%
06 ZA'(t) 8 40u
04 20%
0.2 0%
0 1000 2000 3000 4000 5000 6000
0O:OO 2:00 4:00 6:00 8:00 10:0012:0014:0016:0018:0020:0022:00 0:00 Cyde

Capacity of Battery against Year
Prepared by JET
Japan International Cooperation Agency | 22

Example of Load Curve for Microgrid (MW)

nippon Kkoer  PADECO

Microgrid Planning:

Grid Investment plan:
(Capacity of grid with
planned RE)

- Power Flow Analysis

Grid Operation plan:
(stable operation
avoiding disturbance,
accident, power cut,
black out)

- Transient Analysis

Optimum operation
—>Economic Load
Dispatch /LFC

nippon Kol PADECO

—_—
Analysis for Stability ji’CA)
Additional RE power to grid :
Is current grid capacity enough to accommodate planned RE?
- Power Flow Analysis is necessary to confirm :

- if grid capacity can accommodate RE

- to check active power & reactive power, voltage

- the steady state with most severe case (maximum power) is

applied - grid modification plan to be prepared

Voltage and frequency will fluctuate according to VRE

- Transient Analysis is necessary :

- Power system stability with VRE fluctuation need to be

calculated by using acceleration and deceleration of energy

- Necessity of Available Transmission Capacity and Spinning
Reserve can be analyzed

- Requirement for Stabilizing equipment to be assessed

Operation of generators based on merit order to minimize fuel

cost for generators (especially with thermal spinning reserve)

- Economic Load Dispatch provides operation mode for
optimized operation

- ex. Cost of Battery vs Cost of biodiesel
Japan International Cooperation Agency | 23

ﬁ\

Inertia and Synchronizing Force with RE ji’m)

Large scale Generator (DiSkV‘:ZiE’::'aSpeed) (GDriiSK\/Sggﬁ;es) Dis':;g)éjted
VRE Power B

Frequenay
(Rotation  *
Speed) : .

Generatot T
Voltage = | 4
(Disk Radius)

=

Roofto
Transmission line P

I A Glenerator Loa'd /ﬁ PV
Ll

Synchronizing Force
= the power to make rotating
speeds of both disks same

Prepared by JET with reference
to https://www.tdgc.jp

Inertia: The force to keep the rotation of disk when load is changed
Synchronizing Force: The force to keep rotation speed of disks. It keeps back to the same
rotation when generation power and load is varied, without entangling.

Fluctuation of large scale VRE affects to generator at generation side and load side
= Inertia and Synchronizing Force need to be enhanced for grid with large VRE
nippon koer  (PADECO

Japan International Cooperation Agency | 24
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Synchronous generator and VRE

_
9 )
Output fluctuation by inverter connected VRE may cause black out JICA

Synchronous generator: The power source establishes and maintain voltage and frequency

with reactive power. It combines with other generators by synchronizing force

VRE/BESS with inverter: DC is converted to AC. There is no rotation, no synchronizing force.

It monitors grid AC voltage and wave and adjust accordingly = no contribution for stability
Frequency (HZ) SIE:L(SS:O:r?(;g?rfgqejency load shedding

! . RoCoF: Rate of Change of Frequency
Generation

" Nadir: minimum value of frequency
disconnection reached during the transient period.

Less synchronous generator, larger VRE

Rate of Change v
of Frequency 1\

(df/dt) (RoCoF) e

{Affected by inertia, "

generation loss

i - Time

If Nadir< UFLS - load shedding

Recovery by GF and load shedding

Source: OCCTO Committee on Demand-
supply Balance on 27 Oct 2020

NIPPON KOEI  [PADECO

Japan International Cooperation Agency | 25

Black-out when

InSUffICIent SynC- Gen- Sync.Generator

If synchronous generator is reduced and
inertial is not sufficient

- Frequency drop, with no recovery

-> Chain reaction of loss of VRE

- Black out

Frequency (Hz)

Generation
disconnection

Sufficient Inertia
- Frequency
recovery

_
A/
Sﬁnc,.Gﬁenﬁerator

L0

Sync.Generator

L0

Sync.Generator

VRE+BESS+Inverter

W

Sync.Generator

' Power Grid

Power loss
Sync.Generator

4

VRE+Inverter

Sync.Generator

Increase of VRE+BESS+Invert

. VRE+Inverter
VRE+BESS;Inverter

%’ Sync.Generator

Sync.Qengrator

Power loss

RoCoF>2Hz/s | Ny S _ __ __ Power Grid
- Chain loss Reduced Inertia VRE+Inverter 4 VRE+|nverter
of VRE >RoCoF? Black Out!
;oglf:r; R;a(t)efz VRE+Inver1er
Frequengcy = Sync.Generator VRE+Inverter

BIaCkOUt!! Source: Transmission and Grid Council, Japan
NIPPON KOEI pHDECO Japan International Cooperation Agency | 26

Emerging technology for large RE with Grid stabilization : Generatior],a"“‘J
with Inertia and Synchronous Power JICA

Type of Technology Advantage Develop stage

i s Motor - Energy in battery provides - Used as frequency

kit

generator synchronization and inertia conversion
. o e o (MG) - Small scale supply, for micro grid - Commercial operation
! 1 i Gravity - Gravity of recycled Concrete Pre-commercial, 35 MWh,
| ; Storage block 35ton/nos 4'\:3';/\5 per tower
! 9 _ q a g n= %
s <l d  Battery Provides inertia 52.5GW planned in USA
energyvault.com/gravity - Half cost of Li-ion battery
CAES - Compressed high pressure air -demonstration by NEDO
it i (Compressed - (Liquid air may be developed) - 900 MW in California
o 1 e ar energy - Provides inertia - n=70-80%
www.nedo.go.jp/news/pre storage)
ss/AA5_100756.html
e CSP - With turbine, provides inertia - Commesrcial operation at
GO oo and synchrontator
” SSOIT power)  _  Cost decrease expected, higher  under development ’
olar - _
pr—— thermal efficiency than PV, n=50%
B = Grid- - Dynamic active/reactive power, FRT, - Under development
~ D 2 L-JD ! . forming frequency control, inertia - (Smart inverter by
Source: CIGRE _ inverter - Applicable to existing PV IEEE1547, Mandatory in
-_(Smart Inv: FRT, VRT, voltage support) Hawai )

Microgrid Ex.-3: South Australia Yorke Microgrid

https://www.electranet.com.au/new-battery-charged-and- -
ready-to-power-lower-yorke-peninsula/

ﬁ\ T Dalrymple substation
é mw
‘[ @

; vl
Dalrymple E
BESS %

30MW/EMWh Load/DER

9IMW
wind Farm

NEM

Grid Forming Energy Storage System addresses challenges of
grids with high penetration of renewables (A case study),

CIGRE, 2020
NIPPON KOEI  [PADECO

—
[ 1~ J
JICA
One circuit 132 kV line is connected to the area, which
once had frequent outage and issue on reliability
Autonomous microgrid, sifted to independent operation
without outage, seamless islanding
91 MW Windfarm provides power
BESS provides virtual inertia, reactive power
compensation, and black start function
System provides ancillary service with frequency
adjustment

ltems ___| Description ________|

Utility Electra Net

Area Dalrymple, Lower Yorke, SA
Substation Dairymple S/S 132/33 kV
Generation 91 MW Wind

BESS 30 MW/8MWh ABB

Project cost 30 mil AUD (of which 12 mil AUD

is financed by ARENA)

Japan International Cooperation Agency | 28
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4th Seminar on Grid Stability and Large RE 9™
. JICA
Day-1 Session

3. Development Status of Grid Forming Inverter(GFM) and its
Safety
- Current Status

- Blackout with GFM & Black Start using Battery Energy
Storage System(BESS)

5. Special Protection System including Load Shedding,
Photovoltaic(PV)/Wind Turbine(WT) Generator Trip

6. Inter-connection, Simulation Cases future grid of St. Kitts &
Nevis

8. Measurement Function of Inverter, Grid Code

NIPPON KOEI  [PADECO

Japanminternational Cooperation Agency | 1

Feedback from 8 )
3rd Seminar on Grid Stability and Large RE  JICA
i. Current states of the development of Grid Forming Inverter

(GFM) and safety condition of GFM
i. Describe in Day-1 Session 3

ii. Example of special protection system (SPS) with RE and impact
of load shedding of feeders with PV penetration
i. Describe in Day-1 Session 5

iii. Optimizing size of battery & BESS for black start
i. Describe in Day-2 Session 2

iv. Hydrogen
i. Describe in Day-1 Session 4

v. Harmonics or less distortion
i. Describe in Day-1 Session 7

niPPoN KoEI  PRADECO

Japanminternational Cooperation Agency | 2

Feedback from 3rd Seminar on Grid Stability and Large RE _

This section is a feedback and request of current states of the [ /
development of Grid Forming Inverter (GFM) and safety condition of GFM

3. Development Status of Grid Forming
Inverter and its Safety

<Current project for the development of GFM>
GFM Projects in Japan
- New Energy and Industrial Technology Development
Organization(NEDO) project with Tokyo Electric Power Co. (TEPCO),
National Institute of Advanced Industrial Science and
Technology(AIST)

GFM projects in the world
- Europe Union(EU): OSMOSE, MIGRATE, Smart Net

- USA: Grid Forming Research Consortium, Department of Energy(DOE)
program

nipPoN KoEl  PADECO

Japaninternational Cooperation Agency | 3

National R&D project in 2019-2021 in Japan

9
Next-Generation Power Network Stabilization JICA"
Technology Development for Large-Scale Integration
of Renewable Energies

Project of NEDO (New Energy and Industrial Technology Development Organization)
2019-2021 (Partially last to 2023)

The development of Grid Forming Inverter is one of the subject of
Item 3 in the following 4 items of this project.

Item1: Dezv(;azl%gment of control units for Japanese connect and manage grid (last to

Item?2: Development of control method to cope with decrease in inertia using phasor
measurement unit

Item3: Development of optimal method to control voltage and power flow in
distribution system with IBR

Item4: Development of optimal standing detection method in high voltage
distribution system

https://www.nedo.go.jp/english/activities/activities ZZJP_100150.html

nipPon KoEl  (PADECO

Japaninternational Cooperation Agency | 4
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National R&D project in 2019-2021 in Japan "'\
Next-Generation Power Network Stabilization  jica’
Technology Development for Large-Scale Integration
of Renewable Energies (Birds-eye view)

This is the graphical image and relationship of each item of this project.

_.. Development of basic technology
g I to cope :vith decreases in inertia
F- ) | A | - -
'ﬂﬁj | ', I Widea'rea data collection

211 * 1 e
s~

——— Power transmission
—— network

Po;mar distribution nétwork

5 @ .
(ISPl Development of optimalmethods for p ; w
controlling voltage and power flow in @8 =5 pevelopment-ofioptimal'islanding detection

power distribution systems method for power conditioning subsystems to

. % prevent voltage flickering in high voltage

grid-connected operations
Utilization of functions for smart inverters

Development of control units that realize
Japanese-style “connect & manage” grid

Item 1 Item 3

https://www.nedo.go.jp/english/activities/activities ZZJP 100150.html

nippon koer  [PADECO Japaninternational Cooperation Agency | 5

—

National R&D project in 2019-2021 in Japan 9
Item 3: Development of basic technology JICA
to cope with decreases in inertia (Scope)
@ R&D for real-time inertial estimation (@ R&D for inverter-based synthetic inertia
emote ) & A . Nationwide m“:;"“ )
mr;nitoring ﬂ — ’r_____‘:f— % (C:‘Z?ardinagon [ improve RoCoF ::1Ieg:1tia
Ao (D B P am
' m [ .‘\ /’ inertia
Igg’.e"u; fal \;_L/' improve Nadir

Develop the inertia monitoring system Develop countermeasure for low inertia

H Scope: Cf. TEPCO report

> R&D for the inverter-based synthetic inertia.
v' Option 1: Add a new function to the legacy Grid-following Inverter (GFL)
v' Option 2: Develop the novel Grid-Forming Inverter (GFM)

» Development of simulation model and evaluation of inverter-based
synthetic inertia capability.
https://www.nedo.go.jp/english/activities/activities ZZJP 100150.html

nippon koer  PADECO Japaninternational Cooperation Agency | 6

National R&D project in 2022-2026 in Japan ""*

oL )
STREAM Project Jic

Future-generation power network Stabilization
Technology development for utilization of
Renewable Energy As the Major power source

Project of NEDO (New Energy and Industrial Technology
Development Organization)

- Development of Inverter Based Resources(IBR) as Measure
against Low Inertia Grid (Group1-3)
- Test Grid Forming Inverters Produced by 4 models and 5 functions
- Show the revised proposal of grid code for Grid Forming Inverter(GFM)
to Organization for Cross-regional Coordination of Transmission
Operators(OCCTO)
- Development of Grid Forming Inverter(GFM) for Microgrid
with Renewable Energy for major power source

nippon Kol PADECO

Japaninternational Cooperation Agency | 7

STREAM Project overview of Groupl and Group2 ji’c:’

i’_—l Groupl Development of Inverter-based Countermeasures for low system

inertia (TEPCO Holding(HD), TEPCO Power Grid(PG), AIST)

*Requirement and specification study.

*Design & development of Prototype. Lab testing: Smart System

+3 venders for battery storage inverter and 1 institute with vender for PV gesearch Facility, AIST
inverter. )

Iﬁ Group?2 validation and testing (TEPCO HD, TEPCO PG, CRIEPI, AIST, JET

« Study for Key Performance Indicator(KPI), Lab/Field testing, and

certification of grid forming inverter.

Laboratory testing

« Development of test procedure achieving certification.

« Impact assessment of new function with Virtual(HIL)
testing technologies

Demo field testing

* Testing on full-scale distribution systems

* Remaining test that lab testing do not cover

Prototype improvement

« Grid interconnection testing and conformance to
requirements

* Revision of inverter requirements

Demo field testing: Akagi
testing Center, CRIEPI

yf Output ) © o TEPCO:Tokyo Electric Power Co.
ﬁ/ * The standard for equipment specifications CRIEPI:Central Research Institute of Electric Power Industry
+ Data/report for revision of Grid Code AIST: Advanced Industrial Science and Technology
JET:Japan Electric Safety & Environment Technology
wiepon koer  (PADECO

Laboratory . .
Japaninternational Cooperation Agency | 8
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STREAM Project overview of Group3  jjca’

.' | Group3 Simulation based impact assessment study
*This study will share and/or reflect to Groupl and Group?2.

Phasor-based simulation (Hiroshima Univ., Kure tech.)
*Development of control algorithm for Grid forming inverter
*Development for Phasor-based simulation technologies and

analysis study for grid system stabilities. <

EMT-based simulation (AIST)

« Study for rotating angle stability.
* The parametric sensitive analysis of grid-forming inverter.

Model aggregation (Hokkaido Univ.)

*Development for combination analysis with aggregation
model. i :

*Impact analysis for the main transmission line with grid- 107  10s 10° 101 10t 10° 108
forming inverter

Impact assessment study of inverter-based countermeasure for

future power system (Tokyo Univ., Waseda Univ.)

* Planning and simulation for demand and supply.

* Development of Unit Commitment (UC) model

»Making a plan/Analysis of multiple scenarios for a type of
power unit.

« Study for integration of synthetics inertia GFL/GFM inverter.

« Simulation apalysis based on the IEEJ-EAST10 model.
NIPPON KOEI  MRDECO

Electro Magnetic
Transient simulation

electromagnetic transient analysis

Root Mean Square
simulation

SEIMBRRAT

P RMS based analysis

Time (seconds)

Japan International Cooperation Agency | 9

The Fukushima Renewable Energy Institu (F )

National Institute of Advanced Industrial Science and Technology(AIST) .iCA)

established the Fukushima Renewable Energy Institute in Koriyama, FukusHima
Prefecture in April 2014, to promote R&D into renewable energy.

The Fukushima Renewable Energy Institute, AIST (FREA) has two basic

missions:

(1) Promotion of R&D into renewable energy, which is open to the world as a
novel research base to develop innovative technologies in collaboration with
domestic and international partners.

(2) To make a contribution to industrial clusters and reconstruction

o

Ammonia Testing o
Facility Wind Turbine
= 300kwW

Pure Hydrogen Bldg
MCH Bldg

Energy Management
Bldg

Smart S}stem
Research Bldg

= Demonstration
Experiment Field

—te/

" Generator

L e ]
Geothermal
Application
Experiment Field

PV
Generator

T LIURYY

Bldg

- FREA Main

Bldg_ s

Japanminternational Cooperation Agency 110

Site Area 78,000m?2
nippon Kkoer  PADECO

Smart System R&D Test Platform (FREA-G)

One of the world largest testing facility for Smart Grid
Grid Forming Inverter is tested for development worldwide here.

A. Grid Connection Test Bed

> Compatible with worldwide interconnection test for
DER (Fault-Ride-Through, anti-islanding, etc.) with
grid simulator.
> Grid simulator is a programmable AC source that
emulates grid characteristics to evaluate performance
and reliability of grid-connected equipment.
® Maximum capacity of Grid simulator: 5 MVA
® PV and Battery emulator: 3.3 MW up to 2000V
® Inverter testing capability: up to 3 MW

B. Safety Test Bed
> Emulate realistic temperature and humidity environment

to evaluate safety and long-term reliability of grid-
connected equipment. e.g., thermal cycle and humidity
freeze test, surge voltage test, etc.

> Other safety testing e.g., surge voltage test

C. EMC Test Bed

> Testing for electromagnetic radiation from/to grid-
connected equipment.

.L’
jica’

Facility for Smart Grid Research

[:In

> Evaluate multiple system level DER capabilities e.g.,
microgrid lab-based demonstration, energy
management system (EMS) testing such as DERMS,
VPP, etc.

NIPPON KOE! Japan International Cooperation Agency 111

Feedback from 3rd Seminar on Grid Stability and Large RE ,
Black Start using BESS jica’

This is a feedback about question of
the way to supply power to the grid
when the grid power goes off.

?1n rast af the weker

- aamtery Back Start | e
In order to continue to supply -”:,'ﬂ,‘_“"- Jerue

electricity, Grid Forming
Inverter(GFM) can be a kick (a)
starter, when black start will be ——ii—:—mﬁ‘ :
applied after blackout. if energy

resources is available T __l_
continuously. Lo s mltury = =

NREL(National Renewable Energy
Laboratory), USA proposes the
way for black start using GFM in
4 ways.

Black Stark
Resource

= Kkhssartiau power
=i Blach Ve puwer

Batmery!
P & Rattary

Black Srar Bsauns

(a). Config. 1: On-site Kick-Starter for a Blackstart
(b). Config. 2: Remote Kick-Starter for a Blackstart
(c). Config. 3: Fully Functional Black-Start Resource _f~777""""""" b R Ay e
(d). Config. 4: Collective Blackstart ET ;

il I Generator

P + Battery =
= fllack ptart powar

BlackstartH. Jain, G. Seo, E. Lockhart, V. Battery/ | Bamem’
Gevogian and B. Kroposki, “Blackstart of Powe[ Py + Battery || PV + Battery
Grids with Inverter-Based Resources, IEEE Black Start Resources
20PESGM1199

nippon koer  PADECO (d)
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Battery VS Hydrogen Storage

Jan-18, 2023

JET (UICA Expert Team)

Nippon Koei Co., Ltd.
PADECO Co., Ltd.

wippon Kkoer  [PADECO

Contents

- Battery VS Hydrogen Storage
« Characteristics and Cost of Batteries
+ Hydrogen Storage Applications and Introduction Example

+ An example of the cost of producing electricity with green
hydrogen

wippon Kkoer  [PADECO

Japan International Cooperation Agency | 1 Japan International Cooperation Agency | 2

.. o o

Prerequisites of contents jic/ | Battery VS Hydrogen Storage (1) jica/
Hydrogen What are the strengths of Battey and Hydrogen storage?

E - ABOUT * BLOG * PRICING » CONTACTS
sast 1
'

y - 2 -

e L

Source: Solar Thermal Energy Promotion Inc. Source: Macrovector / Freepik

Please note -

- Technologies related to batteries and hydrogen storage are still
developing.

- Presentation material include examples of a sort of study.

nippon Koel  [PADECO

Japan International Cooperation Agency | 3

Power to Gas | Lead battery | Lithium-ion NAS battery Redox flow
(Hydrogen) battery battery

Energy 1,290 Wh/L«1 40-80Wh/L 200 -300 140 Wh/L 10 Wh/L
Density Wh/L

Energy 75 -80% =2
Conversion

Efficiency

75 -85% 95% 90% 70%

Response 10 seconds *3

Time

*11In case of 70 MPa Compressed H2 Source: JET created this table based on the report of CO2 Free Hydrogen Working Group,

*2 Efficiency of water electrolyzer Ministry of Economic, Technology and Industry, Japan, 2017

*3 Response time of water electrolyzer

wnippon Koel  [PADECO

Japan International Cooperation Agency | 4
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Battery VS Hydrogen Storage (2) Jica

What are the strengths of Battey and Hydrogen storage?

Fast response speed
= Superior ability to follow output fluctuations of renewable
energy

2. Hydrogen Storage
High energy density

= Suitable for large-volume and long-term energy storage

< >

Before discussing costs, let’s first look at the different
characteristics of each

wippon Kkoer  [PADECO

Japan International Cooperation Agency | 5

: R
Batteries Energy Storage System jica’
Fast response speed

= Superior ability to follow output fluctuations of renewable
energy

1. How much capacity do they have?
2. How many hours can it be discharged?
3. Which battery should I choose?

wippon Kkoer  [PADECO

Japan International Cooperation Agency | 6

———
. )

Characteristics of Batteries (1) JicA

The characteristics of each typical battery are shown below.

I L

Lead-Acid > Low manufacturing costs resultin O Faster deterioration as the number
battery lower unit power costs of charge/discharge cycles
> Easy maintenance increases

O Physically large

Lithium-Ion > Compact size and large capacity O Fire hazard
battery > High-current charging and O Extreme degradation after around
discharging 500 charge-discharge cycles
NaS battery > Durability O Requires about 300 Celsius
> High energy density degrees to operate
> Low cost O Handling and disposal of

hazardous materials such as
sodium and sulfur

Redox-flow > Easy to scale up and suitable for O Relatively low energy density

battery large-capacity facilities O Long installation period for large
> Long cycle life, can be used for facilities
more than 10 years O Requires a large site

Source: JET created this table based on the report of CO2 Free Hydrogen Working Group,
Ministry of Economic, Technology and Industry, Japan, 2017

nippon Koel  [PADECO

Japan International Cooperation Agency | 7

———
. )

Characteristics of Batteries (2) JicA

Storage batteries depend on capacity and discharge time.

Output and discharge time of a stationary rechargeable battery

Qutput (kW)

10,000 | &=

Equivalent to about 500
1,000

NAS battery

m
=
o
22
o
o
=
=]
]
&
=2
=
@
.

100 Zinc
Nickel hydride battery rechargeable
10 battery
1
0 2 4 6 8

Discharge time (hours)

Can be used for a long time on a single charge

Source: https://www.mynewsdesk.com/ngk-insulators/news/sodium-sulfur-battery-technology-nas-battery-enables-megawatt-hour-energy-
storage-realizes-a-stable-supply-of-renewable-energy-410813

wnippon Koel  [PADECO
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Hydrogen Storage(1) j

2. Hydrogen Storage
High energy density

= Suitable for large-volume and long-term energy storage

1. How long is “long term storage”?
2. How large is “large-volume”?

3. In what cases is hydrogen storage
advantageous over batteries?

wippon Kkoer  [PADECO

Japan International Cooperation Agency | 9

Hydrogen Storage(2) j

1 Hour

Discharge Time

1 Minute

1kwh  10kwh 100kwh 1MWh 10MWh 100MWh 1GWh 10GWh 100GWh 1Twh  10TWh 100TWh

Storage Capacity Source: School of Engineering, RMIT University (2015)

It is difficult to compare the cost of hydrogen with that
of batteries. The areas of expertise are totally different.

wippon Kkoer  [PADECO

Japan International Cooperation Agency | 10

Case Studies in Japan (1) j

Storage Source: JET created this image based on Hydro Q-BiC, Shimizu Corporation, Japan

Pel’iod A https://www.shimz.co.jp/solution/tech362/
Hydrogen
Month
on Storage
Week NaS
Batteries
D Lithium-Ion
ay Batteries
System
» Scale
A building Buildings Urban blocks
I:> See a case study of hydrogen storage.
nppon koer  [PADECO

Japan International Cooperation Agency | 11

Case Studies in Japan (2) jica’

Buildings of wholesales market

[ | specifications |
N 5N

Location Wholesales Market
Power 100 kW
Demand
= pv 64 kW
4 Water 5 Nm3/h
| Electrolyzer
Hydrogen (1) 80 Nm3
% absorbing (2) 100 Nm3
alloy tank
Fuel cell 14 kW
o Batteries 20 kW - 20 kWh
PV Hydrogen Facilities Lithium-Ion

Source: Hydro Q-BiC, Shimizu Corporation, Japan, https://www.shimz.co.jp/solution/tech362/

wnippon Koel  [PADECO

Japan International Cooperation Agency | 12
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Case Studies in Japan (3) jica’

Office Building (Zero Emission Building)

Location Office building
PV 140 kW
Hydrogen 2,000 kWh
absorbing alloy

tank

Hydrogen Facilities

Basement
il | S

| B
g

- Various energy-saving technologies
+ PV system

+ Hydrogen production and storage
with PV surplus power

Source: Hydro Q-BiC, Shimizu Corporation, Japan,

https://www.shimz.co.jp/company/about/news-release/2021/2021006.html

nipPon Koel  [PADECO

Japan International Cooperation Agency | 13

s
o\l )
Hydrogen Storage System JICA
MHydro Q-BiC1 % § 2
8 ||  § 2 . -
= | %8 < I §35
S 4 2 o 2 05
2 I3 3 2
2 Q © = ©
g | =
. = I":==
A Hydrogen | | Power | ":l':
+ i
- 'l"'l
(02 . . T
- : pt i 1) i
& , IS < gL
\QQ. > Fuel Cell %;L’la §
i ue ells
ReE”r?eVI‘fgSle Hydrc;sil%r;?srs]irbmg . (Powgr : D‘emand
(Energy storage) enezation (Electricity
e and heat)

4eesq{ Optimal management
foss of electrical and
ques thermal energy

-

.
.
-
.
-
-
-

TIET LRI )

Source: Hydro Q-BiC, Shimizu Corporation, Japan (JET translated in EN)

Smart BEMS

wippon koer  [PRDECO

https://www.shimz.co.jp/solution/tech362/

Japan International Cooperation Agency | 14

= (14 M 9 .L’A\
What is “Hydrogen absorbing alloy”? Jica’

Alloy that absorbs hydrogen and releases.

» Compact storage of large volumes of hydrogen: compressed to
about 1/1000th of its original volume

» Low cylinder pressure reduces the possibility of leakage
(Less than 1 MPa)

Cooling and
pressurization

H molecule
TRHD —> TFPPo
SHEH SiSisisis
Q0000 Aoy —O OO0 00

H atom

Heating or
decompression

H molecule (T

e e O =B Ti=Mnl 5) Ti:36~40Wt%, Mn: 9

Source: http://www.daido-100th.com/topics/327/

Source:
https://kompas.hosp.keio.ac.jp/sp/contents/medical info/science/201912.html
Japan International Cooperation Agency | 15

nippon Koel  [PADECO

= (14 M 9 .L’A\
What is “Hydrogen absorbing alloy”? Jica’

The issue with hydrogen storage alloy tanks

O The tanks will be made of alloy, so they are heavier than
cylinders such as compressed hydrogen

O Alloy prices are expensive as of 2022.

x’F N\
TOO00
0000
Q0000
OPO00

N Alloy /

Source:
https://kompas.hosp.keio.ac.jp/sp/contents/medical info/science/201912.html

wnippon Koel  [PADECO
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Image of Hydrogen Utilization ji’cA’

H HH H Source: Hydro Q-BiC, Shimizu Corporation, Japan
POWer generatlon faCllltleS In the SUburbs https://www.shimz.co.jp/solution/tech362/

Japan International Cooperation Agency | 17

Cost of Hydrogen Production jica’

Systems using hydrogen storage alloy tanks are not yet at the
commercial stage.

An example calculation of hydrogen production using RE through
grid in one study and its generation costs as applied to the
CARICOM region is presented below.

[Equipment configuration]

g-» Hi> oo >BEE> | >

Water
electrolysis
(17.5 MW)

RE Power Grid Transportation Fuel cell Power

wippon Kkoer  [PADECO

Japan International Cooperation Agency | 18

Cost estimation of Hz Production (1) jica’

This trial calculation based on purchasing electricity produced
from renewable energy sources via the grid and using that
electricity to produce green hydrogen.

Cost Estimation

Water electrolyzer rated capacity 17.5 MW
(Rated input power)

Annual hydrogen production (ton) 2,936 ton/year
Annual hydrogen production (Nm3) 264,462 Nm3/year
Amount of electricity required per year

Variable-OPEX(Water)

151,620 MWh/year
67,714 USD/year

Variable-OPEX(Electricity) 24,115,195 USD/year

LCOH (price of equalized hydrogen) 9.89 USD/kg-H2

Source: Created by JET

nippon Koel  [PADECO

Japan International Cooperation Agency | 19

Cost estimation of Hz Production (2) Jjica’

Green hydrogen price in 2022 is 5.5 - 9.5 USD/kg-H2,
* Depending on location and conditions.

Source: S&P Global Commodity Insights, USA
https://www.spglobal.com/commodityinsights/en/our-methodology/price-assessments/energy-transition/hydrogen-price-assessments

In the CARICOM region, it is impractical to purchase
electricity from renewable energy sources via the grid to
produce green hydrogen.

If they can get the electricity needed for water electrolysis
from their own renewable energy generation facilities

|i> The cost of hydrogen production can be reduced.

wnippon Koel  [PADECO
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: 9
Conclusion jica’
& Battery Storage

Batteries and hydrogen storage have different areas of
expertise, so choose based on features, not cost.

€ Method of Hydrogen Storage

In addition to compressed hydrogen and liquefied hydrogen,
there are also storage methods using hydrogen storage alloys.

& Cost of Green Hydrogen

The unit cost of producing green hydrogen is high, but the
cost can be reduced to some extent by direct using of
renewable energy.

wippon Kkoer  [PADECO
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Feedback from 3rd Seminar on Grid Stability and Large

-
n’ )

This section is a feedback and request of example of special protection system JlCA

(SPS) with RE and impact of load shedding of feeders with PV penetration

5. Special Protection System(SPS)
including Load Shedding, PV/WT Trip

Actions in SPS
- Actions for Generator
« Trip of Synchronous Generator

+ Control of Connection and Output of PV and Wind
Turbine

- Actions for Load
+ Shedding of Load
- Actions for Transmission Line
+ Operation of Circuit Switch or Closer

Examples
— Chubu Electric: ISC (Integrated Stability Control System)
- Kansai Electric: BSS (Block System Stabilizer)

niPPoN KoEI  PRADECO

Japanminternational Cooperation Agency 113

Special Protection System in Chubu Electric Power

Trunk Transmission Integrated Stability Control Sysfl!m)
(ISC) -Overview-

When a fault occurs in the power system, the ISC system trips the
unstable generators and control switch gear instantly according to the
results of calculated transient stability analysis of the system.

When a grid separation is detected in the power system, the ISC
system trips the surplus generators or sheds the surplus demand
according to the solution of frequency stability analysis.

The ISC system recognizes the power system configuration in real time
and automatically change several operation settlngs

i #%Cf Load %/\

Networ

System Separated after fault cleared

System Interconnected after fault cleared

https://powergrid.chuden.co.jp/engl

-> TSC: Transient Stability Control function| ish/technical/operation/isc/

->FSC: Frequency Stability Control function

nipPoN KoEl  PADECO

Japan International Cooperation Agency 114

Special Protection System in Chubu Electric Power .’

Trunk Transmission Integrated Stability Control Sysﬂéﬁﬂ

(ISC) -Allocation of control stations-
Control stations and terminals are located in wide area of the grid.

Hokuriku Electric Power
= 500kV transmission lines T ission & Distributi

ity
= 275kV transmission lines " L_r.

. Placement of the
equipment

# 1SC-P i TEPCO Power Grid |
i ¢ 1sc-s i o
| # I15C-C 6
{=IsC-T

Kansal Transmission
and Distribution iy

TEPCO Power Grid

-—m=— TEPCO Power Grid

ISC-C

https://powergrid.chuden.co.jp/english/technical/operation/isc/

nipPon KoEl  (PADECO
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Special Protection System in Chubu Electric Power —

9
Trunk Transmission Integrated Stability Control Sys;ll!m)
(ISC) -Function of control stations-

+ Master control station Centra trolStatlon
(ISC-P) : for Precalculation

The system will conduct grid
transient stability calculation
every 30 seconds for more than
1000 N-1 fault cases, and inform
operators within a certain minutes
in case significant accident is
likely to occur.

+ Local control station (ISC- g
C) : for Postcalculation

Online information |

Generator sclection
for Primary control

The system calculates the ISC-8§

transient stability of present grid [FEgs Relays sctivation

condition. In case unstable case is ‘*‘““ <
occurred, countermeasure is

directed that can minimize affect

of fault. Additional control ISC-T

{1SC-C calculate)
Transfer trip

Optical Y s
- -
ete. Fail safe relay

Local Terminal

Local Control Station
https://powergrid.chuden.co.jp/english/technical/operation/isc/

NIPPON KOEI  [PADECO
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Special Protection System in Kansai Electric Power

)
Block System Stabilizer : Advanced Wide- areé!'CA
Special Protection System —-Outline of Control-

(1) Power flow before fault =
(3) Power flow during fault
(5) Power flow afier load shedding :D

‘ Kyushu H( hugoku  nsal >
Sluko}nu 6 {(#)Load shedding

Hokuriku

Outline of
stabilizer
control

(2)Generator drop

Chubu

The flow of Control

Sequence is: porge capaowy ) Frequency Stability
(1)Before fault Time (s)
(2)Generator drops 60.0 i System blackout
(3)Fault occurs Z ain K“// B wio BSS
(4)Load is shedded 2 WDSD, seaan 131
(S)After load Ll% 2 other companies g ;ﬂ

shedding, grid a5 45 \wmss

will be stable. wio BSSE £z

i Time (5)

Y System blackout

A. Nakajima, m. Morita, T. Hayashi, T. takeyasu, K. Kurose, T. Aramaki & A. kadokami., “Development of an Advanced Wide-
area Special Protection System,” Journal of International Council on Electrical Engineering, Vol.3, No.4, pp.334-339, 2013.

niPPoN KoEI  PRADECO
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Special Protection System in Kansai Electric Power

Block System Stabilizer : Advanced Wide-area SpedlﬁA)
Protection System - Control Scheme -

Fault detection end

( ‘\‘,)-\h_nu_ip acity, ete. )
Tre——a
.

Control o T
SCheme Of Fault detection signal ‘ BSS main system [
BI.OCk system :C‘mnputing function \
Stabilizer

(1) Calculation of load being shed ‘

ﬂ DmP in ggneration (MW
m-m ‘

(2) Selection of load being shed l

Control function

\

When a fault occurs,

Load shedding sl@al a preselected load is shed.

~—Iz-=i

Load discharge end

A. Nakajima, m. Morita, T. Hayashi, T. takeyasu, K. Kurose, T. Aramaki & A. kadokami., “Development of an Advanced Wide-area
Special Protection System,” Journal of International Council on Electrical Engineering, Vol.3, No.4, pp.334-339, 2013.

nipPoN KoEl  PADECO
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Special Protection System in Kansai Electric Power

Block System Stabilizer : Advanced Wide-area Special
Protection System -System Configuration-
System 1 Fault detector 2 Master system
[ Detects generator drop. |::>

Composition Calculates necessary
P load being shed.

n’-\)
jica

3 Load shedder
Regulates load.

Relationship Power station A Master system Substation C
of stations System 1] From two locations to one location Load
and terminals Fajlt detection UF || Main system( {1 | Dedicateft b;:it:ig
are described. [l] ll] System 1 i circuit | |She
- F—

(1)Fault Fault | |- L :'

Detector detection] _ - .

(ISC-S) - oo Sub sy . :I
(2)Master /-

System oy

(ISC-P, Sygtem B . ] Maintenance site

ISC-C) Fault detectjon De atéd

— T 1

(3)Load System A| | l'lr(

Shedder g E l'il“_ll _'L! 4 Disclosure of information

(ISC-T) detection | L ~=7

Substation B Ej
Legend:| . | Communication port

A. Nakajima, m. Morita, T. Hayashi, T. takeyasu, K. Kurose, T. Aramaki & A. kadokami., “Development of an Advanced Wide-area
Special Protection System,” Journal of International Council on Electrical Engineering, Vol.3, No.4, pp.334-339, 2013.

nipPon KoEl  (PADECO
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Special Protection System in Kansai Electric Power .’

Block System Stabilizer : Advanced Wide-area Spec‘!a‘[
Protection System —Control Panels-

Local Control Station
(ISC-T

Fault Detection Terminal
(ISC-S)

Local Control Station
(ISC-0)

A. Nakajima, m. Morita, T. Hayashi, T. takeyasu, K. Kurose, T. Aramaki & A. kadokami., “Development of an Advanced Wide-
area Special Protection System,” Journal of International Council on Electrical Engineering, Vol.3, No.4, pp.334-339, 2013.

NIPPON KOEI  [PADECO
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' 9
‘ﬂ 6. Inter-connection, Simulation jica’

Cases future grid of St. Kitts & Nevis

Current Grid in St. Kitts & Nevis
Future Grid Plan in St. Kitts & Nevis

Evaluation Process of Grid Stability

- Calculate base value of capacity, voltage, impedance
and admittance

- Calculate line impedance and admittance

- Convert physical value of impedance and admittance
to PU value

- Calculate generation & load capacity from actual
value to PU

- Run Load Flow Analysis program

niPPoN KoEI  PRADECO

Japaninternational Cooperation Agency 121

% Plan of Exercise in Day-2 jica)

- Current data of St. Kitts and modification
+ Current data of Nevis and modification

« Combined Grid of St. Kitts & Nevis and
modification

« Future data of St. Kitts (66kV, assumed by JET)
« Future data of Nevis (66kV, assumed by JET)

« Combined Future Grid of St. Kitts & Nevis (66kV,
assumed by JET)

+ Other exercises from your proposal

nipPoN KoEl  PADECO

Japan International Cooperation Agency 122

d Preparation of Data in St. Kitts & Nevis jica’

Data Data

Current Grid of St. Line Generation Load

Kitts Impedance capacity Battery

Current data of Line Generation Load

Nevis Impedance capacity Battery
Combined Grid of Line Generation Load

St. Kitts & Nevis Impedance capacity Battery

Future data of St. Generation Line Impedance
Kitts Capacity Load, Battery
Future data of St. Generation Line Impedance
Kitts Capacity Load, Battery
Combined Future Generation Line Impedance
Grid of St. Kitts & Capacity Load, Battery

Nevis

nipPon KoEl  (PADECO
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8
Preparation of data for analysis JicA’

(1) Calculate base value of capacity, voltage, current, impedance
and admittance

(2)Calculate distribution line impedance and node admittance
(1) {Runitlohm/km] +jXunitlohm/km]l}*Length of line[km]=R[ohm]+jX[ohm]
(2) Rpu+jXpu=(R[lohm]+jX[ohm]l)/Zbaselohm]

(3) {Gunit[1/ohm/km]+jBunit[1/ohm/km]}+Length of line[km] G+jB
(4) Gpu+jBpu=(G[1/ohm]+jB[1/ohm])/Ybasel[1/ohm]

(3)Calculate generation capacity and load capacity
(1) Ppu+Qpu=(P[WI+jQlvar])/(VA)base[VA]

(4)Decide Swing node, P-V node and P-Q node

(5)Set Ppu to O for substation.

(6)Set Qpu to the value of capacitance in PU for substation.
(7)Run Load Flow Analysis Program(Microgrid Designer)

NIPPON KOEI  [PADECO
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Calculation Per Unit Valu. o)
In the case of TOOMVA, 11kV JIcA

(1) Calculate base value of capacity, voltage, current, impedance
and admittance
(1) Vbase=11kV
(2) (VA)base=100MVA
(3) Ibase=100/11=9.1kA
(4) Zbase=Vbase2/(VA)base=112/100=1.2 ohm
(5) Ybase=1/Zbase=1/1.21=0.83 1/ohm
(2)Calculate distribution line impedance and node admittance
(1) {0.05[ohm/km] +j0.1[ohm/km]1}*5[km]=0.25[ohm]+j0.5[ohm]
(2) Rpu+jXpu=(0.25[ohm]+j0.5[ohm])/1.2[ohm]=0.20+j0.42
(3) {0[1/0hm/km]+j0.00001[1/ohm/km]1}+5[km] 0+j0.00005
(4) Gpu+jBpu=(0[1/0hm]+j0.00005[1/0hm1)/0.83[1/0hm1=0+j0.000012
(3)Calculate generation capacity and load capacity
(1) Ppu+Qpu=(10[MWI+j5[Mvar])/100 [MVA]=0.1+j0.05

Please prepare to change your data to PU value.

Japanminternational Cooperation Agency |25

9
Rule of Setting Value jica’

Capacity of RE is set as minus P load
Capacity of Battery is set as minus P
Load capacity is set as minus P load

For Var Compensator
- Set capacity data to node admittance or reactive power

« For node which can keep voltage constant

- Set voltage as constant value and node should be set
as P-V node.

nipPoN KoEl  PADECO
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Grid Stability
Analysis and Evaluation

Evaluation steps of grid stability are as follows:

1. Load Flow Analysis

1. Check voltage magnitude and angle of nodes
1. Within acceptable value

2. Check power flow of line
1. Within TTC

3. Check Consuming and Generating power in nodes
1. Within rated capacity

2. Eaqual Area Criterion
1. Check operating point
3. Short Circuit Ratio
1.  Check inverter output
4. Available Transmission Capacity
1.  Check current ATC
5. Spinning Reserve
1. Check capacity of generators and batteries

.’—-\)
jica
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4th Seminar on Grid Stability and Large RE ,3’“‘)
for St. Kitts and Nevis (Day-1) ]

Development Status of Grid Forming Inverter and its Safety

- Current Status, Blackout with GFM & Black Start using BESS
Battery & Hydrogen as an Electricity Storage, cost comparison
Special Protection System including Load Shedding, PV/WT Trip
Inter-connectionmSimeilation Cases for future grid of St.Kitts &Nevis
Harmonics and filtering
Measurement Function of Inverter, Grid Code
Sample of Other Countries Situations of Grid and RE
10 Demonstration of Asset Management System
11. Presentation from SKELEC and NEVLEC about current status

and challenges

©ooNDO A

nippon koEr  PADECO —

— Japan International Cooperation Agency | 29

Harmonics

Increase of inverter source VRE may bring harmonics problem in the grid

9 )
jica

- Aharmonic is a wave with a frequency that is a
positive integer multiple of the fundamental
frequency, the frequency of the original
periodic signal.

- The original signal is also called the 1st
harmonic, the other harmonics are known as
higher harmonics. All harmonics are periodic at
the fundamental frequency.

- for 50 Hz, 150Hz+*250Hz*350Hz*450Hz..., Up to
2000 Hz is generally measured

https://www.denkenseiki.co.jp/products_noize/harmonic/

Harmonic :

- A harmonic is noise of wave, caused by inverter converting from DC (from PV, wind) to AC (for grid)
and user side from AC to DC (air conditioner, etc)

- Harmonic has affect on power equipment and appliance and causes of malfunction and failure of
equipment, melt and cut of fuse, etc.

- Accident may be caused by harmonic

- ex. Over-heat of a reactor due to harmonic current, lubricant is vaporized, ignited, and
exploded
- Filtering is necessary to remove harmonics

nppon koer  PADECO —

— Japan International Cooperation Agency | 30

Countermeasure for Harminoics

- Generally, Grid Code stipulate acceptable harmonic in %
ex. Jamaica: <6.5% total & <5% individual for 69kV, <2% total& <1.5% individual for 138kV
Japan: <5% for 6.6 kV and <3% for above 66 kV)
- Over heat, unusual noise, expansion are reported as accident
“If harmonics that exceed above listed standards result from the operation of the VRE producer’s electrical equipment
which are verified by testing, the system shall be disconnected until the harmonics are mitigated by the producer in

accordance with standards” (Grid code, Jamaica)
__https://www.denkenseiki.co.jp/products_noize/harmonic/
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Filter such as noise-cut automatic voltage regulator is applied:

- To supply power with stabilization for harmonic, noise, voltage fluctuation
- To adjust the wave shape to suitable sign curve

- To control instantaneous fluctuation (serge, flicker, etc.)

NIPPON KOE! meCO - — —— — Japan International Cooperation Agency | 31

Feedback from 3rd Seminar on Grid Stability and Large Rk

8. Measurement Function of Inverter (Smart InverterleA)
and its Grid Code) and effect of Battery

| This section is a feedback and request of Harmonics or less d/'storz‘/'on.|

+ Grid Code for Smart inverter
- California Rule21, Hawaii Rule14
-> Merged to IEEE 1547-2018 Standard

+ Smart Inverter functions
Stabilization of Voltage and Frequency
- Active filtering for harmonics

- Keep Power conditioning to create near-pure
sine wave

- Control active power, power factor and
reactive power output

- Remote control capabilities including remote
curtailment of output

- Bi-directional communications capabilities

- Remote monitoring

- Smooth connect/disconnect

- Low/high voltage and frequency ride-through

NIPPON KOE! pFDECO - o o Japaninternational Cooperation Agency |28
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Feedback t 3rd Semi Grid Stabilit dL RE . .
eedpack rrom or eminar on Gri apiIlity an arge ’—-\ Gr|d COde Of Harmonlcs

Harmonics, Over Voltage jica’ defined in IEEE 1547-2018 Standard ~ Jica’
and Voltage Regulation

Harmonic current distortion, inter-harmonic current distortion. and total rated-current distortion (TRD) at

Harmon iCS is caused by load as the fluctuation of current. !he reference point af{qpiic‘(fbﬁfﬁ‘ (RPA) shall not exceed the limits stated in the following paragraph and
- It will be appeared as the fluctuation of terminal voltage which inTable 26 and Table 27.
is caused by voltage drop in distribution line. Table 26 —Maximum odd harmonic current distortion in percent of rated current (kated)®
« The impedance of distribution line is constant. — - —
- But if the frequency of grid changes, the impedance of oan mrmenic | <1t | tien<1r | 1r<n<as | ms<n<zs| 3Ste | et
distribution line will change. order h - B - 501 (TRD)
« Voltage fluctuation is calculated by multiplying impedance and Percent (%) 4.0 2.0 1.5 0.6 03 5.0
line current. Irated = the DER unit rated current capacity (transformed to the RPA when a transformer exists between the DER unit
Over Voltage is caused by fault or harmonics. and the RPA).
« Qver voltage relay is set to 138% or other values in IEEE 1547- Table 27 —Maximum even harmonic current distortion in percent of rated current (kated)®
2018 Standard. . Individual even h=2 h=4 =6 S<h<50
Voltage regulation harmonic order i | "~ - - | =0
. Voltage regulation is influenced by the fluctuation of current Percent (%) L0 20 3.0 Associated range specified in Table 26

and the change of impedance #Iratea = the DER unif rated current capacify (transformed fo the RPA when a transformer exists between the DER unit

. and the RPA).
Grid Code —
- : : f I is the fundamental current as measured at the RPA
: Volli:tage regu?l)ag/tIO? IS tdzﬂneltd as ?% ﬁf rﬁte?tVOltagg df.or JI'OW O TRD = VI’Q”" _112 « 100% Toarea tz Ili: DLERi};:élclﬂlci?;lf:lca1;a]:=§s(lt]11':1ls;bll:fed to the RPA when a transformer exists between the
voltage an OT rated voltage Tor ni voltage garid In Japan DER unit and the RPA)
an d t?] e most O?f c Ountri es d d 9¢€ 9 P Immd Joms 18 lhellglos::lea::‘}quare of the DER current, inclusive of all frequency components, as measured
" at the RPA
nippon koer - PADECO Japan International Cooperation Agency 129 wippon koer  PADECO Japan International Cooperation Agency 130
Grid Code of Over Voltage j?CA) Overview of Advanced Smart Inverter Capabilities )
defined in IEEE 1547-2018 Standard Smart Inverter includes several functions including grid forming control.
The limitation of over voltage is 138% for fundamental frequency — More comprehensive planning and communications with DER systems

voltage and the following figure for instantaneous voltage. — Smart inverters can mitigate impact on power quality and reliability in response to

local voltage and frequency issues as well as modify generation and storage actions
based on communicated requests.

10 Cumulative duration is illustrated as follows:

Cumlative duration emceeding magnitude threshold i the wm of periods X, Y, and T

— To help manage increasing penetration of variable renewable energy generation

Advanced function for Grid stability DER/smart inverter operation

@ Active/ Reactive power control @ Remote control and setting

~

Non-Acceptable Region

=
o

Voltage (Per Unit of Nominal Instantaneous Peak Base)

: 5 e.g., PQcontrol 1 vy 0.5 MW Communication capability

: Y Onefundamental frequency period 0.2 kVAr Use DER smarter
Y Feeeinns L — = S P P P
1 I S = [ = 0— L _ L[] _ L

Accéptable Region : : PV/ Battery systemmart inverter Grid @ @ @
: - : : Voltage and Frequency support function k
. . Smal
@ Grid protection Tnverter l
e.g., Faut ride through

* means that 16 ms can be more than 1 cycle r
% Distributed Energy

PV/ Battery systenfmart inverter Grid operatio Resource 5 1
atter

‘ e : 1 168 Voltage/Frequency drorKeep operatingdault ) S | |
Cumulative” duration (ms) —= Power Grid ‘
[ ]— 2

Figure 3 —Transient overvoltage limits K . Lo :
Recovering functionality in contingency Management

Systems
nippon kol (PADECO JapanInternational Cooperation Agency 131 NIPPON KOEI ADECO 32 JapanInternational Cooperation Agency 132
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NEDO Project:FY2016-Fv2018 . . — Feedback from 3rd Seminar on Grid Stability and Large RE
Smart inverter testing - NEDO project e® ) | Mivakojima Island Mega Solar Demonstration Experimentat racm-‘a )

22kV Grid

XAIST assist this project by testing only

Diesel Diesel Gas
G_gr_me[atpr Gennerator Turbine
Sennerator

« In this project, a smart inverter prototype was developed. Total 15 grid
support functions has been implemented to the inverter. Central Control

i . Wind Turbine . : s
+ Testing method was developed and demonstrated for power system in 600Wx1 \ 'iiisftat'on " _ iiii

Japan. 900Wx2 I S

- Total 120 test cases were evaluated and defined the requirement for

Wind Turbine
900Wx2

future grid code have been identified. . :
: Demonstration L
Research N =
Facility |_
AC 200V o :% g
_— Substation
im % L {4y i cim? o HE=
PV-sim *1 DuT \ -\,’;\ o/o— Grid-sim*2 6.6kV Grid E : A é"‘""" E‘;’;ﬁ
'(.:’ O.5MW 0.5MW ﬁ ::gﬁw Ensgnw
550kW 500kKW \T! 1.67 MVA
This section is a feedback and [SVR] sVC
Izl request of effect of B3ttery gg Customer
Load oc
Cust Customer Cust

— x25 Block B Block C Block D

PC for control

Up to 3 MVA A
P PV: Photovoltaic Generator
Device under Test (DuT) %1 Solar PV simulator NaS: Na$S Battery
i %2 Grid simulat .
e.g., Frequency droop function test rid simulator e T 4kW T SKWh SVR: Step Voltage Regulator
33 x (0~25) SVC: Static Var Compensator |
https://www.okiden.co.jp/active/r and d/miyako/index.html
NIPPON KOET pHDECO Japan International Cooperation Agency 133 NIPPON KOEI pHDECO Yapaminternational Cooperation Agency 134

_ _ ) | PV, NaS Battery and Frequency 8 )
PV, Wind Turbine, NaS Battery and Frequency JICA in Miyakojima Island Mega Solar Demonstration Experimental Facility JICA
in Miyakojima Island Mega Solar Demonstration Experimental Facility Charge and discharge of NaS

‘ ; 3 Battery improve fluctuation of 603
‘ ' o LAl frequency
| e | 60 \ W A
| . - . | i y
| freduency 1 Deviation of Frequency is 557 (] | Frequency
e ' relieved by NaS Battery. (He] 4000 -
i b PV output o - 1\ Vv AN
7~ I "\ _;""\\ "\ [ 3 . 4" \f“-\/f \J"\ _‘/ 3000 +—— kb
A0 9\ 7 = 7 ‘? A . ¥ 1 "P’m SV
B \ / \/ il W y A
1500 f {.f < ' Taw i 2000 ' BIB - i aa PV bl
o w}l - = A\_\. Wroutout 1 o Ve P_n-_j\__ /f\l,\mv..\l\ y (] || "| d I-II ) J| Vo L i My [,
‘ l_v.,- ,_.\/\f o M"m“f'\r e e -\L- =, ‘.MA_ ‘_',-uv = i "o 1000 - /IRY, I )' L | . ,I \_{ .
iy o T L h Ve AT | N
500 - ¥ : I Output of NaS ki J I | ]
W|thout NaS Battery J\ A' ‘W\“ Battery .ll’ o N e 1 II i L i "'ll 1N |
ik ot iest , M Fluctuation of PV output causes | e Battery Us‘ Vi, r”\'-” Y N
. . i ! 4 Ny ¥ 1
OUtDUt Of PV and Wlnd Turblne with NaS Battery ] frequency fITUCtuatlon. : with NaS Battery LI'-"I |L'J !J
. causes frequency fluctuation. . Bt vithoutas Battery ' _ n
10:20 10:25 10:30 10:35 10:40 10:45 1050 10:20 10:25 10:30 10:35 10:40 10:45 10:50 10:55
https://www.okiden.co.jp/active/r and d/miyako/index.html https://www.okiden.co.jp/active/r and d/miyako/index.html
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_
Demand and Supply of one day j?c )
in Miyakojima Mega Solar Demonstration Experimental Facility
ﬂo‘\
[
4000 = With no concern on 1
fluctuation of PV output, _ PV output + NaS Battery
— PV output + NaS Battery One Day Planning and
' | Is controlled following One Actual Data
Day Planning.
2,000
PV Generator
= ame Mll
= W
]
1,000 | NaS Battery ”
-2,000 -
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00

https://www.okiden.co.jp/active/r and.d/miyako/index.html
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Jic
A Sample of Other Countries Situation

of Grid and Renewable Energy

(A Sample from JICA Study Reports)

Study Name:

Preparatory Survey for the Project for
Improvement of Power Supply in Andaman
and Nicobar Islands in India

nippon Kkoer  PADECO

Japanminternational Cooperation Agency | 1

. . o\ )
Data Source: JICA Library Portal Site Jic

You can download JICA reports.
JICA ESE B

Magazine Article Index  @Map @ PDF Reading Method  @User Guide

©Show History  @0ear History

Quick Search

F Detailed Searcn F I.:s! [AII]Iﬂd a and

JEnglish[Year publi..
+ Book [Detal Js]moarmor\f survey report on the m]«l for improvemen..

Book information details

+Previous documnent | » Next document |

Print | Data Export | O Simpified ® Detailed | (3N
Item name Contents
Bibliographic ID 1000045155
Book/lournal [l /¥E
Media Type 2L

Thie/Author Preparatory survey report on the project for improvement of
power supply in A and Nicobar in India
Tokyo © Japan International Cooperation Agency : Nippon Koei Co., Ltd. : Okinawa
Pt} Enetech Co., Inc , 2021.4
1 v (various pagings) ; 30 cm

Description
I Japan | [«

Responsibility Nippon Koel <>

Responsibility  Okinawa Enetech <>

Agency <>

https://libopac.jica.go.jp/search/detail?rowindex=12&method=detail&bibld= 1000045155
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Study Team Member jica »

Member List of the JICA Survey Team

1. st Field Survey

No. Name Designation Company / Organization

Team Leader of Consultant
Team and Power Planning

Mr. Tomoyvasu

FUKUCHI Nippon Koei Co.. Ltd.

Diesel Power Generation

2 |Mr. Luis KAKEFUKU i p
Facility Planning

OKINAWA ENETECH CO..INC

3 |Mr. Ryosuke OGAWA [Power Grid Planning Nippon Koei Co.. Ltd.

4 Mr. Akinari Equipment Planning (1)

ISHIMURA Nippon Koei Co.. Ltd.

Mr. CHOWDHURY

TANVIR AHMED Nippon Koei Co., Ltd.

Equipment Planning (2)

Caretans Crahilizine Tanilite

and the other 13 members

nippon koer PADECO Japan International Cooperation Agency | 3
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Location of the Study

s

Site (1/2) jica’

nippon koer  PRADECO
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Location of the Study Slte (2/2)
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Phoenix Bay Power Plant
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Features of the Study

Site Name:

Site Latitude: N11°40’

Ground Area:

1,262 km?

Rainy Season:
Dry season:

Average Annual Rainfall:
Population:
Major Industries:

nippon Kol PADECO

—

o, )
_ JICA
Site

South Andaman Island

from May to October
from November to April

exceeds 3,000 mm

238,142 (Census of India 2011)

Tourism (mainly domestic tourists)

Power Supply in South Andaman Island

as of November 2020

—

® )
jica

Power Source: diesel engine power plants (42.0 MW)

solar power plants (29 MW)

Power Source Ownership and Operation: mainly by

Independent Power Producer (IPP)

Peak Demand:
Grid Voltage:

about 40 MW (in the evening)
33 kV as transmission

11 kV, 400/230 V as distribution

nippon Kol PADECO

Japan International Cooperation Agency | 6 i i
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jica

Daily Load Curve on 1 April 2018

DRY SEASON LOAD CURVE FOR HOLIDAY (1-Apr-18)

Chatham
Phoenix'Bay+———-

Nin:26. 2008

Max:32 S53MW

NIPPON KOEI  [PADECO
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jica’
Challenging for Power Supply in
South Andaman Islands

B To increase power supply capacity to meet the
growing demand,

m To ensure the stability of the grid operation under
the solar power connection to the grid

niPPoN KoEI  PRADECO

Japan International Cooperation Agency | 9

9
Power Development Plan jica’
India Government Policy:

Switching from diesel engine generators to
Liquefied Natural Gas (LNG) engine generators and
renewable energy to reduce carbon emission

LNG: to introduce LNG engine power plant
of 50 MW in 2022 in South Andaman
Island : progress (?)

Solar Power : to introduce 100 MW in South Andaman

and other Andaman and Nicobar Islands

nipPoN KoEl  PADECO

Japan International Cooperation Agency 110

jfen)
The Government of India’ s Request )

The Government of India requested to the
Government of Japan for grant aid to improve the
power supply of South Andaman Island in 2015.

nipPon KoEl  (PADECO

Japan International Cooperation Agency 111
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The Study Output jica’
BMBased on the request, JICA dispatched the study

team to South Andaman Island

B The Study formulated the project to install storage
batteries and related facilities to contribute to
effectively utilizing renewable energy and stabilizing
the grid operation.

BGrant Agreement of the project was signed on 30
March 2022.

niepon koer  PRDECO Japaninternational Cooperation Agency |12

jica’
Project Outline

m Storage battery

m SCADA system (Local SCADA system to control
management of storage battery, system stabilizer
equipment, and invertor/convertor)

m Building (for installation of the above mentioned
components)

m Grid connecting equipment

niepon koer  (PRDECO Japaminternational Cooperation Agency 113

jica’
Project Outline: Battery Specification

Table 1 Design Overview

Item Contains
Storage battery type  |Lithium-ion battery
Power 30 MW
Capacity 15 MWh

Source: Prepared by the JICA Survey Team

nipPoN KoEl  PADECO

Japan International Cooperation Agency 114

™,
Project
Outline:

Project Site

| Construction l:.’
lisitg_of building v

Existing switch yard
(Installation site of power grid
interconnection equipment)

Source: Prepared by the JICA Survey Team

Figure 1-3-1 Project Site

nipPon KoEl  (PADECO
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Project Outline: Image: Building

nippon koer  PRADECO
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Project Outline: Image: Storage Battery

nippon Kkoer  PADECO

.’—\)
jica

Japanminternational Cooperation Agency 117

™,
Project Outline: Image: SCADA Room

g

nippon koer PADECO Japan International Cooperation Agency 118

Evaluation of the Project

Table 2 Quantitative Evaluation of the Project

Indicator Standard Value Target Value
(year 2020) (year 2026)
1 | Maximum battery power - 30
(MW)
2 | Maximum battery capacity B 14.25
(MWh)
3 | Discharge power* - 2,971
(MWh/year)
4 | System frequency fluctuation | 49.08 ~ 51.83 50 = 05
range (Hz)
5 | Reduction of greenhouse gas | - 2.683
(tCO_2 /year)

.’—\)
jica

(Note) * : This is the assumed amount of annual surplus power discharged from solar power

generation.

Source: Prepared by the JICA Survey Team

nippon Kol PADECO
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Study History:
Discussion Paper in 2016 (1/2)

Option1 (Original Component)
Diesel Engine Generator 15 MW

Component Quantity/Size Remarks
Diesel Engine Generator 15 MW 3 sets x 5 MW
Power House Building 1 building

Power System Stabilizer 1 set

Batteries 1 MWh

SCADA 1 set

Option 2

Dual Fuel Engine Generator 9 MW (without LNG storage tank and LNG handling facilities)
Component Quantity/Size Remarks

Dual Fuel Engine Generator 9 MW 3 sets x 3 MW
Power House Building 1 building

Power System Stabilizer 1 set

Batteries 4 MWh

SCADA 1 set

nipPoN KoEr  MADECO Japan International Cooperation Agency 120
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Study History:
Discussion Paper in 2016 (2/2)

Option 3
Dual Fuel Engine Generator 4.5 MW (without LNG storage tank and LNG handling facilities)

Component Quantity/Size Remarks
Dual Fuel Engine Generator 4.5 MW 1.5 sets x 3 MW
Power House Building 1 building

Power System Stabilizer 1 set

Battenes 9 MWh

SCADA 1 set

Option 4

Without Engine Generator

Component Quantity/Size Remarks
Control House Building 1 building

Power System Stabilizer 1 set

Batteries 15 MWh

SCADA 1 set

NIPPON KOEI pHDECO Japan International Cooperation Agency 121

4th Seminar on Grid Stability and Large RE ,3"‘)
for St. Kitts and Nevis (Day-1)

10. Demonstration of Asset Management System

nippon Kol PADECO

Japan International Cooperation Agency | 32

Asset Management for Power System Resilience .97 )

Why Asset Management is important for resiliency?
* Increasing hurricane risks - risks for large scale damage on asset
 Digital Twin with precise mapping and database for all equipment
enables followings:
« Fast fault location finding
» Speedy dispatch of maintenance engineer for recovery
« Alternative route finding with connectivity analysis

* The system will be a platform for simulator, SCADA, field real time data, maps,
etc

26 Jul 2019 Himeji, Japan
https://www.dailyshincho.jp/article/2018/0726
0800/2photo=1

Landslide by a heavy rain

23 Aug 2018 Awaiji, Japan
https://www.sankei.com/west/news/180828/
wst1808280043-n1.html

nippon Kol PADECO
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Asset Management for Resilience: 2
as system platform JICA

Input Data

- To Optimize planning

P . () . D B
- To Minimize time for |~ e 3
recovery from failure with | Simulator | | SCADA || Field Data || Maps | Dr"":'“""

system integration

v GIS: Spec. for each facility &
equipment on the map

v' CAD: analyze each spec. with
comprehensive & panoramic

Asset Management system

Object Model
System E
i

view
v' SCADA: Real time monitoring ( \
on the map Q -
v" ERP: liked immediately with @ mJ"] El
updated facility data into ERP orirg ol | Moo b ksl

v' Others (Simulator, etc.)

L

Customized System Models

.

Japan International Cooperation Agency | 34

nippon koer  PRADECO

Asset Management for Power System Re.........

Asset data of equipment status in PS and SS, network trace, fault finding

o"-\)
jica

Substation single line diagram

&

Electricity LV lines

M o i B

LV Jadst] Taviwew

].hir‘f-.l

i e (Y

Service wire status and

/ LV Switch connection status

photo/drawing @5 [Electricity] Switch

Fleld rame [Vale Field rame | Value i
EX] [o3m606 & Krown As [V Switch 2 |
o Known As EE Yaltage Lv
EE Voltage LY EHE Switch State closad
EB Status Inservice A Annotation v
fu Length 1677 m (71 Sukstation Interrals 265910066

Centreline Vv 4 Prirmary Conrection +

4 Secondary Conren..

nippon Kkoer  PADECO
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Asset Management for Resiliency jica’

Linking all asset data on to one data platform
Transmission Single Line Diagram

Power Network Mapping Data

A VA Bussacarre (PS0001)
o o
1o r )

Lk

—tn =

Power distribution.—f‘.o

network to meter « Visualization of precise location

- Base for fast fault recovery

°° ﬂ ? + Asset management of small VREs
e Oy + Database for EE verification
P S 7—;:

nNIPPO Japan International Cooperation Agency | 36

[ —
Asset Management System example: St.Kitts ji’m)
Network infrastructure mapping with database - easy to obtain precise location
e o e e | —
Assembly Evangeliatis]. ¥ Signayure FlighYSupport Edter | tject Canol |
e Q@ 5K8 - Rabert k. ARG AMR e
=L W 2E AN
\> =1 E /'[F;i:c':m T x|~
§ Attribute |/« rous tace Eufords
= data ; gt o oo
Transfor s

1 | == Comration Status

mers b & Croats Cate 2440 /2000
& LUpdste Time 2440 /2000 1BSI N
.

Undergrou \

nd MV line

Warner Park Q
rting Complex
hoe ESE=|

ringfield Ceme! ery.

- f'nu on St
| - fmﬂ@ L
| ] ol E}.l‘} Terminal )

| i 3 {Basssterre) Adogis Tour & Beach

—A—D_]:__. ~-‘, ‘,{, Porte Zama

day dta C2U20

nippon Kol PADECO
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Asset Management System example: St.Kitts

Big data up to pole and consumer meters can be incorporated.

_w\ 0

gank St

NIPPON KOEI

Pole
detailed
data

51 Kitts
Chocolate Factory

Pole
location

MADECO

=
9 )
jica
eance | Object Control |
[AA 0

Z & = - [ | Seecicls
@¢ [Elec] Elec Pole =

L RN S

latand® e

DHLE)
Kitt 4
-
-

5 Field rare Vale Jalela
2 4 Gk Pairt 7 NEA H

& Fole Code w753

& Cote Iretalied

& Feeder Part Zarke

@ Lorghude 6243209

e Latiture 1747682
3 & BuenFie Faks
3 Trafic Tne

& Trees Fals

e Pole Type W0 Fole

o Valtag LV Oriy .
3 & Cable TV Fals -
3 & Talehone Falee
5 & Cable TV Power 5. False
Tnmmwm
e e  E RO

By @ e [ =] k- @ QT b

My data GO0
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Asset Management System example: suw.nius

9 )
jica

Single Line Diagram with mapping data - easy connection tracing & network analysis

HW|MIMOI[

A0 FC EBAPRe+BY
# A v h - @S ~

@2 [Elec] Gararatir

'\im e Vaie
%| & Gererstor ID

=| & Serial Mumber

Generator
detailed
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data
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2| =8 Operation Status

3| & Installed ear

*| & Contractor

nerators and
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er station internal:
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EB Voltage

e Armgera [A)

o Rated Output [MA]
& Fuel

& Operation Mode

u| & Felated Documen

Objeet View | Overview |

(Gt Framats ] [P Sl T gy

P Taght
S dre § \m@, ~[ =] b - @ Q-]
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(next slide)

Asset Management System example: St.Kitts
| Femsiz]

c"-\)
JICA

Feeder wise detailed asset data and link with map
enables speedy maintenance and recovery at accident
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Technical Cooperation to Promote
Energy Efficiency in Caribbean Countries

4th Seminar on Grid Stability and Large RE
for St. Kitts and Nevis

wippon koer  [PADECO

(Day-2)

18-19 Jan 2023

Nippon Koei Co., Ltd.
PADECO Co., Ltd.

Japan International Cooperation Agency | 1
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Agenda (Day-2)

n’ﬁj
jica

1. Introduction of Microgrid Designer and Transient Analysis
- Role of Tools for Power System Analysis, - Load Flow Analysis
- Transient Stability Analysis for Operation and Control

2. Investment of MW and MWh of Energy Storage for VRE

3. Exercise on simple grid example and Microgrid
- Load Flow Analysis, - Transient Stability Analysis

4. Exercise on Future Grid
- Design and Operation Planning
- Load Flow Analysis, - Transient Stability Analysis

5. Analysis Result and Countermeasure of Grid Stability

6. Discussion, policy recommendation, and Way Forward

7. Conclusion and Closing Remarks

wippon Kkoer  [PADECO

Microgrid Planning

Determination of generation output (in case of PV)

(1) |Max kW of peak day §TTIA 200
(2) [Demand consideration yr 10 ’

(3) [Demand increase %/yr : """ 1% '

(4) |Final peak demand kW 1,230

(5) |Reserver rate 0%

(6) [Design capacity kW 1,230

(7) |[Present energy demand kWh/d 20,962

(8) |[Design energy kWh/d 23,155

(9) |[Specific PV generation kWh/kW/day |1 4.764|: €

(9) Calculated from
Irradiation: | kWh/m2
PV output: P kW/m2
Design coefficient K

Solar Atlas provides

typical kWh/kW/day

wippon Kkoer  [PADECO

SAINT KT
AND NEVIS

n’ﬁj
jica

(1) Peak demand

1000
800

600

0
0:00 2:00 4:00 6:0( 00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00

Example of Load Cwe for Microgrid (MW)

Average increase: 1.0%

2012 2014 2016 2018 2020 2022 2024

Annual peak demand kW

Japan International Cooperation Agency | 2 Japan International Cooperation Agency | 3
. . . .. ) Microgrid Planning: Determination of Battery Capacity ik
Microgrid Planning: Determination of Battery Capacity ji’CAJ . ji’CAJ
In case of peak shift
In case 1 day energy need to be stored.... /_Zf’_ L,A’(f)
(11) |BESS PCS output kW wanahi230F S=n L+ P :Peak PV Output kW (A)- Energy to be stored in Battery
(12) |Efficiency of PCS 97%|  Where, 6000 (B): Day demand directly covered
(13) |Battery Capacity kW 1268 S :Energy Capacity of Battery (kWh) 5000 by PV
(14) |Capacity rate after cycle life K 0.9 n : nos of days to store energy 4000 z D» : Peak (C) nght demand need to be
(15) |Depth of Discharge D 09l A(t): I_-lourly demand of battery coverage (kWh) 3000 A) Der'nan:‘ covered by batte
(16) |Charge-discharge efficiency n 0.9 L: Maintenance factor = K x D 2000 [ _ y ry
@D |Nos o days (o Siwie Cem) | 1 K: Capacity after cycle of life, generally 0.8 for LiB battery oo Dp = 1230 kW
(18) |Dosign Battery Enorgy kWh 29562 D: Depth o_fdischarge + generally 0.8 -1.0 for LiB battery ) = 7 g) P =6205 kWp
(19) |Required PV Output for batetery 6,205 n: Charge-discharge efficiency of battery 0:00 2:00 400 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 PV generated E kWh = (A) + (B)
12 120% Load Curve and PV Output (kW) Demand D kWh = (B) + (C)
' 100% (A) > (C)/ L- n
08 80% [ In case battery covers night load : L: g":i”tengﬂci factorﬁ, , bt
o : arge-discnarge eftficiency or batte
o TA() 8 Ppv = 6206 kW n: “harg 9 y Y
o 40% PV generated E kWh = (A) + (B) Dp: Peak Demand
o Demand D kWh = (B) + (C) P?\)/: PV Peak Output o
02 0% _ P(t): PV output at the time (t
0 1000 2000 3000 4000 5000 6000 2 (P(t) - D(t) ) - (A) > (C) /L~ n D(t): DemanF:i at the time (t)

Cycle

0
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 . .
Change of Depth of Discharge (DoD) against Year

Example of Load Curve for Microgrid (MW)

nippon Koel  [PADECO

Prepared by JET
Japan International Cooperation Agency | 4
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Pattern of Weather: If 100% PV, how much Battery
capacity should be to cover cloudy and rainy days?

) >
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00

Load Curve and PV Output (kW)

A0=C/Ln A1< C/Ln

f
. /T =) I
0:00 2:00 4:00 6:00 800 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00

Load Curve and PV Output (kW)

(A2) (A3)

©) B ()
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00

Load Curve and PV Output (kW)

(C) -
0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00
Load Curve and PV Output (kW)
wippon Koer  PADECO

Japan International Cooperation Agency | 6

‘h\
. . . S
Sample ideal operation with 100% RE jiCA)
Sample case of 100% RE in Australia : (idea, with wind, hydro, 5 hrs storage
- Large curtailment of utility scale to feed rooftop PV
- Good resource of wind

High renewable NEM Simulation: last 7 days = 100.0% RE, Last 69 weeks =99.0% RE
A0

60,000
A

— vy

A
50,000 S f I, ;
- il ), FoN r

b .

40,000

30,000

20,000

Demand / Generation, MW

10,000

14/12/2022 12:00

15/12/2022 12:00 16/12/2022 12:00

17/12/202212:00 18122022 12:00  19/12/2022 12:00  20/12/2022 12:00

— i undliy Py Rooftop Py S Hydro S Other EEEE Storage Discharge e Demand ssssss DemandtCharge

Australian grid get very close to 100% renewable electricity with just 5 hrs of storage (24 GW / 120 GWh)
Results: Dec 2022, 100% RE

wippon Kkoer  [PADECO

Japan International Cooperation Agency | 8

4th Seminar on Grid Stability and Large RE  jica’

Day-2 Session

1. Introduction of Microgrid Designer & Transient Analysis
- Role of Tools for Power System Analysis
- Load Flow Analysis
- Transient Stability Analysis for Operation and Control

2. Investment of MW and MWh of Energy Storage for Variable
Renewable Energy(VRE)

3. Exercise on simple grid example and Microgrid

- Design and Operation Planning

- Load Flow Analysis, Transient Stability Analysis
4. Exercise on Future Grid

- Design and Operation Planning

- Load Flow Analysis

- Transient Stability Analysis
5. Analysis Result and Countermeasure of Grid Stability

NIPPON KOEI  (PADECO

Japaninternational Cooperation Agency | 1

1. Introduction of Microgrid Designer & .97
Transient Analysis JICA

\ We show the role of power system analysis for introducing RE. \
« Requirements for RE
- Steady State Stability for Grid Planning
-> Load Flow Analysis
Node Voltage: within a margin of error 10%
Line Current under an available capacity
Total Line Capacity under rated value of power
- Transient State Stability for Grid Operation
-> Transient Stability Analysis
Nadir caused by output change of RE
RoCoF(Rate of Change of Frequency) after fault
« Microgrid Designer is a simple application for
- Load Flow Analysis
- Extended Application
« Load Frequency Control
« Economic Load Dispatching

nippon Koel  PADECO

Japaninternational Cooperation Agency | 2
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Tools for Power System Analysis )
We describe relationship of application and tools. JICA

Application Load Flow | Transient Electro Magnetic
Analysis | Stability Transient
AnalyS|s Analysis
(@)

Design and Test of

Equipment

Generation Planning for O
SG, RE, Battery and other
resources

Planning of Transmission O

Line, Distribution Line
and Substation

Operation and Control (@) (@)
for Frequency Stability
and Security Assessment

Training of operator in (@) (@)
Control Center
Protection and Control (@) (@)

for Fault or Emergency

NIPPON KOEI pHDECO Japan International Cooperation Agency | 3

—

Steps of Load Flow Anauysis N
JICA

by Microgrid Designer

Please download and install Microgrid Designer and
conduct followings:

1. Preparation of data (detail is in the next page)

1. Capacity of generator and load including RE and
battery

2. Impedance and admittance of transmission line and
distribution line

3. Admittance of Equipment for Var Compensator

Set Per Unit Base Value from grid capacity and voltage
Calculate Per Unit data from prepared data

Prepare an new excel file by copying a sample file
Input prepared data to the new excel file

Start to calculate

ok wnN

nippoN KoEI  PADECO

Japan International Cooperation Agency | 4

Preparation of data for load flow analysis,s™

(1) Calculate base value of capacity, voltage, current, impedJ
and admittance

(2)Calculate distribution line impedance and node admittance
(M {Runitlohm/km] +jX unitflohm/km]1}*Length of line[kmI=R[ohm]+jX[ohm]
(2) Rpu+jX pu=(R[ohm]+jX[ohm])/Zbase[ohm]

(3) {G_unit[1/ohm/km1+jB_unit[1/ohm/km]1}+Length of line[km]=G+jB
(4) G pu+jB pu=(G[1/ohm]+jB[1/ohm])/Ybase[1/ohm]

(3)Calculate generation capacity and load capacity
(1) P putQ pu=(P[WI+jQlvarl)/(VA)base[VA]

(4)Decide Slack node, P-V node and P-Q node

(5)Set P pu to O for substation.

(6)Set Q pu to the value of capacitance in Per Unit for
substation.

(7)Run Load Flow Analysis Program(Microgrid Designer)

R unit, X_unit, Z unit, G_unit, B_unit, Y_unit : resistance, reactance, impedance, conductance, susceptance
and admittance per unit length(1km) in ohm or siemens(1/ohm)

R, X, Z, G, B, Y : resistance, reactance, reactance, conductance, susceptance and admittance in ohm or
siemens(1/ohm)

R pu, X pu, Z pu, G pu, B pu, Y pu : resistance, reactance, reactance, conductance, susceptance and
admittance in per unit

nippon koEl  PADECO

Japaninternational Cooperation Agency | 5

-

Rule of Setting Value for Load Flow Analysisii’CA}

- Capacity of RE is set as negative load P
- Capacity of Battery is set as negative load P
« For Var Compensator
- Set node admittance or negative reactive
power of load
« For node which can keep voltage constant such
as synchronous generator or STATCOM
- Set voltage as constant value and node should
be set as P-V node

nippon koEl  PADECO

Japaninternational Cooperation Agency | 6
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Grid Stability Analysis and Evaluation

Evaluation steps of grid stability are as follows:

1. Load Flow Analysis

1. Check voltage magnitude and angle of nodes
Within acceptable value

2. Check power flow of line
Within Total Transfer Capacity (TTC)

3. Check Consuming and Generating power in nodes
Within rated capacity

2. Equal Area Criterion
Check operating point

3. Short Circuit Ratio
Check inverter output

4. Available Transmission Capacity
Check current Available Transfer Capacity (ATC)

5. Spinning Reserve
Check capacity of generators and batteries

_——
9 j
JicA

Per Unit & Load Flow Analys . 5
Terminal Voltage: D j|CA
Generator (11k;/; 0 R,,=0.2 X 5§g))42 S:E(l;tgof PV:
| (O 25Q) (30MW)
@ L I_I ' P Capacrcy of

Load:
Y,,=0.000012 1 .,=0.000012 Lm 5?(\%5 =0.5
(T0x10°6/0hm) = (10x10 6/0hm) (5OMW)

(1) Calculate base value of capacity, voltage, current, impedance and admittance
(1) Vbase=11kV
(2) (VA)base=100MVA
(3) Ibase=100/11=9.1TkA
(4) Zbase=Vbase2/(VA)base=112/100=1.2 ohm
(5) Ybase=1/Zbase=1/1.21=0.83 1/ohm
(2) Calculate distribution line impedance and node admittance
(1) {0.05[ohm/km] +j0.1[ohm/km1}*5[km]=0.25[ohm]+j0.5[ohm]
(2) R +iX,,=(0.25[ohm]+j0.55[ohm])/1.2[ohm]=0.20+j0.42
(3) {0[1/0hm/km1+j0.00001[1/ohm/km]}+5[km]~0+j0.00005
(4) G,,tiB,,=(0[1/0hmI+j0.00005[1/0hm])/0.83[1/0hm]=0+j0.000012
(3) Calculate generation capacity and load capacity
(1) P,,=50[MWI1/100 [MVA]=0.5, P,=30[MWI1/100 [MVA]=0.3
Please prepare to change your data to Per Unit value.

NIPPON KOEI pﬂDECO Japan International Cooperation Agency | 7 NIPPON KOEI pﬂDECO Japan International Cooperation Agency | 8
Exercise 1 | 4thREGS_Ex01.xlsm — ) .y
[Exercise 1] . ) Setting sheet of Node Data 3 )
NodeData Load Flow Analysis of 4thREGS ExO1 JICA £ Load El Analvysi JICA

or Load riow AnalysIs
Node ID | Node type A'“p“\‘,“de & Pha”:,“gl" | Ao iz Pe Qs Pl Ql i PV WP BESS Node ID N M | C rog ri d De S | g N e r
i | S | )| (Deree) o) o) e [ ow | ew | e | ow | ew | 6w UICo) ‘t?) 4 characters
[ 1 2 1 0 0
| 2 0 1 02| 05| 03]
Type of node (2:Slack node, 1:P-V node, 0:P-Q node)
BranchData yp
Magnitude of node voltage in PU
Branch ID Sending node Receiving node circ'ui is Resi R | R« X | Admi Y2 Tap ratio
(Up to § integers) | (Up to 4 chracters) (Up to 4 chracters) | default=1 (p-u.) (p-u.) (p.u.) default = 1.0
1 1 2 0.2| 0.42] 0.000012

\
Results Node

Output Form of Obtained Results for Nodes by Singel Stage Power Flow Anlysis

Node ID | Node type S\I]’:lct:::ed Obtaiened value Specified P&Q Obtained P&Q Injection current
(Upto4 |PQ=0,PV=I, Angel
i) Slack=2 V (p.u.) V (p.u.) (Degree) P (p.u.) Q (p.u) P (p.u.) Q (p.u.) I(p.u.) (Degree)
1 2 1 1 0 0 0 0.2087 0.01824 0.20949 -4.99
1 0.9543 -5.05 -0.2 0 -0.19992 0.00017 0.20949 175

2 0
Results Branch

tput Form of Obtained Results for Buses by Singel Stage Power Flow Anlysis

Branch ID Connected nodes Power flow from node-M Power flow from node-N Line current Tap
Phase aqngel (
(Number) | M N P (pu) Qepu) P(pu) Qpw) Tow | e
1 1 2 0.2087 0.01824 -0.19992 0.00017 0.20949 -4.99
nippon koel  PADECO

Japaninternational Cooperation Agency | 9

-— at= [nput Form for Single Stage Power Flow A
Node ID Node type Amplim Phase angle of V Node Admittance Pg Qg Pl Ql
(Upto4 PQ=0, PV=1,
ShEesi) Slacke? (p-u) (Degree) (p-u) (plu) (p-{) (pfu.) x.)
1 1.03 / 0 0
2 1 [ oomsag  / o /] 00643 | 00386
3 1 | ooo422 | o J 00411 J 00315

Capacity of synchronous generators (Pg and Qg) in|PU

Capacity of load (Pl and Ql) in PU

NIPPON KOE1 pHDECO Japan International Cooperation Agency 110
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Setting sheet of Branch Data e
for Load Flow Analysis

Branch ID . . ;
Integer up 1o 5 for Microgrid Designer
digits
Sending Node and Receiving Node
Tap of Transformer

Branch ID

Tap ratio

Branch data Inpu: Form for Single Stage Power Flow Analysis

INo. of circuits| Resi R R X Admi Y72

defay( (p.u.) A)AUA) (p/.L)

Sending node Receiving node

(Up to 5 integers) (Up to 4 chracters) (Up to 4 chracters) default=1.0

1 1 2 / oooo24. /  oosezd  / 0 0
2 1 i _ooaetg 004143, —" o 0
3 1 4) /000887 000gf5 0 0

_

Line Resistance, Reactance and Admittance(half value)

nippon Kkoel  PADECO
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Setting sheet of Capacity of Renewable jica’
Energy and Battery for Microgrid Designer

Load can be calculated by setting data in the
yellow cell.
Please input capacity of

Load,

Utility PV, Distributed PV,

Wind Turbine and BESS,
Then the total capacity of each node is
calculated and input Pl automatically.

Node data Input Form for Single Stage Power Flow Analysis

Calculation of RE&Load

Amplitude of | Phase angle of |
v v

. - Distributed | Wind
Node ID | Node type Node Admittance Pg Qe Pl Ql Load | Utility PV [~ 50! Turbine | BESS

(Upto4 | PQ=0,PV=1,
Slack=2

i) (pu) (Degree) (pu) (pu) (pu) (pu) (pu) (pu) (pw) (pu) (pu) (pu)

1 2| 1 0.434 0 -0.26184| 0| 0.131837| 0.13]
2| 1 1 0.197| 0| 0.055154] 0| 0.1 0.024846| 0.02|
3| 1 1 0.53] 0| -1.38559) 0| 0.1 7 0.045587 0.74]

o

nippon Kkoel  PADECO
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Notes for Load Flow Analysis in Microgrid Designer

Followings are the notes to use Microgrid Designer.

This program is composed of an excel file and execution file.

Your set of excel file and execution file should be in the same folder

as a set.

Calculated data is overwritten. In order to save the results, you

should move the excel file to another place.

Edge node should have some load or generator.

Total number of branch should be less than 100.

The excel file includes a sheet of input data format both node data

and branch data for Microgrid Designer.

Node name is set by 4digit character.

Node types are categorized into 3 types: P-V node, P-Q node and

Slack node. Those numbers (0, 1, 2) should be put in the column. O

as P-Q node, 1 as P-V node, and 2 as Slack node. Data of generator

output (Pg and Qg) and terminal voltage(V) should be node type of

P-V node.

9. RE output is set to P-Q node, and input it as Load (Pl and QL) in
yellow cells. RE output is set by positive value.

10. Plis automatically calculated based on load, PV, WT, BESS data input

in yellow cells.

2 ok W NS

Feedback from 3rd Seminar on Grid Stability and Large RE

2. Investment of MW and MWh of J'CA)
Energy Storage for VRE

| This section is a feedback and request of optimal capacity of battery. |

MWh of battery can be less than MWh of PV output.
The following equation can calculate only fluctuation capacity of PV.

(MWh) of battery = (MWh) of PV output - (MWh) of planed average PV
output as shown in Miyakojima Mega Solar Demonstration Experimental
Facility as shown in the right figure.

Control for NaS Battery > |
operation with PV output
enables actual operation

+ Assume capacity of PV , ,

« Estimate maximum capacity in ey e st
MW of PV in a fine day s

+ Estimate maximum total
capacity in MWh per day of PV

« MWh had better to be at least 0

T1day capacity.

PV output + NaS Battery
One Day Planning and
» Actual Data

Tkw]
g

000 200 400 600 800 1000 1200 1400 1600 1800 2000 27:00

nippon Koel  PADECO
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PV, Wind Turbine, NaS Battery and Frequency 9 )
in Miyakojima Island Mega Solar Demonstration Experimental Facility JICA

Charge and discharge of NaS
Battery improve fluctuation of 60.3

frequency.
A W L L TN, T ot ihod — -k , e Vi 60
k] Freauency PV output + Na$S Battery
— . - 59.7
! . i

4000
o —T .1_::,_. A y R o
1 Pﬂl‘ul J|T | J'l[qf'{'_
" ﬂ',l’\- v | | || T

M
2000 —H 0 hoa i) !
ILH 1 .l | Vel

LA Vi
1000 -

3000 PV output

TRULY
\ [\
'|.|I |.J II,\. % fy ll

(i}

. Na$ Battery I | ‘rli'ﬁl N
Fluctuation of PV output causes |u ho| ) h| I ll‘
frequency fluctuation. : W v

without Na$S Battery ] with Nas Battery : "
-2000 -+ i T ;
10:20 10:25 10:30 10:35 10:40 10:45 10:50 10:55

https://www.okiden.co.jp/active/r and.d/miyako/index.html
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—

o
Linear Programming Method jica’

to determine

(1) Definition of Capacity
MWh=MW x hour
(2) Range of MW PV output

MWmax>MW>MWmin MWhmax

(3) Range of MWh PV output
Mwhmax>MWh>Mwhmin

(4) Characteristic of Battery
MWh=-k x MW + a

-> Red Line is available Battery MWhmin[—,

Capacity Area

nippoN KoEI  PADECO

Battery Capacity

MWh

N

0 MWmin MWmax MW

Japanminternational Cooperation Agency |16

3. Exercise on simple model and Microgﬁﬁj

Single Generator with Infinite Bus Model is popular for research and
development, and it is used for several application or evaluation.

(1Fall evenly Vv (3)

(2)Rise evenly

(3)Rise and Viax |- — = — — — — — = _a——_
fall /

(4)Fall and

rise \ // Time
Let’ s exercise! Vmin ~_ ™ )

This is the example of Single Generator Model f
I

OA— =W

NIPPON KOE1 pﬂDECO Japan International Cooperation Agency 117

v

Calculation of Per Unit Base Value

<Distribution Grid>

« Vbase=11kV

« (VA)base=100MVA
Ibase=100/11=9.TkA

- Zbase=Vbase?/(VA)base=112/100=1.21Q
- R=0.05Q/km, X=0.1Q/km Calculate impedance in

Length =10km
Rpu=0.05x10/1.21=0.42
Xpu=0.1x10/1.21=0.83

’\
9 )
JICA
This is an example.

PU from line length,
resistance and
reactance

Calculate voltage and
capacity in PU from
base value

nippon koEl  PADECO

Zopu=+ 0.42%0.42+0.83%0.83=0.93 => | Z|=0.93

Vbase: Base Voltage

(VA)base: Base Apparent Power

Ibase: Base Current

Zbase: Base Impedance

Rbase: Base Resistance, Xbase: Base
Reactance

Rpu: Resistance in Per Unit, Xpu: Reactance
in Per Unit
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Meaning of Per Unit for &

Power System Analysis
<Meaning of Per Unit>
1pu(]Z|=0.93Q) impedance transmission line can send
Tpu(100MVA) power by Tpu(11kV) voltage. Its current is
Tpu(9.1kA).
This will be maximum or rated capacity of transmission line.
If transmission line has 2 circuits, its total impedance will be
0.5pu(0.605Q), and the maximum capacity will be
twice(2pu:200MVA).

Vpu: Voltage in Per Unit

(VA)pu: Base Apparent Power in  Ipu=1.0 Zpu=1.0
Per Unit -

Ipu: Current in Per Unit — Zpu=1.0
Zpu: Impedance in Per Unit

Rpu: Resistance in Per Unit Vpu=1.0

Xpu: Reactance in Per Unit
2 Circuit Transmission Line

niPPoN KoEl  [PRDECO
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o~
. . .
Per Unit Base calculation jica’
« Case A
— Base VA 100MVA
- Base Voltage 24kV

4.16kA (=100/24)
5.76[ohm](=24%24/100)
0.174[1/0hm](=1/5.76)

Base Current
Base Impedance
Base Admittance

- Case B
- Base VA 100kVA
- Base Voltage 400V

250A (=100000/400)
1.6[ohm] (=400%400/100000)
0.625[1/0hm](=1/1.6)

Base Current
Base Impedance
Base Admittance

nipPon Koel  [PRDECO
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[Exercise 2 |4thREGS Ex02.xlsm &)
Case A Grid Model JicA
PU based model is applied to transmission network. Ppy;=0.05
(5MW)
(24kV)  1=05 : o055
(2.08kA) (55MW)
(H ) |
I
V=1.0
| > (24kV)
(1) DC Flow Method: —
- Pype=0.5
Dps 01X (SRw)

0.55-0.05=6/1.3

6=0.65rad=3"7deg
If 6<90deg, these area is stable.

I=(P_-Ppy7)/V=0.5/1.0=0.5=2.08A

This model can be applied to extend transmission
network.

nippon Kkoel  PRDECO
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4thREGS Ex02.xlsm .’-\)
Case B Grid Model Jica
PU based model is applied to low voltage
distributed network. Ppy1=0.05
(5kw)
Vi=1.0 X=1.3
(400Vv) I=0.5 (0.8Q)
(125A)
I | P,=0.55
(55kW)
[ > \(/=1.o)
400V
(1) DC Flow Method: Pline=0.5

P“neZS/X (5kW)
0.55-0.05=6/1.3
&5=0.65rad=37deg

If 6<90deg, these area is stable.

I=(PL-PPV1)/V=0.5/1.0=0.5=125A

nippon Kkoel  PRDECO
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4thREGS_Ex02.xlsm -

. ®
NodeData Load Flow Analysis of 4thREGS Ex02 jICA}
Node data Input Form for Single Stage Power Flow Analysis Calculation of RE&Load
Node ID. | Node type | ATPItIe OF| Phase $1E1e 0f)- Noge Agmitance Pg Qe Pl aQl Load PV wp BESS
e Ses  pa) | (Deree) o) o) ow | ew | ew | e | ew | ew | o
[ 1 2 1 0 0
| 2 1 1 05| 055 0.5
BranchData
Branch data Input Form for Single Stage Power Flow Analysis
Branch ID Sending node Receiving node NO‘ (.)f Resi R| R X |Admi Y/2 Tap ratio
circuits
(Up to 5 integers) | (Up to 4 chracters) (Up to 4 chracters) | default=1 (p.u.) (p.u.) (p.u.) default = 1.0
\ 1 1 2 13

Results_Node

Output Form of Obtained Results for Nodes by Singel Stage Power Flow Anlysis
Node ID | Node type ngﬁ:;zd Obtaiened value Specified P&Q Obtained P&Q Injection current
(Upto4 |PQ=0,PV=1, Angel
i) Slack=2 V(p.u.) V(p.u.) (Degree) P (pu.) Q(pu.) P (pu) Q(pu.) I(p.u) (iBges)
1 2 1 1 0 0 0 05 0.18467 0.53301 -20.27
2 1 1 -40.54 -05 0 -05 0.18467 0.53301 159.73
Results Branch

tput Form of Obtained Results for Buses by Singel Stage Power Flow Anlysis

Branch ID Connected nodes Power flow from node-M Power flow from node-N Line current Tap
Phase aqngel (
(Number) | M N P (pu) Qpu) P(pu) Qpu) 1ow | e
05 0.18467 -0.5 0.18467 0.53301 -20.27

1 2
NIPPON KOEI bﬂDECO
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P-& Curve and Stability Eval........ &

Evaluation step (2)-(5)
(2) Pmax=1%1/1.3=0.77

(3) Pop=0.5 p Spinning
(a) Currently APge= 0.15 Reserve
-> Stable 0.77 —_—— — —
(b) If APge> 0.27 2
-> Unstable ATC APge
SCR=Pop/APge
should be over 3 0.5 —— -
=(a) 3.33 -> Stable
=(b) 1.85 -> Unstable
(4) ATC=0.27 -> If APge> 0.27
-> Unstable
(5) Spinning Reserve should be
more than APge
=0.15
0 /2 T 19
nippon Koel  PADECO
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4thREGS Ex03.xlsm
Simple Grid Model for RE

To see the effect of Battery and Large PV

ﬂ‘
9 j
Jica

node 1 node 2 node 3

PG=0.8 node 4 node5  pgegsor_g g
X1=0.05 X2=0.2 X3=0.2 |x4=o.05 BESS for
@— roof-top
PV
0.8 MW
-ﬁ at _
BESS for P BESS1=0.8 substatio
utility @ n
scale PV
1MW PV:Y =
!ﬁﬂﬂﬂ @ alyl+y2+y
Utility scale solar _# & 3+y4+--0.8
1MW (ex. >1TMW) Mw
=0.8-1.
P PV3=1.0 *=0.8-1.0
P PV1=0.2%4=0.8 P PV2=0.2%4=0.8
X=X1+X2+X3+X4=0.05+0.2+0.2+0.05=0.5
NIPPON KOEI pHDECO
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4thREGS Ex03.xlsm

-
NodeData Load Flow Analysis of 4thREGS Ex03 j'i’CA)

Ex03-1
Node data Input Form for Single Stage Power Flow Analysis Calculation of RE&Load
Node ID | Node type A""’“\‘/“de i iz ?gle Ol e pditEs Py Qe Pl Ql Toad PV wp BESS
e s | Gu) | (Degree) () () ow [ ew | ew | e | e | e [ ew
1 2 1 2 0| 0
2 1 0| 0
3 1 1 1
4 1 0
5 1 1 1
Ex03-5
Node data Input Form for Single Stage Power Flow Analysis Calculation of RE&Load
Node ID | Node type Am""s‘de | e :‘,"gle | asts Andmes Pg Qg Pl Ql Load PV WP BESS
TS | )| (Degree) o) ) o | ow | ew | ew | e | ow | ow
1 2 1 2 0| 0|
2 1 0| 0 1
3 1 1 1 03] 0.3
4 1 0
5 1 -3.2 1 5 03
BranchData
Branch data Input Form for Single Stage Power Flow Analysis
Branch ID Sending node Receiving node No. (.)f Resi R| R X | Admi Y2 Tap ratio
circuits
(Up to 5 integers) | (Up to 4 chracters) (Up to 4 chracters) | default=1 (p.u.) (p-u.) (p.u.) default = 1.0
1 1 2 0.05
2| 2| 3 0.2]
3| 3 4 0.2
4 4 5 0.05
nippon KoEl  [PADECO
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[ Exercise 4 |4thREGS Ex04.xlsm

4thREGS_Ex03.xlsm .’—\) .’_\)
Load Flow Analysis of Simple Grid JI€A Microgrid Model Jica
-Effect of Battery and Large PV- node node node node node node node node
Y axis : P.U. Voltage ! 2 ﬁ3 %4 w =0 ’,\7 ’\ 12 ’\
12 12 12 22 22 I I I rﬁ rﬁ rﬁ
\;: 11 11 11 ; .
E 1 1 1 . s 1 1 kV :
é“ 03 09 02 14 14 ]
3 ' - . ‘ . ‘ ‘ node node node node node node
o7 o o7 08 08 43 44 5 46 ’iﬂ 53 =
06 | | | 06 06 | | | 06 | 06 | | 4OOV @_I% I_g I% I.—@ I_.Ké Fﬁ
only Load Load+PV Load+PV+Battery PV+Battery+largePV(node2) PV+Battery+largePV(node5) I I I I I I
- If batteries are connected with no advanced control and output of PV goes zero,
node voltage does not change. This grid model is assumed based on Slide
« Large PV will cause the increase of node voltages. » ] 1~3 data provided by BL&P.
- In case PU voltage > 1.1, capacity of distribution line needs to be enhanced. A%I;L‘ -
NIPPON KOE1 pHDECO Japan International Cooperation Agency 127
4thREGS Ex04.xlsm o | [Exercise 4|4thREGS Ex04.xism e
Modeling Guide of Microgrid jiCA) NodeData Load Flow Analysis of 4thREGS Ex04 j'iCA)
Node data Input Form for Single Stage Power Flow Analysis Calculation of RE&Load
. Base capacity: TMW Node ID | Node type A""’“\',“"C & Ph“ch“v"glc Node Admittance Pg Qe Pl Ql Load | Utility py [Pistributed ij“i:e BESS
. Base voltage: 11kV/400V (Uptod PO0IVL (u) | (Degree) () e | ew | ew | e | e | e | e | ew | 6w
. Base current: 90A/2.5kA : i i : 0.52 § — —
- Base impedance:1220hm/0.160hm CR— } ood 0o 004
+ Total load capacity of houses is set to 40.8kW. S } T I T 504
. Total PV capacity is set to 30.6kW. - i oo oo 204
+ Node 1 is a distribution substation connected to utility grid by 11kV. i [ i 004 o oog 004

- Node 2 is a power receiving equipment to Coverley Village, where
voltage is converted from 11kV to 400V and distributed to houses
through 400kV feeder.

- 5 Feeders connect node 2 and every houses.
- A feeder has 10-11 nodes. Each node is connected to 20 houses.

. Maximum load capacity in a house is 4kW/house, and PV capacity is
3kW/house.

- Node 2 has 6MW PV and 6 MW BESS.
- BESS is operated as charging mode usually.
. Each house has the same capacity of BESS as PV.

BranchData

NIPPON KOEI

Branch data Input Form for Single Stage Power Flow Analysis

Branch ID

Sending node

No. of

Receiving node

circuits

Resistance R

Reactance X

Admittance Y/2

Tap ratio

(Up to 5 integers)

(Up to 4 chracters)

(Up to 4 chracters)

default =1

(p.u.)

(p-u.)

(p.u.)

default = 1.0

0.001

0.05

0.05|

0.05

0.05

0.05

o |v|o|o|s|w|n | =
©|o||o|a|s|w|[n =

10|

0.05|

0.05]

0.05

13| 13|

o
o
&

0.05|

olo|o|olololo|olo|ololo|o

CRbeco
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Exercise 4

4thREGS_Ex04.xlsm

"\
. ; . ®
Load Flow Analysis of Microgrid Model jica’
Node voltage decrease a little gradually to the end of feeder.

Line current of feeder is within the rated value except for the
distribution line from substation.

[ad
in

—_ 115
:‘: 11 ; 2
s &
§ 105 .51_5
= =
g 1 =
a 0.95 E !
§o g
2 os 505
. |
085 0 |||I|||||.|||“||||.|||“||||.|||“I|||. ||II|||||.
08 1337 9111315171921232527293133353739414345474051
1 35 7 91113151719 21232527 2931333537 3941434547455153 Brunch number
‘Node number
Node Line
Voltage Current
nippon Kkoel  PADECO

Japanminternational Cooperation Agency 131

4thREGS Ex04.xlsm &
Load Flow Analysis with charging mode of BESS J|CA

- Node voltage decrease a little gradually to the end of feeder.
- Line current of feeder is within the rated value.

Voltage profile at nodes
uses by power flow analysis (p.u.)

AmplITUae oI 1Ine current (F.U.)

~ 1
= 235
&
% 039 - ;
2 ]
098
g 'El_s
v =
_'_:fn 097 g‘
] 1
- =]
09 ]
’ g 0s
BT TR |
05 [, [, I, I, [,
13 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53

1357 9111315171921232527293133353730414345474951

Node number Brunch number
Node Line
Voltage Current

4thREGS Ex04.xlsm

Volatge amplitude (p.u)

""\
o | jica’
Load Flow Analysis with discharging mode of BESS

Node voltage are kept as the rated value and stable.

Line current of feeder is under its rated value.

BatterE/ for houses is very effective to keep voltage
normal.

Voltage profile at nodes
uses by power flow analysis (p.u.)

Amplitude of line current (P.U.)

Current amplitude (p.u.)

05

§ ||||||I|..“|“|l|..“|“|l|..||||||I|..

1357 911131517192123252729313335%7

1357 911131517192 39414345474951

21232527 29313335373941434547495153

Node number Brunch number
Node Line
Voltaae Current

4thREGS Ex04.xIsm

Load Flow Analysis with no PV and
charging mode of BESS

« Node voltage decrease gradually to the end of feeder.
. Line current of feeder exceeds its rated capacity.

o\,‘-\ )
jica

Voltage profile at nodes
uses by power flow analysis (p.u.)

Amplitude of line current (P.U.)

Volatge amplitude (p.u.)

Current amplitude (p.u.)

WHH

1357 911131517 1921232527 2931333537 3941434547495153

1 5791113151719212 304143454749 51
Node number Brunch numbcr
Node Line
Voltaae Current
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4thREGS Ex04.xIsm
Load Flow Analysis with no PV and jICAI

discharging mode of BESS
- Node voltage are kept as the rated value and stable.
. Line current of feeder is very low.

- Battery for houses is very effective to keep voltage
normal even if PV has dropped out.

Voltage profile at nodes
uses by power flow analysis (p.u.)

Amplitude of line current (P.U.)

~ “5
=
] ~
g ose 2
E &
= 3
g o 21
M a
B0 g
& 097 d 1
s 8
= E
0.96 305
[&]
095 0 e U I AR |II|||I|..,
135 7 9 1113151719 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 1357 9111315171921232527293133353739414345474951
Node number Brunch number
Node Line
Voltaae Current

4thREGS Ex04.xlsm

9
Evaluation of Microgrid jica’

« Node voltage decrease at the end of feeder
gradually.

. Line current of feeder exceeds its rated
capacity, when PV drops out and battery has to
charge.

- Battery for houses is very effective to keep
voltage normal.

4thREGS Ex05.xlsm ~
°

al
100 node Microgrid Model JICA
node SS nodeDS node1l node2 node3 node4 nodeb5 node 10
m = B R =
Wl el il —
I T I
11kV I
|
]
400V node 91 node 92 node 93 node 94 node95. nodeQS.
% |—% |—% |—’a\§ s =&
I I I I I I

This grid model is assumed data based on the
information from BL&PC.

4thREGS Ex05.xlsm -~

NodeData Load Flow Analysis of 4thREGS_ Ex04

Node data Input Form for Single Stage Power Flow Analysis

Ampli Ph 1 . Di
R D) || [ ‘\‘,“de Of] Phase 4nele | Noge Admitance Pe Qs Pl Ql Load | Utility PV 5';‘{’,“‘“ TI)JI'I:I:e BESS
(Uptod |rQ0.BV-L,| () | (Degree) () (pu) (p-u) (u) | Gu) | () (pu) (pu) (pu) (pu)
ss 2 1 1 0 ol
Ds 1 1 0 0

1 o 1 0.1 0 04] 03

2 q 1 01 0 04] 03

3 0l 1 01 0 04] 03

4 o 1 0.1 0 04] 03

5 o 1 0.1 0 04] 03

6 0l 1 01 0 04] 03

7] 0 1 0.1 0 04] 03

8 0 1 0.1 0 04] 03

9 q 1 0.1 q 04 03

10 0l 1 01 0 04] 03

B hD Branch data Input Form for Single Stage Power Flow Analysis
ran
anc ata Branch ID Sending node Receiving node chr(;ufl)ti Resi R| R X | Admi Y2 Tap ratio
(Up to 5 integers) | (Up to 4 chracters) (Up to 4 chracters) | default=1 (p-u.) (p.u.) (p-u.) default = 1.0
200[/SS DS 1 0.001 0|
201|DS 1 1 0.001
1 1 2| 1 0.01
2| 3| 1 0.01 0
3| 3| 4 1 0.01 0|
4 4 5| 1 0.01 0|
5 5| 6| 1 0.01 0
6 6| 7 1 0.01 0
7] 7] 8| 1 0.01 0|
8| 8| 9| 1 0.01 0|
9 9| 10) 1 0.01 0
10DS 11 1 0.01 0
11 11 12 1 0|
nippon Kkoel -Capeco
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4thREGS Ex05.xlsm -

1.0002

09938

0.9956

09984

09952

0999

Volatge amplitude (pu.)

0.9988

0.9386

09984

NIPPON KOEI

9 )
Load Flow Analysis of Microgrid Model J¢A

Node voltage decrease a little gradually to the end of feeder.

Line current of feeder is within the rated value except for the
distribution line from substation.

4
2
1]

mmmmmmmmmmmmmmmmmmmmmm

Current amplitude (p.u.)
o

I“||I||._II|||I||._|||||I||._II|||I||._
305 7 9 1115 15 17 19 21 23 25 17 29 31 33 35 37 39 41

Node number Brunch number

Node Line
Voltage Current
“Abeco
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9
4. Exercise on Future Grid jica’/

- In order to achieve sustainable future grid for St. Kitts
and Nevis, it needs to consider, check, evaluate and
prepare the plan with sufficient stability with renewable
energy for future grid.

. The data used in this seminar is a sample for
demonstration for training purpose, not prepared for
actual implementation plan.

« The objective of the Day-2 is to introduce and show
some tools to evaluate the grid.

- If you have any case scenarios to be solved, please try
to input and solve load flow analysis program.

nippoN KoEI  PADECO
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NIPPON KOEI

Plan of Exercise in Day-2 )
Current data of St. Kitts and modification
Current data of Nevis and modification

Interconnection of grid between St. Kitts and
Nevis, and its modification

Data for future upgrade of St. Kitts (66kV, assumed
by JET)

Data for future upgrade of Nevis (66kV, assumed by
JET)

Interconnection data of grid between St. Kitts and
Nevis (66kV, assumed by JET)

Other exercises based on your suggestion
Capeco

Japan International Cooperation Agency 141
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®
Preparation of Load Flow Data in St. Kitts & Nevis jICA)

Actual Data |Planned Assumed Data
Data

Current Grid of St. Line Generation Load

Kitts Impedance capacity Battery
Current data of Line Generation Load

Nevis Impedance capacity Battery
Combined Grid of St. Line Generation Load

Kitts & Nevis Impedance capacity Battery

Future data of St. Google Map Generation Line Impedance
Kitts Capacity Load, Battery
Future data of St. Google Map Generation Line Impedance
Kitts Capacity Load, Battery
Combined Future Google Map Generation Line Impedance
Grid of St. Kitts & Capacity Load, Battery

Nevis

nippon koEl  PADECO
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=
Current and Future Grid of ji'CA'
St. Kitts & Nevis considered in Load Flow Analysis

Name in () shows the node name in Grid Map of PSS/E base data for St.
Kitts and ETAP data for Nevis.

<Current>

« Voltage: 11kV

« Capacity: St.Kitts 25MW, Nevis TOMW

. Installed PV: 0.74+0.5MW in St. Kitts (1)
« Installed WT: 2.2MW in Nevis (CG06)

<Future Plan>

- Voltage of main transmission line will be up: 66kV

« Capacity of PV: 35MW in St. Kitts (16, 25)

« Capacity of WT: 5. 7MW in St. Kitts (34), 50MW in Nevis (GG04)
. Geothermal Power Plant: 30MW -> 45MW -> 60-75MW (CGO5)

nippon Kkoel  PADECO
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Exercise 6

4thREGS Ex06 StKitts 44 2020.xlsm

Exercise 7

4thREGS Ex07 StKitts 44 2022 RE.xlsm

Schematie view of Grid confignuration (11k1)

Modeling of St. Kitts Grid

Generators, PV and batteries are located at
the same node no.1 in this model.

Aﬂi @ Gl o

—Oo—a@ Legead

@' Jﬁ'v ®' Generahon Bus (generaor) with busnumber

" “J\@‘ Load/Transit Buswith bus number

®— _m‘ Load/Transit Buswith bus number

.v *  Load

B —
PVBT: PV+ BT
From Microgrid

NIPPON KOEI  ADECO Designer
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4thREGS Ex06 StKitts 44 2020.xlsm

Result of Load Flow Analysis of St. Kitts jICAj
using Microgrid Designer

Capacity limit of equipment can be evaluated by load flow analysis.

Data prepared in PSS/E format was provided from SKELEC in and converted to input
Microgrid Designer.

- Voltages of node no. 29 and 30 are 5~6% over from the rated value. This is not a
problem.

- Line currents result fall within the rated values.
Voltage profile at nodes
uses by power flow analysis (p.u.)

1
098
096
0.94

12345678 951011121314151617181520212223 24252627 282930
Node number

Node Voltage
Capeco

Amplitude of line current (P.U.)

I=}
&
= o
[Z

I~
=

Voltage amplitude (p.u.)

Current amplitude (p.u.)
=
)

=

29 31 33 3537 39 41

in

||“I||.. ‘l“‘ NI
5

79 1113151719 21232527
Brunch number

Line Current
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Exercise 7

4thREGS Ex07 StKitts 44 2022 RE.xlsm

Result of Load Flow Analysis of St. Kitts
with Wind Power using Microgrid Designer

“\
9 )
JicA

Capacity limit of equipment can be evaluated by load flow analysis.

Data prepared in PSS/E format was provided from SKELEC in and converted to input
Microgrid Designer.

- Line currents result fall within the rated values.

Voltage profile at nodes

uses by power flow analysis (p.u.)

11
108
106
104

Voltage amplitude (pu.)

13 5 7

NIPPON KOEI

102
1
0.8
0.96
0.4
052
0.9
0.88

Amplitude of line current (P.U.)

5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41
Brunch number

Current amplitude (p.u)
s = o = o
R A < O =

=

9 11 13 15 17 15 21 23 25 27 29 31 33 35 37 35 41 43

Node number
INOUE volldye Line Current
pHDECO Calculated by Microgrid Degﬁﬂﬂn International Cooperation Agency 146



nkmanager
長方形


Layurs aw N S
o A w0 The Norrows ¢
v @ capacitors
Vv ® Transformers
v @ Load Break Switch
® Poles
¥ W Feeders
® W Cutout Fuse Switch Spur
v Lv-Secandary
" Meters
~ 220/400-Volls
A/A08-Volts
= = 15/230 Voits
= = g-110-Voits
= = 220-Volts
¥ Govgle Earth
v ¥ 0SM Standard A
F Google Hybrid b
¥ Google Satellite

-l

- ow {4

B rarcelszo0s
. Sutr-divisian{VNEW]
. Utiiities Points

S

Distribution line
diagram of Nevis

3 Tt
L
v @ e a8 Kun F
W iim
& liom g

_J- Y
Japdn |nLernaL‘fona| cooperation Agency 147

Ni i [ Remn | o

’\
Distribution line diagram of Nevis j'i’CA)
,:,,.R." o= 20 U_;E_F
v @ Capacitors
5?;’3”:1::..@

v ' Lv-Secondary

H 125 Gacrer Gerden )
Meters " w
220/400-Vilts L.

208 Volis i R ; ; ; Yeka

M1 Nevis
1

ik
L4 & Googie Sarellite

o

50 Kug, |;s K ™
5 Hv _BUSINES
AT

Ivat -‘ﬂislwf‘jo:’;:.
&
e

C #n ’
BLiy ? sk
75 S L e Rk - e
ShgTree i Hodie™ . Pond Hill

5K
Brawn Hill Hardeoun 4]

& mﬁ?s}. R,

QAN C.

\ v
IS
I lh\e!|$1‘l.llno_

dsnm gokm

>
Sergtkinriedd Fiels

o
<_>1.au° \Q‘nmﬁ‘gm Hand Gilis

VON B:

Layers | Browser

nippon Kkoel  PADECO

Japan International Cooperation Agency 148

4thREGS Ex08 Nevis 29 2022.xlsm
Grid Model of Nevis

One-Line Dia - OLV] (Star - Protection & Coordination;

""\
jica’

110!
NEVIS POWER SYSTEM (Existing)

S S NS
W- L._Bj___ -t z

f
it

Gingerland

4thREGS Ex08 Nevis 29 2022.xlsm

Result of Load Flow Analysis of Nevis
using Microgrid Designer

Capacity limit of equipment can be evaluated by load flow analysis.

"'\
jica’

Data prepared in ETAP format was provided from NEVLEC in and converted to
input Microgrid Designer.

- Line currents result fall within the rated values.

Voltage profile at nodes
uses by power flow analysis (p.u.)

Amplitude of line current (P.U.)
104 0.05
. G045
2 10 5 oM
% 1 S0
E 'E 0.03
4 =
g o 2. 0.025
B 0 E 002
E" i g o015
£ om é 0.01 | | | |
0.005
082 o
0e 1357 9 111315171921232527293
12345678 910111213141516171819202122 23242526 272829 Brunch number
Node number
Node Voltage Line Current
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4thREGS Ex08 Nevis 29 2022.xIsm

e
9 )
Result of Load Flow Analysis of Nevis ~ JICA
using Microgrid Designer
Data prepared in ETAP format was provided from NEVLEC in and converted to
input Microgrid Designer.
Voltage profile at nodes
uses by power flow analysis (p.u.)
Los Amplitude of line current (P.U.)
- 0.04
4 102
& ~ 0035
i & 00
A v
B om g 00
: 0.96 é oo
g = 0015
g oo g 001
092 © o003 || |
0
o 12345678 91011121314151617181920212223 2425262728293 13378 UBBIT1ENBLTEN
Node nuntber Brunch number
Node Voltage Line Current
niepon Kkoel  PADECO
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Exercise 9

4thREGS Ex09 StKN
25 Future.xlsm

St. Kitts &
Nevis
Future Grid

Data is assumed from
Google Earth KML file
provided from NEVLEC.
Both network of St.
Kitts and Nevis are
connected by 11kV and
66kV transmission line.

Source: Prepared by
NEVLEC using Google

Earth. Node Number is
added by JET.

“SK” and “NV” are node
number randomly put by JET
for grid analysis.

nippoN KoEI  PADECO

4thREGS Ex09 StKN 25 Future.xlsm

Load Flow Analysis in Microgrid Designer
for Future Grid of St. Kitts & Nevis
based on assumed Future Plan

ﬂ
9 )
JICA

With the scenario case of future grid plan of St. Kitts & Nevis, the results show
that node voltages are within appropriate range, and line current is under rated

value.
Voltage profile at nodes
uses by power flow analysis (p.u.) . .
. Amplitude of line current (P.U.)
Los 035
-
5 103 ~ 03
5 E:
. 102 25
v
g B 0.2
: £
; 0.9 % 0.15
z %
S 098 o 01
> E
* el 111 i
o8 o Hiwaal |.| | || 1
095

1 3 5 7 @ 11151517 19 21 23 25 27 20 31 33 35 37 3

Brunch number

1234567 8 2910111213141516171819202122232435.
Node number

Node Voltages Line

Calculated by Microgrid Designer
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Current

nippon koEl  PADECO

Example of Modeling of Grid of
St. Kitts & Nevis in CPAT Software

The Load flow analysis and transient analysis is conducted for trial to
confirm the stability of the future St. Kitts and Nevis grid using a software
“CPATFree”

1] )

PRITI puryrh PRroy payeh
(2] rElw ilE
NA L] (13
Zoprmesn [T
oozl goos: .
it | u - 2 [
Nl 2 2y aar
v -

EaT]

Calculated by CPATFree(CRIEP’s Power System Analysis Tools
Crbeco
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Result of Transient Stability Analysis with CPAT .o“\,
for Future Grid of St. Kitts & Nevis JICA

Transient stability analysis is necessary to evaluate fluctuation of PV.
Transient stability analysis is required to prepare plan and design of transmission
line.
{CHCRIEPT
-08

o¢ unstable

PPG  ERL A5 u]

4 5 6 7
Bfelsec] ~

— #1:5tKitlsNevis25_StKittsNevis_25 1

The transient stability in the case that PV in SK4 in St. Kitts is disconnected for
100 milliseconds was simulated.

As the result, the system seems to be stable at first. But the oscillation is going
to be larger, which is considered to be unstable. Some measurement is required
to make system stable. By transient stability analysis, you can find a stability
problem.

niPPoN KoEl  [PRDECO

Japaninternational Cooperation Agency |55

9
5. Result of Load Flow Analysis and jica’/

Countermeasure of Grid Stability

« In St. Kitts and Nevis, conventional generator plants are
concentrated at one or a few areas.

« PV and WT are located or planned to suburbs.

+ Voltage of distribution lines which are connected to PV or WT
should be higher voltage, because of less capacity and
fluctuation of voltage.

« If load in the middle of line is large, its voltage will be low.
Measurement such as hunt capacitor or var compensator is
necessary.

« Installation of Grid Forming Inverter for PV and WT is useful.

+ At lease smart inverter shich has dynamic Voltage Support
function will be required for keeping grid stable.

+ The voltage level should be increased to 66kV earlier.

4th Seminar on Grid Stability and Large RE Day-2 =~

Exercise 1

: : )
4thREGS Ex01.xlsm Per Unit & Load Flow Analsis  jica’
Terminal Voltage: Outout of PV
= utput o :

Generator (11kV} 0 X py=0.42 Poy=0.3

G550, (059) (30MW)
@_IT: L :Capéauty of

Loa
,=0.000012 1 Y ,,=0.000012 L10_5?(\%5 =0.5
(10x1O 6/ohm) = (10x10-6/0hm) (50MW)

(1) Calculate base value of capacity, voltage, current, impedance and admittance
(1) Vbase=11kV
(2) (VA)base=100MVA
(3) Ibase=100/11=9.1kA
(4) Zbase=Vbase2/(VA)base=112/100=1.2 ohm
(5) Ybase=1/Zbase=1/1.21=0.83 1/ohm
(2) Calculate distribution line impedance and node admittance
(1) {0.05[ohm/km] +j0.1[ohm/km1}*5[km]=0.25[ohm]+j0.5[ohm]
(2) R tiX,,=(0.25[chm]+j0.55[ohm])/1.2[ohm]=0.20+j0.42
(3) {0[1/0hm/km]+j0.00001[1/0hm/km]1}+5[km]~0+j0.00005
(4) G,,tiB,,=(0[1/0hm]+j0.00005[1/0hm])/0.83[1/0hm]=0+j0.000012
(3) Calculate generation capacity and load capacity
(1) P,,=50[MWI1/100 [MVA]=0.5, P,=30[MWI1/100 [MVA]=0.3
Please prepare to change your data to Per Unit value.

nippon Kkoel  PRDECO

Japaninternational Cooperation Agency | 1
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4thREGS Ex02.xlsm )
; ICA
Case A Grid Model )
PU based model is applied to transmission network. Ppy1=0.05
(5Mw)
V,=1.0 X=1.3
(24KkV) I1=0.5 . PL=O.55
(2.08kA) (55MW)

(7.5Q) |_I
(H L) |
I
V=1.0
I > (24kV)
Pline:O 5

(BMW)’

(1) DC Flow Method:
Pline=0/X
0.55-0.05=6/1.3
6=0.65rad=37deg

If 6<90deg, these area is stable.
I=(P.-Ppy7)/V=0.5/1.0=0.5=2.08A

This model can be applied to extend transmission
network.

nippon Kkoel  PRDECO

Japaninternational Cooperation Agency | 2
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4thREGS Ex03.xlsm e 4thREGS Ex04.xlsm e
. . ou ) . . [ 1s )
Simple Grid Model for RE JICA Microgrid Model JIcA
To see the effect of Battery and Large PV ?ode gode gode Zode node zode node ?gde
= mb¢ = = -
A\ A\
PG=0.8 node 1 node 2 node 3 node4 node5 presrogg m I_ﬁ I—ﬁ I_(\ﬁf‘ I_ﬁ I_;ﬁ
X1=0.05 X2=0.2 X3=0.2 X4=0.05
I BESS for | | | | | |
‘(B— roof-top
PV
I _’_m 0.8 MW 11kV :
at
BESS f _ substatio '
BESS or @_@_ P BESS1=0.8 @_ ;
?clabc\el PV . node node node node node node
2rFrr o Y s 43 44 pd5 gmdt mmAT 53 m
Urtility scals solar - Wl Stya+ 0.8 400V @4% |—%‘ |-—’ﬁ§1 =& =t
TMW (ex. >TMW) Mw | | | | | |
P PV3=1.0 «=0.8-1.0
i P PV1=0.2%4=0.8 P PV2=0.2%4=0.8
This grid model is assumed based on Slide
X=X1+X2+X3+X4=0.05+0.2+0.2+0.05=0.5 1~3 data provided by BL&P.
NIPPON KOEI pHDECO Japan International Cooperation Agency | 3
Exercise 5| 4thREGS_Ex05.xlsm - Exercise 6 | 4thREGS Ex06 StKitts 44 2020.xlsm -
) )
. . jica’ | [Exercise 7| 4thREGS ExO7 StKitts 44 2022 RE.xlsm jica’
100 node Microgrid Model . . .
Modeling of St. Kitts Grid
node SS node DS  node 1 node 2 node 3 node 4.node5 node10. G " PV d b tteri [ " d "
—_ [} Schematic view of Grid configuration (11k1) enerators, an atteries are Located a
m =& & @ ® - O ) ) the same node no.1 in this model.
® —0O—@®@
I I I I I I s]ack@— ,3\' {l-S\‘ @1
iyl e ; =
11kV I - —ﬁj« [i7] fiz] ®)
E Legend
’ ' " Generahon Bus (generator) with busnumber
node 91 node 92 node 93 node 94 node 95 node 98 ’ : Load/Transit Buswith bus number
4OOV # I-% |-% I_% I_!ﬁ F’/ﬁ\!\ _|: P Load/Transit Buswith bus number
.' Load
| [ [ | | I o )
B —
PVBT: PV+ BT
This grid model is assumed data based on the
information from BL&PC.
From Microgrid
NIPPON KOEI  ~ADECO Designer

Japaninternational Cooperation Agency | 6
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4thREGS Ex08 Nevis 29 2022.xlsm -

Exercise 9

]
Grid Model of Nevis jica’ | 4thREGS Ex09 StkN
One-Lne Diagram - OLV1 (Star - Protection & Coordination) *2 5*FUture'Xlsm
NEVIS POWER SYSTEM (Existing)
T St. Kitts &
'I I Nevis
3 HT i R - 1 Future Grid
1 Data is assumed from
B - Google Earth KML file
S I provided from NEVLEC.
T = Both network of St.
e _; Kitts and Nevis are
o TR Rt © = -rﬂr connected by 66kV
s 3 transmission line.
T Tele Tou "o ‘.=’I_L E @
| = - Source: Prepared by NEVLEC
Wiod Farm =2 i using Google Earth. Node
" e = jES Number is added by JET.
I g S e S Charlestoun 1 "g E I = |idee “N” is node number randomly put by JET
i . — for Nevis grid analysis. It does not mean
(Cotton Ground (15.58 km) .
= i the name of phase wise geothermal rospect - Long P
development plan of Nevis such as “N-1". ESKSubstator
niepon Kkoel  PADECO
4th Seminar on Grid Stability and Large RE .i’CA} Discussion for policy 8
for St. Kitts and Nevis (Day-2) J Qrom 7 Ceeba ek |
What is the most - Grid stability by storage and spinning - GFM with appropriate amount
challenging for reserves of BESS might be lease cost once
achieving 100% RE? - Technology availability at appropriate cost, it becomes available.
Cost of implementation. - Cost sharing by Grid stability will
- The use of IPP result in an increase cost of be needed
energy to the consumers.
- Control of grid voltages &frequencies
- Who will bear the responsibility for grid
stability
What is necessary for - Batteries, grid forming inverters, SCO, demand response, microgrid integration, bi-
grid stability? directional relays a'nd contrc')l
- Inverters that provide reactive power.
- Wind and solar forecasting based on measurement of solar and wind
- Include pumped storage, Hydrogen
- SCO by utility. GFM can be part of the solution once it become commercially
available.
. . . . - to create multiple micro grids which can interconnect
6. DISCUSSIO“’ pOllcy recommendatlon’ and Way Forward How much sec/min/hrs - The standards should be kept, 2 - RE mix of PV and wind will
of interruption per day interruptions/yr, 1hr per year (Barbados) increase outages
or per year do you - 1to 1.5hhours r;]er year - To decre:se outage, i:velstment
assume it is acceptable better t an 24 hours per year. cost such as battery for longer
X - Interruptions should not exceed 1 week days will be necessary
when 100%RE is (e ——
NIPPON KOEI pgDECO Japan International Cooperation Agency | 9 established? ’
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Discussion for policy (2) .,"‘“) Recommendation for Future RE and Grid Plan s\
I\ ot
policy jica | T T
Storage for smoothing - Mandatory installation of BESS, for example, more than 80% (or 100%)
Q from JET Feedback m output and peak shift of Peak MW and 4hrs storage for utility scale VRE
For achieving RE target - IPP producer should install stability It will be needed to be Investment to secure - Maintaining sufficient synchronous generator for spinning reserve
i . - .
100% with grid stability, measurement and should have the shared by IPP, utility, inertia and spinning - Introduction of Grid Forming Inverter (GFM) for VRE source, Weather
who and how to cover responsibility of minimizing the impact consumer, and reserve for grid projection system
the cost? - Special selling rates should be given IPPs who  government. For ; i 1 ication of - . .
invest in RE with control & stabilizing government, external Invcolestmer.\t or voltage - ?Aan .atdory e?pp ication of Inverter with reactive power compensation
- It will be picked up by the consumers, as financing opportunity £l [EEIELNE [eIER or Wind/Solar IPP
whoever pays it will need to pass it on to can be considered Microgrid - To promote microgrid to strengthen resiliency
consumet.'s. Inc.entive to minimi?e is necessary. Sharing responsibility of - Utility: maintaining transmission and distribution line frequency and voltage
- The feed in tariff rate has to be increased grid stability among stability, ancillary service
- Subsidy by government utility, IPP, consumers - IPP of VRE: installation of inverter with reactive power compensation and
- The cost of grid stability will have to be energy storage
shared between the utility, IPPs &customers. - Consumer: demand response, ToU setting& EV charging, peak shifting
Please provide - incentive/tariffs for other types of grid - Demand side Option. for storage - g‘ addition ZOAEE:S’ conssideratiorEZfEQ/ZG,dhédro_gens, (P”mpsd St;’rage)r
Additional suggestion  improvement beyond the storage management (especially with inertia) IR 7S e U A e S e a7 I R R R
R . . Lo analysis and future development
for seminar - Weather prediction (LIDAR/satellite/etc; 15 - Weather prediction . .
min. ahead) required, along with microgrids, system installation Data management - Database management, update plans based on implementation status
Recycle/disposal - Consideration for disposal and recycling of battery and PV panel
“Best-Mix” Energy - Multiple alternative for RE and storage, not a single source
NIPPON Kgfpng JapasphnternationakCenparatioendgancy i (Solar/CSP/Wind/Biomass, BESS/ThermaI/_new storage, etc.) _ )
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