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* DER-VET: A Tool Developed by EPRI
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Microgrid Introduction
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Definition of I\/Iicrogrid: EPRI's Definition of "Microgrid"

o A group Of inter- Multi-customer
i
connected loads and DER i
equipment and devices,
within defined electrical <
boundaries. microgrid & %

* Acting as asingle
controllable entity with
respect to the grid.

* Able to connect and
disconnect from the srid,
operating in both grid-
connected or island-
modes.

Feeder-level
microgrid
Feeder

tie-line
& \,;\?
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Types of I\/Iicrogrids and the Range of Objectives

 Commercial/Industrial Microgrids

* Generally built with the goal of reducing demand and costs during normal operation,
although the operation of critical functions during outages is also important,
especially for data centers

* Community/Utility Microgrids
* Designed to improve reliability and to promote community participation

* Campus/Institutional Microgrids

* Many campuses already have DG resources, with microgrid technology linking them
together. They are usually large and may be involved with selling excess power to the

grid
e Military Microgrids

. gritical loads, cyber and physical security, both for fixed bases and forward operating
ases.

Most microgrids will be grid-connected >99% of the time
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Why Build a I\/Ilcrogrld? Understanding Microgrid Objectives

Objective Solutions...

Integrating more renewables
(hosting capacity)

Infrastructure upgrade, smart
inverters, energy storage

Grid-tied renewables, CHP, building and

4
Reducing local emissions ) Iy
L transportation electrification

Defer / Avoid Utility Upgrade
(non-wires alternative)

Smart inverters, energy storage, flexible load -
coordinated by DERMS/ADMS/etc.

Enable building and transportation
electrification

Aggregation of local controllers, flexible load

management

Improve Local Resilience / Reliability Infrastructure upgrade, RaCkig .
generators, energy storage, ) 6
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Features of I\/Ilcrognds

. Industry Survey Results
Three Key Features Characterize S

a Microgrid

Top reasons customers install microgrids

1. A microgrid is local — It creates energy for Bisc sl back p povecelisncy | | | 75%
itself or nearby customers. S| | | p— 0%
Gbmmerg_'.r_ | | | 68%
2. A microgrid is independent — It can i | | P
disconnect from the central grid & operate Cumasechangs | : : 30%
by itself. M'mmgmmm::::j | | 4;;%
C}‘bﬁﬁﬂrﬂ?- | 8%
3. A microgrid is intelligent — The “Central et otk consacionts g1 s
Brain” or microgrid controller is where the Orter 1 3% ‘

. . . . Source: Microgrid Enowdedoe Audience Suney, 2016
intelligence originates.

) KNOWLEDGE 7
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I\/I|crogr|d Techo\ogy, Components and Costs

Components Costs
= DER (Generation and Storage) = Leverage existing DER
— Diesel, natural gas, combined heat and power = Lowest average cost in Community
(CHP), biofuel, solar photovoltaic (PV), wind, and and Utility microgrid markets
fuel cell and‘energy storage P
= Microgrid Controller - - | Typical Cost Range
Y7 RS ($M/MW)
— Primary, Secondary, Tertiary
= Additional Infrastructure W Campus/Institutional 52.5-54.9
— Distribution system infrastructure (switchgear,
protection equipment), information technology Commercial/Industrial $3.4-95.4
communications upgrades, metering
= Soft costs Community $1.4-$3.3
— Engineering, construction, commissioning,
regulatory Utility $2.3-53.2

Source: NREL “Phase | Microgrid Cost Study” 2018
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Achieving Resilience and Carbon Reduction Goals through Microgrids

Community Energy Resilience 3& g | Achieve 1007
enewdapie dn
Decarbonization

Goals

Reliability
and
Resilience _
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Regulatory Challenges:

- Ownership of generation
= Administrative burden of regulation

~

/ Economic Challenges:
* DER technologies still costly and with
uncertain lifetimes
* Business model still undeveloped
* Utility rate structures in early

implementation
AN /
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Microgrid Design Considerations
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Key Parameters Impacting Microgrid Operations and Cost

Compensation

Electricity

Time of Use

Demand

Volumetric

A variety of factors, many interconnected,
Solarlmadiance  jmpact the overall design and cost of a
microgrid. Certain factors are considered
fixed inputs (i.e. assumptions) while other
Temperature factors are varied to in order to evaluate
the sensitivity of their impact on overall
cost.

Obijective

Minimize Wind Speed

Efficiency Characteristics Profile Shape

Min Load Consistency

Emissions Magnitude

Magnitude Shape

Duration




I\/Ilcrognd De5|g Goals

Maximize project lifecycle value for economic and technically

feasible opportunities in our evolving grid environment

* Creating a microgrid is complicated ....

* Involves multiple power, operations management
and control system components from diverse
vendors that must be integrated and optimized for
interoperability and security

* Integrated controls, communication & coordination,
and new protection approaches are needed

* Assets within the microgrid must comply with the
distribution system operator’s interconnection
requirements
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Performance
Metrics

Control
Objectives

Operations
& Control

Communications
infrastructure

Protection and
DER
Coordination
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Develop Consistent Approaches to Evaluate Microgrid Adoption:
Evaluation, DeS/gn Test/ng & Demo

y Selection, Testing,
stem Integration

Requirements/ | = Controls

Sizing /. iComm Requirements

Test Plan

B

I DER Capabilities f Technolggy Evaluation and. .
Communications | Integration and Interoperability
e DSO Framework
Protocols/Interface
We D bl Alchiicctire : DMS/DERMS/NOC integration
[ DER/Control Setpoints
¥ Performance metrics

.........
-NClr
o A

Benefit-cost
analysis 1
|
I Conceptual Design I
: | Steady state § End to end integration approach
ue Streams Protection Control and system requirements
Societal Benefits ‘ ‘Dynamlc | performance metric verification

Benefit-Cost Power System Vendor

Studies Selection

Analysis

‘uture  BiE B4 - R AR
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Microgrid Project Components & Architecture
(example of a navy microgrid project)

A S Layerd | |
! Security !
* Modular & Transportable | Gateway |
* Monitors and Controls | Data securty ‘Dioce” | 1k |
- Diesels - PV i DER-CAM Visualizaﬁor:u, Economic i
_ Battery - EV Chargers : & SEL Optimization, Engineering Tools !
- PH1388 Building Transformer .f::::::::::,E,,;‘;;;ﬂ:;::::::::L:a-}ér:é::
I |
- Circuit Breakers : Controller |
- Synchronous Condenser 'r'_'.'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_‘_'_'_'_‘_'_'_'_'_'_':_‘_'_'_'_'_'_'_'_'_'_I'__'_'_'_'i:_'l ﬁqﬂ;;gﬁgecrgﬂ[ﬁil
. . | Communications Ayere System
- Adaptive Protection Relays | Equipment B
° Factory Accepta nce Testing S istssistueieiuts el R ettt
* For Cybersecurity, No Wi-Fi, No | , ] Layert
. 'l Remote 1O Protective Metering and |
Internet, and Firmware Updates Done ; Relays Power Quality |
By Navy Staff Trained by Vendors 77T Cayer 0] T
* DoD Cybersecurity Risk Management t| switchcear Renewables Batery !
Framework (RMF) Implemented ; 5
! Load Generators Sgn chronous
. ondenser |

S ——
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Microgrid Techno-Economic Assessment
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What is Feasibility (Techno-Economic) Assessment?

Range of Ralative
Cost Estimation

£ 50 % to 60% accuracy

e 1.5 —
1.4

% 10% accuracy
1.3 —

/

1.7 _|
1.1 —

1.0 Actual Cost

0.9 —

=

]

I
he—|—

0.7 —

0.6 —

\t 30% accuracy

¥ o5

Stage 0
Pre-Feasibility Screen
Stage 1 Stage 2 Stage 3
\ | Feasibility Studhy I Detailed Design Implementation

e — Timeline

Evaluate use cases for
Microgrid & DERs
Microgrid design

DER sizing

DER dispatch
First-order analysis of
Costs & Benefits
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Study Process

Preliminary Assessment

) Cost-Benefit Analysis
& Data Collection

Modeling




Modeling Overview

Objectives >
Minimize Cost

Minimize Emissions

Inputs Outputs
Renewable Penetration _
Electrical & Optimal DEI_%
Thermal Loads Outage Duration Mix & Capacity

Electricity & Gas

\ DER Dispatch
tariff data
DER data / Investment &
Financing
Constraints o
Site Weather Cost/Emissi c Quantitative
Data ostvEmissions L.ap Cost/Benefit

° Zero Net Energy
o Specify DER
types/size/models

e e e e e e wes sEE el e o o o o o

N

h--------#

&
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Modeling Tools

Design

parameters Execute o, Testdesign ec;n;rlnic
*  optimization feasibilityona |If fEESiblE‘ nalvsis/

approach more realistic deci}srinn

[ model :
New constraints making
: . N : :
Use engineering If infeasible
judgement, )

heuristics, previous
experience




B N W - .

R T A ' THE HONG KONG

A3\ : ~ “N g” quP()LY'I‘E(ZHI\'L(JUNIVERSI'I'Y
Sand - ‘ &7 witm A

What drives I\/Ilcrognd DER Size & Type?

* Qutage Duration

* Climate & Load
* Thermal load requirements

e Rates & Rate Structure

* Energy/Capacity demand
e Flat, TOU, real-time
* Demand charge

* Existing DER assets & Infrastructure
* Renewables based microgrid
e Gas infrastructure resiliency
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complex prOJect can be examined in stages addressmg a

series of Cost/Benefit Analysis (CBA) questions
“Stacking Order” for DER and Microgrids

- Analyzing alternative

« A opcosts .
« other costs business arrangements
— —
= Areliability
> CBA2

» A resiliency

« Avoided/Incurred Upgrades
—

. Reliability (unchanged) )

- Avoided Energy

- Avoided Capacity

+ Avoided Emissions ~ CBA3

- Avoided/Incurred Upgrades

>~ CBA1
Full and specific
description of
existing system
and customers.
— —

CBA 1: What is the net value of the energy-producing DER?
CBA 2: Does the value of incremental reliability/resiliency outweigh the incremental cost?

CBA 3: Does the total value of the microgrid outweigh its cost?
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Case Study: Re5|dent|al PV + ES Systems I\/I|crogr|d Study Process

- Startup Voltage
Availability power Quality
P
Load data
1-min res.
( ) Size PV & storage Ensure ﬁ:fdoﬁgleses
Solar data using HOMER to converter ualﬁ Financial
{ . >—) serve loads at |—>| meets startup > tﬂrous;w > analvsis
(1-min res.) desired availability requirement. conve?ter ¥
R level. If not, resize. .
Availability design.
level desired
\ /
Estimate startup
power requirements
Input Data ---ccooceeceeseemeeiicice - System Sizing  cccoeeeoeeeeeeo» Results & Analysis
Solar PV
Modules
nverter Breaker
V
i Panel House Loads
- v — .
3 e
Battery S N\ \/ 1
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Microgrid Project Case Study: Outage Duration vs Capacity & Cost

2,000 600

1,800

500

1,600

1,400

1,200

- 400
800
-n-'!-- - - ————
o : 200
600 4"
- —— - - -
400 g
o2 100
’l
200 ,
Fa
f

Capacity (kW or Kwh)
Annual Costs (5k)

=

mm Abs Chiller Capacity (kW) 0 0 0 Q 0 D
= ES Capacity (kWh) 0 0 0 0 85 88 88
s Thermal Storage Capacity (kWh) 0 70 4] 0 86 19 182 201
PV Capacity (kW) 0 0 0 0 144 51 0 0
mm Generator Capacity (kW) 0 1,000 1,000 1,000 1,075 1,150 1,150 1,150
——=Annual Operating Cost (5) 403,601 308,086 311,003 313,513 295,146 304,196 301,434 298,749
= = = Tptal Annualized Capital Cost ($) 0 159,231 158,427 158,427 208,910 223,010 217,064 217,274 24
——Total Annual Costs (S) 403,601 467,316 469,430 471,941 504,056 527,206 518,498 516,023

the Future » Bt B4 - AR
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DER-VET: A Tool Developed by EPRI

DER-VET™ provides a free, publicly accessible, open-source platform for
calculating, understanding, and optimizing the value of distributed energy
resources (DER) based on their technical merits and constraints.
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Validated, Transparent, and Accessible Microgrid
Valuation and Optimization Tool: DER-VET™

@9 TT%{:

Models how DERs can Provide Customer Value Streams

Customer Values

Customer benefits

traditional grid
arid services

Investments

-

urcontrolled  controlled

Greater
Evaluate Grid Investment, Technologies, and Services reliability,
cAuEcR resilience, and
commission g = value for all
. . . . . . ustomers
Develop a robust technical analysis and economic optimization tool used for the Jesngn of

microgrids and DER deployments that is a publicly-available at www.der-vet.com

Opening Minds * Shaping the Future * Fiif 2 4 » 5 KR
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Technologies in DER-VET

Transmission Level (System)

o AAAAS System Load
COmEET T AN Y

o]}

P01 Constraints

Deferral Load

v ‘a2 Y
THE HONG KONG
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Il:I P Constraint
Battery £ x
Site Load 7 1” L Vo
¥ ITJ DC-Couplad Salar + Storage -

Controllable Load

T T

] —fret &

Genarator

¢ ] ) '
1 1
Steam Thermal Load Chille
r
Hot Water Thermal Load

=,
ra
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Input and Output Examples in DER-VET

DER-VET Project Configuration Example DER-VET Dispatch Results Example

DER-VET File Edit View Window Help DER-VET File Edit View Window Help
D R -VE T Project Overview D R 'VE T
B . . . . . Summary
e Project Configuration Ry Dispatch
Services Design
Financial
Distributed Energy Resources
Name CAISO Pre-Defined Case July 28, 2020 =z B < >
CalEnviroScreen
Start Year 2020 From: [} 7/28/2020 To: (] 7/29/2020
—_ Analysis Window
1000 + + + 4 ——t 1
T s00 { | ‘1
Analysis Horizon Mode ® User-defined %
(O The shortest DER lifetime H
p - 2 -s00
O The lengest DER lifetime
-1000 Lo —
Analysis Horizon 10 1000 S
= 500
g
£ -s00 L L
—1000 LTI
0.06 -
— Time Series Data
5 004
Data Year (Baseline) 2020 = 0.02 '_II
L T e W
0.1
Timestep 50 v . ¢ .08
2
= 0.06

0.04 _|_|_i
Grid Domain ® Generation o -'_,_‘_‘—"—'_'_/,_,_,7

O Transmission

100%

Distribution
O Customer —
z
g 50%
@
Ownership
0% 5000 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
@ 3rd Party Jul 28, 2020 Jul 28, 2020

i ) Datetime (hb)
_ Run Configuration

Aggregated SOE / total ESS Energy Capacity Energy Price FR Up Price

—— FR Down Price
Qutput Folder Select folder 3 0

Total Load Netload M Frequency Regulation Down
Total Generation M Frequency Regulation Up
Total Storage Power
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Microgrid Controls




g DMS
[ Higher Level Functions, Operator interface, DMS, Dispatch Optimizer, Forecasting ]
/ Grid Requests / /Microgrid Status/ /Grid Requests / Group-Level
Functions
Island Constraints
Reconnect Dispatch Rule edits
ATo-Black Start Dispateh POI flow requirements
Mode — : :
. Rule Controller
connection
Status
| Device-Level
/ Dispatch Order / /Device Status / Functions
L J
[ Lower Level Functions, Device and Asset Controls, Instrumentation J Devices

Relationship between transition and dispatch functio

THE HONG KONG
POLYTECHNIC UNIVERSITY
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Microgrid Controller System Basic Functionality

. ° I/’_\
* Local objective: manage ansition toct (Start
. gic _
generation, storage, and loads b
within microgrid boundaries to Grid connected loop g Istanded foop
meet the needs of the local
system.

Blacked N
out?
Y
N Black start
select?
Y

OONC

Steady state  Unplanned Filanned Black start Reconnect  Steady state
connected isfanding isfanding islanded

* POl objective: manage power
flow, power quality, and
provided ancillary services at the
point of interconnection (POI)

* Core Functions [1]: @ @ 0

* Transition Sisland V.S. grid
connected

* Dispatch

Dispatch
operating modes

Transition modes

[1] IEEE Std 2030.7-2017, IEEE Standard for the Specification of Microgrid Controllers

Opening Minds * Shaping the Future * Bt B 4 « 5 AR
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Microgrid Control System Implementation Challenges

* The Microgrid Control System (MGCS) must successfully interact with
many control devices:
* Inverter, Generator, or Load controllers; Battery Management Systems
* Protective relays
* Distribution Management Systems
» Supervisory Control and Data Acquisition systems

* Considerations:
* Interoperability with many control devices
Reconfigurability to accommodate various microgrid designs
Robust to added, removed, or non-responsive assets
Local and POl objectives may be competing
Cyber security
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Role of Microgrid Controllers

In-house developed
/ control \ Test the controller using

Microgrid controls at software modeling and
multiple timescales \ vendor developed hardware-in-the-loop
endor develope evaluation platforms
control

* Microgrids can include distributed energy resources such as
generators, storage devices, and controllable loads.

* Microgrids generally must also include a control strategy to

* |Instantaneously maintain real and reactive power balance when the system is
islanded

* determine how to dispatch the resources over a longer time

* The control system must also identify when and how to
connect/disconnect from the grid.




POLYTECHNIC UNIVERSITY
T T K&

7 2 San '
' , Qb THE HONG KONG
v

Examples of In-house Developed Microgrid Control

Control diagram of the grid-forming Control diagram of the grid-following Reactive and real power
microgrid inverter microgrid inverter characteristics of a hybrid power plant
3
p— Battery
a0 Viabe :> Average = \PA\III nd
B PWM switch [Inverter s B
“abe model - ° \— Total
Vidqo Pabe Viee /
o Current lag g -l L Invener g 1
| Control . B ;
T 16 abe E T T pecelemsssssssssioysnsssssan s so s s s mna Ve snasss ; i
i hlracn —i— signal :
= 2“’"““’[ Vg dq0 ._g_ — [ IEEE 1547 :‘-:;cnlq s{mpod ! E 0
| °"".° " aae o trip settings E 9
E Vg abe T I____{ VM ‘Mmﬁip‘m" P : S
Virtual Iy fo.abc ) L X A Ai ¥ \ 7
Impedance ﬂ"" Qrey L Current [* mj = Rg;’er::::e < power | Qref ! 5 =
ower leq : ' Ref mo i
I_— & e - ('a::'ul:lum i /| Generation | 2 Geen:lr':tr::i ‘VPP_“E N
—{ kng ._] & UL T ™ i Lo o S e i e | .
— 5 Low | i
) 2} oy K wo’ m: Fre P l-’.ass :
Bllock: Frcqumc}l__r Droop - J Filter : — i
L Veomtral 51 o j j Rest uf‘ -
' ——l il 1 Microgrid -1 - 1 E 3 e

| EEE1S47 | —m— ——— g
tripsettings | s: ACTIVE POWER (MW) 36
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Examples of In-house Developed Microgrid Control

Voltage—reactive power

Reactive Power (% of Stated Capa bility)

Voltage (p.u.)
| -

A

o (UIJOJ.}

2

]

¢

:

- Dead Band

8 «—>

o

2

= Vag  (V3,Qa)
G | |

-] V

3 L Vq

]

@

'8

a

E:

3

S

c

S

g

2 V:Volage Lower Limit for DER Continuous operation

-ﬁ Vy: Voltage Upper Limit for DER Con tinu ous operation
Y

Tertiary Controller

Freqguency Control

———————————— e o )
:: : Microgrid Managed by DAC 1 T \
i * APy I | =
|: + 1| Gen11 | | Loads 1 | 2
1/R ! v
2 Secondary :: EI Apzl: Community g‘
P '1—" | + Power System Il 1
sccljl: /Ry : 1 1 [T
I AP APy .
e Secondarvcammller::. O M:. NEW Operatlng
T LT 7T T T T T T T T T biman Conrellens Tie Line Naminal T "-“-"“-"““"-Point
R A Y7 I ! Microgrid Managed by DAC 2 Frequency ; 18 secondary
I i APyzy i . Controls
I ] —Heen 12 | ! : ontrols
L ! 1 Community 1 C '
ACE2 1 i AP i ontrols i
Gz, O "] | poversen = =
RFsecy 2 | N
] : : | :
| H H
" L Gennz | :
- SecondaryContrallenny_ | L d--T-- a Reference Active Power (W)
Primary Controllers Active Power
Fault Response of GFM Inverter gt Togbe
L ] S L
P : N <1
' i N
0 ~Ld [ tLdg ~ Ui 1.abe . .
—a'E_)_" GU(S} + ] '—ﬂ“’_)} GC{S} ++')_qu = Viabe ‘I'Ia,abr C "g.abc
C ) T i s
— 43 |
]
Y YL
o @ ' o
- [ J = Ln
—» o @
F g 2
€ o
i i A g m
: m T .
L mll.dq g o | MLabe
Lﬂdq = E _ fﬂ.abr
Vadg Y o.abe

]
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Examples of Vendor Developed Microgrid Control

List of Past Microgrid Controller Projects at EPRI

* DOE Microgrid Projects
* FOA 997 Controller (End Date May 2017) Spirae Controller

e DMS Structuring Project Phase 1/2 (October 2015 — November 2017)
Schneider & GE Controller

« ADMS Test bed (November 2016 — November 2019) Schneider & GE
Controller

e ARPA E with UTK Tl Controller

* DoD Microgrid Projects
* Transportable Microgrid (Dec 2016-Dec 2018). SEL Controller
* Fort Hunter Liggett (Sep 2016 — Dec 2017). LBNL Controller

 NYSERDA Microgrid Projects
* Phase 2 BNMC NYSERDA Spirae/OpusOne Controller

= Utility Funded Demonstrations
* NCEMC, Xcel, HydroOne, Central Hudson
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Testing of Microgrid Control Systems
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Microgrid Controller Test Options — Which is Better?

-

\ Pure simulation

Abstract or real-

DER time

Need to integrate
MGC

> MGC <

N

CHIL & PHIL

Interface real
controller and
assets

Power interface,
more complex

~

-

~

CHIL

Interface real
controller

Real-time
simulation

Power

Real controller and
assets

Simple EPS model

..ﬁf

Sl
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CHIL = Controller Hardware-in-the-Loop;
PHIL = Power Hardware-in-the-Loop
MGC = Microgrid controller;

DER = Distributed Energy Resource;

G = Generator;

EPS = Electric Power System
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IEEE 2030.8 to Define Microgrid Controller Testing Procedures and Evaluations

A.1.1: DER available (renewables only); Wave offline.

A.2.1: System importing power at PCC

A.2.2: System importing power at PCC (loss of one generator)

A.3.1: System exporting power at PCC

A.3.2: System exporting power at PCC (loss of one generator)

A.4.1: System net-zero power at PCC

A.4.2: System net-zero power at PCC (loss of one generator)

A.4.3: System net-zero power at PCC (loss of communications MG/Wave)

B.1.1a: Planned disconnection using microgrid controller interface

B.1.1b: Planned disconnection (high renewable penetration)

B.1.2: Planned disconnection (loss of one generator)

B.2.1: Unplanned disconnection via manual breaker trip

B.2.2: Unplanned disconnection via manual breaker trip (loss one generator)

B.2.3: Unplanned disconnection via protective relay trip

LN NNNSNNNSIKNNISINS
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20 _Control Signal ‘ ‘ ‘
e e IanOETE EEEE  SERREEE s AT IR S = — Microgrid controller disconnect signal
| 315}
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290 Q
[e)]
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a n d 2 212 2.14 2.16 2.18 2.20 2.22 2.24
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I — Battery I,
B.1.1b: High renewable penetration 5¢ —_— Battery Is

#1817 B.1.2: Loss of one generator
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Controller and Power Hardware-in-the-Loop (CHIL/PHIL)

* NREL's megawatt-scale controller-and power-hardware-in-the-loop (CHIL/PHIL) capabilities allow
researchers and manufacturers to test energy technologies at full power in real-time grid
simulations to safely evaluate performance and reliability.

Power system studies

g Minds * Shaping the Future « Bl 2 & « B 5 R K
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Project Example: High-Penetration Microgrid: SDG&E Borrego Springs

* Goal: Demonstrate the viability of a microgrid to manage large amounts (up to 100%) of renewable,
intermittent energy resources to meet community load that can be replicated by others while
leveraging (post-project) off-the-shelf software

* Impact: Successful implementation of the largest microgrid in North America will prove that a
community-scale, highly renewable microgrid can be implemented with economic benefits.

60 Miles to SDGRE Network

(€9 kV)
Inverter _+  Substation
Funded by: @' W ;@f
California Energy Commission o, o« Wil
’-,:’_:-’- Substation
@ @ ¢ 2 Energy Storage—
@ Batteries (1.5 MW/
Led b‘{: Large-Scale PV 435[;:;;?) and Ultra
_ . 26 MW) . Ccn #1 Capacitors 250 kW)
San Diego Gas & Electric = _
RS " Diesel
Com pany (S DG&E) > 4 ég G::::rators
) o . (2x1.8 AW/
Rooftop PV o o3 F
(2,800 Hemes) ,-v.: pr 4 d
Partners: g.n.\ﬁ a Ciaatotar
NREL, Spirae, UCSD, OSlsoft, @"\,ﬁ :
n' 9:# = 4
SMA, NRG N L
.I || | 45

Commumty s

Energy Storage Critical Loads

(3x25 kW) '!; * R AR
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Project Example: Microgrid at the Hong Kong Polytechnic University

The PolyU laboratory microgrid platform comprises photovoltaics, energy storage and optimization
dispatch components. It is the first-of-its-kind in Hong Kong, with total capacity of 4 kw.

Utility Grid

Weather Station PV generation

74 N
~ charging Energy Storage )

~ discharging ’WI

battery power
o—y 4 x /

PV output

net power flow to grid

o o -~/

é Bio Energy :
» I <D :
> :

Intelligent Micro-grid

load comsuption
O\

Emulators

C—\/ Developed by DrYouwei JIA
46

Source: Prof. Xu Zhao Opening Minds » Shaping the Future » B B # - B 5t & 5
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Controller-/Power-Hardware-in-the-Loop Test Bed

PHIL: CHIL:

. Energy storage system inverter (representative . Microgrid controller

Schneider 540 kW)
. Photovoltaic (PV)

. Diesel generator controllers

47

= Circuit Circuit Circuit
Distributed i 2 3

Distributed

! |
! I
! I :
I
| | :
: | !
I
! I I
I
| | |
| I
1 "
| inverter (actual ———— —-———— I !
| I
AES #2 Large PY —— Power I
: SMA 500 kW}l [ | & : Advanced ) !
! I| ocPewer || PV Array [ Microgrid |« Analog Signal :
| || Amplifier '-:-| Simulator : Controller | === Communication :
: Power | R ey e . !
I
: Hardware : v | _¥ N ﬁan'tjmller |
| b DGl ardware I
| Battery .
| [| inverter (| PV werter | | ™ controlier !
: | 1 : | Data |
| ; : Manager :
| | | i - |
| 1 11 Rt = |
| T i - T Cantroller
: o (1) ry kpd () : : :
; I I
! 1 L
! AC Power AL Power I . :
| Amplifier From RTDS Amplifier : : To RTD I
g g gy Wy g S R gy =—_—-_—;—_—-_-—_—;—_-—_—-_—;—=-_——_-;—;—_|-——-————-——'
r kv h) ” k(0 Teto |
f
! Vandl | : Vandl | Main Grid |
! Scaling | Sealing [ Microgrid switch, |
| ry %if) Paint of Eaky
| Intercannaction Substation Bus |
. () |
| i (1) ¥yl I
| [
Virtual ~ |
Model | |
| 12k
| Substation Bus [
| |
| |
| |
|
|
| |

T LT _ _GeneratorMl Gemerator#2 00 b—eed e L e -
jazlls « Shaping the Future * Bl B4 » B 5t AR R




A b \'-.‘ \ . i d ﬁ? v ‘a2 Y
RN RN " } P ] %THE HONG KONG
b R . , 4 q POLYTECHNIC UNIVERSITY
N ‘ ’ y 'é‘?{ﬁﬁéj;};%

I\/Ietrlcs for Evaluatmg Microgrid Controller Performance
Steady-state Performance Metrics

Mw served by Ioad class
I- - P cl

KPP1 — Resiliency and Reliability 20
Measured by calculating the energy delivered to
predetermined categories of load. A penalty will
be added for any outage on critical loads.

KPP1 = Ecpn + EPP12 + E}’PIES

—bcoPis — EpoPie + Epsshir " Tyuwoutage by load class . - o "

0
2
where: -4
-6

Energy Unit cost 0 10 20 30 40 50 Bl 7l 80 o0 100
[kWh] [$/kWh] t [min]

Loads served (top) and outages (bottom)

Energy delivered to Critical loads E. P,,=1.00 ] ]
Energy delivered to Priority loads E, P,=090 during a test sequence measuring KPP1
Energy delivered to Interruptible loads || S 1R:5)
Energ Cr!tlc.al loads Outage co Pis=4.50 Load types:
Energy Priority loads Outage po  P1e=2.25 _ .
: . -100 M = motor, | = interruptible,
17 =

P = priority, C = critical
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Metrics for Evaluating Microgrid Controller Performance
Steady-state Performance Metrics

KPP2 - Fuel Costs

The cost of fuels to run generators with a credit
for heat delivered

ol 74
Used Fuel- Natural Gas Fue [M?] P,,=4.18 [S/m?]
Energy delivered as Heat E, [MBtu] P,,=147.00 [S/MBtu]

I Grid
I Gen
I NGCHP2
[ JGen3
[ I
2

The breakdown of energy resources used
by a microgrid controller under
evaluation. Solar PV and grid energy
were prioritized in this evaluation, as
their respective costs were lower than
energy generation from on-site
generators. 49
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Metrics for Evaluating Microgrid Controller Performance
Steady-state Performance Metrics
KPP3 — Interconnection Contract Ee [kWh] Pe [S/kWh]
* Accounts for cost of power exchange with Eeo kW] Peo [$/kWh]
the grid, including the variable price of Eg [kWh] Pg [S/kWh]
energy during the sequence Ego [KWh] Pao [S/KWh]
* Penalty for exceeding active and reactive Ege [kVArh] P33 =0.50
power export and import limits ESIaRY [
Meeting dispatch command premium Tpe [min] P4 =23.60
(DP). Power imported from Grid to NG [$/min]
PP4 — Grid S . (DM). Power exported from PG to Grid [$/min]
— : . e
A ra services T
.. . (vv) [S/min]
Incentivizes controllers to support the grid by e e
following DMS commands and autonomously (Freq/kw, Fkw) [$/min]
d. t d tect CI CI t] Meeting power factor request (PF) Tpe [mMin] Psg =11.21
responding to detected grid contingency (& /min]
events (E-g-, u nderfrequency) Violating planned disconnect request Tpg [min] P45 =19.50
(DR) [$/min]
Unplanned disconnect — failure to Typ [Min] Ps; = 26.40
disconnect (UD) [$/min] 50
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I\/Ietrlcs for Evaluating Microgrid Controller Performance
Steady-state Performance Metrics

Transients experienced

' DSO
due to microgrid load, Response to grid .
DER, and fault ~ Underfrequency event comman
} limits

conditions

\ /Active power at POI [MW]

KPP4 — Grid Services

Incentivizes controllers to support the grid by
following DMS commands and autonomously
responding to detected grid contingency
events (e.g., underfrequency)

Fed L] = n o ==l =] o
T T T T T T

4
200 . T
100 - /
28 43 50 51 52 53
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I\/Ietrlcs for Evaluating Microgrid Controller Performance
Steady-state Performance Metrics

ESS state of charge [%]

KPP5 — Power Quality R
Voltage and frequency monitored at all nodes and
deviations violating IEEE 1547a-2014 clearing times
(Tables 1 and 2 of the standard) are penalized

KPP6 — Microgrid Survivability
Allowing battery State of Charge (SoC) below the
predetermined level during grid connected

conditions results in a penalty tme fmin]
. . KPPB[k$]
KPP7 — Operation and Maintenance 5
L AL ]
Accounts for microgrid component use that will . ol ~ _f_,,_!f;-;:’":';m
. ®
result in component degradation, including J0 e Te ‘
H . . . '. .
generator starting, battery cycling, CB switching, and P
overcurrent conditions vo ‘
-15 4 ® ® Test Run
® Evaluation Run
KPP8 — Economic Operation - . ° e Log. (Test Run)
Dollar sum of KPP1 to KPP7 allowing for overall S S

MCPC controller performance

comparison of various controllers under test _ T _
improvement through design iteration




THE HONG KONG
POLYTECHNIC UNIVERSITY
l‘/ M T A

I\/Ietrlcs for Evaluatmg I\/I|crogr|d Controller Performance
Dynamic Performance Metrics

Approach in IEEE Std 2030.8 [2]:

— Evaluated at transition to
unplanned island, planned
island, and reconnection

— V, f, P, Q settling time,
overshoot, and steady-state
values within contractual
limitations

A P&Q

Measured P Q Allowable

Setpoint control
----- - deadband
e} T— L
o Ovarshoot /_\ __________________
[ : ] \\—_—-"/

Settling time ——
1

"
L
le——— Response time

>
Time=
1.4 Triu 1.1 Trip
1.2 —i _I—I_
, g e 1 o L. Ride-through =
Valtage, Frequency,
H il
a
J.1 1 19 0.1 1 oo
Time, 5 Time, 5
Figures from: [2] IEEE Std 2030.8-2018, IEEE Standard for 53

the Testing of Microgrid Controllers
Opening Minds + Shaping the Future » BH B4 » B AR
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I\/Ietrlcs for Evaluatlng Microgrid Controller Performance
Dynamic Performance Metrics: Example of Unintentional Islanding Event

1

IF—— 14 1+
—— PCC status —— PCC status —— PCC status —— PCC status
0 \— 0 e — 0 l— 0 ;
5.95 6.00 6.05 24.9 25 00 5.05 5.95 6.00 6.05 24.95 25.00 25.05
0 GFM battefy voltage angle 0 GFM ba ry voltgge angle - e angle = GFM battery’voltage angle
35 2s & 35
@ @ P v
20 . g oJ 20 . 20
<5.95 FL 6.00 L&os 4.9 25.00 5.05 <5.95 6.00 \6.05 <24.95 25.00 5.05
= battery volta = FM battery voltag -~ GFM battery voltage - GFN battery voltag
. n : - 1 \ 4 < 1 N / o \
v 0 © 01 o 04 v 0
S : o et LA Al e 4 sl —
> 595 \ 6.00 qL 6.05 > 4.953{ 25.00 ql 25.05 > 5095 6.00 6.05 > 24.95 25 00 5.05
. GFM battery currgnt - M battery currght _ GFN battery currenJ - GFM attery curre
< 2 250 {ma e\ < 250 < 250
5 0 5 o 5§ 0
5 5 —250 5 =250 5 —250
5.95 6.00 6.05 24.95 25.00 25.05 ° 595 6.00°  6.05 24.95 25.00 25.05
Time (s) Time (s) Time (s) Time (s)
Traditional method Improved method [4]

[4] J. Wang, B. Lundstrom, A. Bernstein, “Design of a Non-PLL Grid-forming Inverter for Smooth Microgrid Transition Operation,” in
IEEE PES General Meeting, 2020.
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To understand the what, why, who when where, and how of Microgrids

What

* Inter-connected
loads, DERs and
devices within
defined electrical
boundaries

e Grid-connected or
island-modes

Why

Improve local
resilience and
reliability
Clean energy
Save money

Who When Where

* Microgrid Techno-
Economic
Assessment

* Distributed Energy
Resource Value
Estimation Tool
(DER-VET™)

How

* Microgrid Controls

* In-house developed
control

* Vendor developed
control

e Testing of Microgrid
Control Systems
e Controller-/Power-
Hardware-in-the-Loop

* Steady-state/Dynamic
Performance Metrics
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