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SMART GRID



Need for a Better Power Grid

Electricity is the most versatile and widely used form of energy in the
world, developed over the past one hundred years.

The electrical system ranges from power generation and transport to
final consumption.

To mitigate global climate changes, enhance security, manage
economics, and promote resilience of the electrical system needs to
change quickly
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What is Smart Grid?

 Smart grid is a response to economic, security, and environmental mandates
placed on energy supply and delivery.

 Smart grid accommodates large-scale renewable energy resources and helps
lower electricity rates.

* With two-way communications between consumers and utilities, both parties
can get far more control over the grid consumption, and physical and cyber
security.




What is Smart Grid?

Allowing the seamless
integration of renewable
energy sources like wind...

Enabling nationwide use of

Plug-in hybrid electric .
vehicles... w

Making large- Ushering in a
scale energy new era of
storage a customer
reality... choice...

Exploiting the use of green
building standards to help
“lighten the road”...

Making use of solar
energy 24 hours a day...
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Transform to Smart Grid

* Centralized power generation e Centralized & distributed power generation
« Little renewable power generation * Significant renewable power generation

e Limited grid access for new producers : ¢ Consumers become also producers

* One-directional power flow : * Multi-directional power flow

* Generation follows load * Load adapted to production

« Operation based on experience : * Operation based more on real-time data

18



S S ie b by bLls,l s W oyl
AMI o, 8 5 b |0l 5 ballas a w asels

JAS Sl Kadga Sl e ® O g 45 (gLl

N N N e L L LN

5 S bl gl S8 S Ol o oo s
L O 5ol

a.J.'Sbg: 6\.&.\3}6 Jlasl Ol =
s &y S oS Hlews 9 S S

On 59 03 5k 4w g




Hierarchical Smart Grid

Communication flow )

. ( Power lines
Generation
%’ Generation
Generators

Transmission

{ Power lines and substation

Transmission

Distribution \_ T Naw
. "‘ o
Transformers .
m \T\ Distribution
) = utili
~~ @0 S I
Homeffactory T :
Consumption / . ; ( HAN*
Smart meter |50 Energy -
& storage

A~ 2

\“\ﬁ*—)
<-/ ‘ G\" 0 Home appliances

Consumer

*WAN: Wide area network

Service provision N

4 Utility provider M
( Account management )

L )

4 Third-party provider N

Retail energy provider

Billing

( Account management )

( Billing )
Home/building
energy management

( Installation and management )

( Customer management )

( Emerging services )
> </

*NAN: Neighbor area network *HAN: Home area network




Smart Grid Benefits

Environmental Consumer

* Lower emissions (carbon footprint) * Increased energy efficiency
* Reduce need for peaking plants * More reliable service

* Optimize existing assets * Heightened satisfaction

* Easier integration of renewable energy e Cost savings
* Speed acceptance of electric vehicles

Grid Operator Grid Investor

e Better ways to get the job done * Additional opportunities for revenue
through technology and return

* More attractive workplace » Deferral of capital spending

* Better data for operations and * Shared risk model for funding
decision making * Reputation as innovative,

* Improved plant safety/security environmental company
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Smart Grid Benefits

Improving Power Reliability and Quality
e Better monitoring using sensor networks and communications
e Better and faster balancing of supply and demand

Minimizing Peaking Power Plants
* Better demand side management
* The use of advanced metering infrastructures

Enhancing the Capacity and Efficiency of Existing Electric Grid
e Better monitoring using sensor networks and communications
* Consequently, better control and resource management in real-time

Improving Resilience to Disruption and Being Self-Healing
e Better monitoring using sensor networks and communications
e Distributed grid management and control
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Smart Grid Benefits

Expanding Deployment of Renewable and Distributed Energy Sources
e Better monitoring using sensor networks and communications

* Consequently, better control and resource management in real-time

* Better demand side management

* Better renewable energy forecasting models

* Providing the infrastructure / incentives

Automating maintenance and operation
e Better monitoring using sensor networks and communications
* Distributed grid management and control

Reducing greenhouse gas emissions
» Supporting / encouraging the use of electric vehicles
 Renewable power generation with low carbon footprint
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Smart Grid Benefits

Reducing oil consumption

» Supporting / encouraging the use of electric vehicles

* Renewable power generation with low carbon footprint
* Better demand side management

Enabling transition to plug-in electric vehicles
e Can also provide new storage opportunities

Increasing consumer choice

* The use of advanced metering infrastructures
* Home automation

* Energy smart appliances

* Better demand side Management

\ \ | = )
| | N Q (1N

\
4

Offshore Wind Farm

|
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Smart Grid Applications

Integration of Renewable Energy

Network management
» SCADA for control and monitoring of remote wind/solar farms
* Enhanced security applications for intermittent renewable generation
e Support demand response to compensate intermittent production
* Support SCADA/EMS dispatch applications for distributed generation

Stationary and mobile energy storage
Flexible AC Transmissions (FACTS)and MV STATCOM for voltage control

High Voltage DC (HVDC) for efficient long distance transmission

* Cost-effective and environmentally-friendly underground cable connection of
wind/solar farms

* Provide transmission capacity to even out variations in renewable production




Integration of Renewable Energy

energy storage for
back up power

efficient long distance

L transmission
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Smart Grid Applications

Integration of Electric Vehicles

Charging infrastructure
e Different charging time options
e Billing system for mobile customers
* |Internet/mobile telecommunication
* Business models with different impact on measuring and settlements

* Network Management
* Load management
* Charge at times of overcapacity
e Use electric vehicles as consumer storage
* Provide voltage control for distribution grids
* Real time pricing to support demand response




Integration of Electric Vehicles

netw?rk management
- (load management,
. ¥ real-time prlcmg)
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Smart Grid Applications

Reliable and More Efficient Operation

* Network management

* Improved outage management based on meter data instead of trouble calls
for remote fault location, isolation, restoration and crew management

* Increased stability and reduced losses by network control applications
including volt/VAR optimization

e Optimal mix between local and regional production
e Cyber security applications

* Substation and feeder automation to increase reliability

* Asset management for improved maintenance and asset utilization
* Underground power cables for increased reliability

* Energy storage, e.g. for peak, emergency and back up power

* FACTS and HVDC for increased stability and reduced losses




Reliable and More Efficient
Operation
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increasing grid capacity
(asset utilization,
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Smart Grid Applications

Demand Response Integration

* Gateways with bi-directional communication for consumer interaction
* Smart meters/AMI
* Internet/mobile telecom
e Customer service systems including billing
* Smart home
* Network Management
* Improved load management
e Real time pricing to support demand response
* Integration with smart house solutions
* Integration with industrial energy management solutions




Demand Response Integration

network r’qénagement
(load management,
real-time pricing)

g load management/
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Smart Home Applications

Green power sources

Interaction with utility

Plug-in electrical vehicle

7

Real-time pricing signals Smart appliances

\

Smart customers 34



Smart Grid Applications in
Microgrids

Mater Controller

Microgrid is the building block of Smart Grid.

- Locally integrate renewables and other distributed generation sources and
provide reliable power to customers.

- Ensure that critical operations can be sustained during prolonged utility power
outages.

Power grid will be the “grid of grids” in the future.
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Microgrid at lIT Main Campus

lIT Microgrid is located 2.5 miles south
of downtown of Chicago and is bounded
by major streets, highways, and
railroads.

* Funded by the Department of Energy
* Involves the entire lIT main campus

* Hybrid AC/DC microgrid

* Part of a future community microgrid
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IIT Microgrid Overview

MICROGRID OF IIT CAMPUS
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Resilient Hierarchical Control

IIT Microgrid
(Optimal and Reliable Operation)

v"
&

.
it

Economic Operation

.
Tertiary Control

Short-term Reliability

Secondary Control

.

-
Economic

Demand Response

Grid Coordination

v

Islanding & ™.
Resynchronization *

" Self Healing

Emergency Demand Reponse

centralized 1
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Hierarchical structure utilizes automatic control and advanced communications.
* If tertiary control fails, IIT microgrid can work by secondary and primary cont3r70I.



Framework of Smart Grids
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28 Framework of Smart Grids
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Framework of Smart Grids
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Framework of Smart Grids
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Framework of Smart Grids

P

(Customer) .5 yin ®

Thermal Storage -
< ' Building /
‘ Commermal
Bunlding Automation
Meter \ ,- if i ﬂ/
r/ Campus / Distributed
E ﬂ Co-Generation __ 0 Wind
Multi-Dwelling / \, &—\% e l
Aummahon
a5 F Met Industnal .
T N Il
Generahon (\
Distribution
ﬁ) Home || - Sub-Metered
e Aum)na on Processes
';M’FF'_ o Meler
'[‘lhr' | o Industrial Gateway
w Apphances
rerere Home Gateway

(ES1) £y




<% Framework of Microgrid




Micro -Grid



doddo —

il (halidl @ gy py Yo 4 &0 sl piuw ;0 DG polis dga5
Sodll rals -
51 o33k -
poS CSlu oy e -
yoS (5,105 daleyu 4ty 30 -
Jil sla a4y pals -

S8 slo,e31535 sl e o5ty Sobw -




POWER S
WIND 7\ ELECTRIC
GENERATORS f CONTROLLER ELECTRONICS >  GRID
INTERFACE(S)
\ ENERGY
|

STORAGE

-

. g |
‘e POWER MICROGRID |
Y ELECTRONICS POWER W
mopuLES_INTERFACE(S) DISTRIBUTION ~

Supply

MICROTURBINES SOURCE POWER
4a,, SIDE ELECTRONICS| LOAD(S)
- ENERGY INTERFACE(S)
' STORAGE

FUEL CELLS




P |

_M- sy ,o R, H. Lasseter Lwgs Yo\ Jlo )0 a3, pogde

a3 slgries Madison

JS 85 Jml liagas g 555 00iS 0,058 ljagads 9 0ud @i @lie 5l Al 5, 0
! °A":’Jz‘i&:’."4¢:’.)’° 6[&).39&.‘5“:}5

Islanded MicroGrid

{1 Renewable
i | Energy source

Energy Storage

System

Renewable

Energy source
Energy Storage,

System

.....................................................................

DG,

Renewable

Energy source

Energy Storage

System

Main
Grid




. R S M &e‘ c‘.:(u;\) ﬁ) :P’.&-&A
ode o (SopSl a5y
ol 3y gl oSz

UPS

> meest T 1 104 G Oleyen oy alie Jals
- %cc N =2 o=y ! ! e le ol o]
Uity LAY AD ZAD | IRt P O R g
o i jCommon i LS"“ )Lf d-‘{w 6‘}9 o&:.flx
Static I ac Bus !
Transfer Switch ! : Sy S 5 =<
a s( IeB S)W & | Distributed Loads Microgrid /,i - < 2> 9 LS:?. )..SJ

AT S e SN Cod &S S>gS 4l




S 3 y Slwo g

?~
Sy (sngee (5l oy 5o 4idg ol gy LWDER (g5lw 4z LS,
syl polia 2,355 DER ol 51 (230 sl sl (201575 35 890 5k lallas J S 41 05 paceas (U3
S
E il IS il e g 295 B (IS 00 By 51 S35 Siundgus 5 b Bl o5l
OlgF CoriS S9ar b 00D (55 el el by (goliazdl 5 lge (Gillae S 5l iome g Jato > o (5052 0 02
(shol 4l
i Bllasil g ylialol o LlB 5400

a25 (oo Sgage |y wlgi lanily bs DER (o295 &)l 5l eslizl L



5357, 5 9551 ol s -Y

5ty cél uai-Y

Solazels 2o

PCC ,o 0ly cutnS Sgugo -0

o5z Sl j0 D90 10 i Cutal 5 Glivalol Cebld iul53hp
A5l dgw gl DG w0 Salea ol G-V

a-DG ¢, Plug and Play s Sles Sl ol comlin J 555 L -A




Sobaid! bl

) oy anze Wl oo (JUSl g e oy anje Bd> 4 arg L)
Gas el

sl ()05 dalapun )0 oy S 0l) S Jh 08 4 Fly oY
G20 oo s 1) slilicel golaidl Ol pas (g CutnS Sgupn Sda-Y
CHP 55" 5o 050,91 o213 b o aiy50 als” 5 Gleaily (aalj3H-¥

LS‘)'? ‘5&3@':' 'bds 09.»» 9 DG OKJJ)‘») (Sb.g 03...» «ﬁlm.o M ﬁ)-a
OHl0 S e




P  hol St b T Sbaidl calus
: olausl )b Ao (yilgs-)

DERS 55 b odg aze lals-Y
Sr v g NV
4 )5 55655 sla a3 )z 612 DG (55LsS sl (5 )9lid e oS 5-F

o)l 355 slp o5 auje b ady sla 6,91 08 9 Vb cud )b b (555l
4l
Sl 43s5 gl auimy adg Gla syl B g o5 Sudib b )5 5Le-F
S

we




B bl 4Suih b 3T SLaid o glid

Natural Gas

Generators

W

\_

Y. .4
IEEN N

Wind Farm

— B
) “ ¥ -
L]
'y
‘\f/

S>3 S g 3y glie plojen (53l dinge -

Lolis 5 as,e lojod (g5l aiege =¥

Nuclear Power Transmission — Distributed
Plants System « storage Rooftop
u Solar
4 ‘ l l 200 0
f ff : -
% M T & P
; { I | N 1)
.-”A

) 2,
A
Hydro power

Distribution PHEV ' u
- Substations ﬁ
plants Energy
Home Energy Efficiency
Storage

Solar Farm




s S 99 A 3 4 31 00w ! NS
b e oS s U

PR Lb . ., . - .« = -
&Ly S Wﬁu"-’)sﬁu-:’w&‘ﬁf)m))mﬁu



@)Ba&zjlﬁ:‘ma DX @333&,&4“}@1,; D

Slp S5 g @ 5 B olie @y Sed B R
o0 3 9 5By o)k Sbal ok

On P el i ¥y by S5 4 5l pas @
aasls uilS )3

ekl Colls l530




From & kY main grid bus

L]
Main grid bl—h Microgrid

BkvAISY
diiatribaution

415 % Mcroprid bus

@ g0d dSuw 3 y 9 LS Lw
N\ /)

CHF | _ | Heat MNon-CHFP Storapge
SOUrCE load SOUrCE device
- Feeder A
Lt
SCH
Feeder B

CHF
sOUrce

. Heat
load

Feeder C

Storage
device

Mon-CHP
SOUTCE

CC - Central controller

MC — Microsource controller

CB — Circuit breaker

SCB - Sectionalising circuit breaker
CHF - Combined heat and power




Point of
Common

Coupling (PCC)

1=

Feeder 1

Circuit
breaker

2B

?

% —
<

1
T

Loads Loads

Batteries Photovoltaic

D+

Grid

modules
Feeder 2
|-o-| —_ * *
Static Circuit N N, w I I
z breaker — e £
Switch — I_ — Loads Loads
Photovoltaic Ultracaps o
modules Wind
|7 generator Feeder 3
—
Circuit
breaker Loads Loads Loads

AC/DC oy 0l ¢ a3, 5l (ol digas

5%




o PO § (5319 5 © 383

ideyb 5l cliss ()5 b G ;0 b 5D 5, S a5 )10 00

3 e (MC: Microsource Controller) absj, ) pus-)
CC: Central Controller ;5 0 sl oosss s -¥

2 b Sl 5 olalazl 4 gl 1 5y o olys Uy MC Lol ailsy

canla—MC &).lo )| Mﬁ) C.Jal.nka(s)b)a 0 34 CC uJ.a‘ 6.1‘1-'93




o PO § (5319 5 6 589

145 4y Juate > o CC sl
)b g alie 3, 5l Sledlbl 6,9] ao b G2k~

0D (S )31 o> SleMb! 51 eolatwl L =Y
«apal (b))

(golaidl odgi (63, aalip

&le ) 9551, 9 9351 Ol S8

J,m&m«.&g‘ﬁuj

solie 50 olgs Jobs jlade Cuuls ¢ ol aSil b 9,50 o Ses paenai-Y
Sl,L3 50 Zpaie s Cagly




o PO § (5319 5 © 383

15 51 Jiame <l 50 CC Lislls,

Sl 3 g 3By Cuts jolate 4 @ilie o) 9351, 9 9351 Ol JuS-)
)l o

0> 9 B pan Cuoms o pie jl oolaiul b oloj)b sla o5l ] Gadas-Y
L ool 5By 9 Oly Jols Lads> sl 6551 sl 5La

Bt ) e Ps‘dﬁf 9 uL&u&.B‘ C.%.LL; sm)| 6‘,.: BIaCk start «..:.g' u&a‘ »)'.zﬁ—‘"

slml gy shol aSd bk 5l o Jeate 4 s 5l 5500 juaii-¥
((shol &b g a5 32)) 4 90 ;2 5 lky ,o S




| =y

solais

Y

‘_;:.é—
9 R Rt

18

*
L4

%
Y




Solad! b WJI>
r

oSy adei asle ual (YL 4y =)

IrsS Codgin oS 4> a5 Conl e Jlgaw il ol )lsl > 2
O, (e e jo ol a5 Slej o3l jo (655! slo Cued

KL




o S W
r

Al 3, ok olawd 08 a0 S8 W g 4 SgaeS =)
3 Real-time 5,00k Oy90 a4 03,28 Olidsw aiejls aiuwe

A 3, (JS g sblis (o poe b au> aiw o Off-line uoen
] ela.n ») Sl @'-3.‘-" 9 @L{ o)b.a‘ cg.)'.?ﬁ.:‘ oj)ls Q9 >

Syl jels S g abli> Ol 4 5L Plug & Play o 5, 5-Y

bl Salen (9,95 po 4 -F




.a S
o b Wb
: oy el aus ¥

Jiune Sl 50 5 )8 9 50y J S -0

ASed 9 L DG sl Covgazme Suole) L a-DG (s )b oo -7

9 Buﬁ LSL“ QO g ‘:*-?.l-‘) lJ UKAMS d).a.a )L:..: Q)R Q 9 P wl:—\/
Sed 0b

O gl oz jlom aSl b (g5l 05,55 -A

=4




| 90 9 N P b LI

0l @log oxe $lp saine Ol)Ee g olailial da HeiuS el jo )
&5-'...:)5)‘ c6)|¢ﬁ © 3o 6')? D‘Y s %‘&l:...a‘ %Q,Mogylﬁ&&

PYIPRVILY s ) ‘) J'.g 63,:‘ )| (5)“))? 0 43 (SJL)u' o|) > CJaQ ).Lﬂ -Y
3,05 3929 iyl ;o b Jbsle ol g5le ool (gl Ol e g lastul LI

o S22 dlml 4 GIS dyle s 32985 sl emslie (5l -

(o) a28) ¢ pagp Wb IS 4 g puilxs-F




s o

- 2N

F\oE TS ‘ ' o & . . &
'

'ﬁ)‘bé‘)@&iﬁ}\é ¢




Optimization a
Control

v Sensors

v Filters

+ Recloser Controls
« Capacitor Controls
 EMS

+ Restoration System
+ Smart Appliance




M ¥) f'sﬁ‘ —\-Y

DC ,AC — ()lg5 £95 com= p -\ ®

Microgrid
Hybrid DC and
DC Microgrids AC Coupled AC Microgrids
Microgrid
—

Line-Frequency Fre }J;i}:: AC
AC Microgrid I\SIIicrogl)‘,id |




M ¥) &'3“ —\-Y

Ll 5,115 5 o 1 =¥
(e S 5l () Slous 4l 53, -V -V

iaio 5 (5,25 slb &Sud 3y, -Y-Y
4o 3l Iymee a8 5, -Y-Y
<! bfgisél,suo.,a sl NN -\-Y

sl Al 0 95 (g5 Joro 5lo punpnn —Y-Y

o0

DC DC
oo O ACE(@
o0

Unidirectional DC-DC Converter Inverter Grid

PV




7S s olusl 2 =¥ 0
P e JS plagn V=T 0

P roie yub [ 7S gl V-V 0

a5t 51, 4 0 DER Jlasl o -

Al 4 Ls_i:_;”;:_ﬂl Jows 35 ,b 5l b DER Jlasl -\-0

> ).?DG ('::L..a -Y-O0 °




ASow 3y

MV

\_

oo Lawgio W9

SoR

/

ASow 3y
o glio (il W
LV
\_ _J




&258 AC Ojg0 4y Lo blE i ;0 §p 4l 4 4295 b 09290 slo a0l 3, 251

aSed LLV  ggi 5l sl aals )15 b (Soop 40 b aSd 5o, 4l g 84 o0

b @is 5y g et cnl 5o 3y o Logos aiten oF 5l L glite sl
ol (3l s Sl adgs 9 b (Sea3 Judo 4y boaSids cul jo el g Feoe (o

0diSTy ag axly iz g il Sy mije 4Sed sz Jold lawgie Sl A,

O Jawgie Sy sla 4Kl 5y, o035 ean] o ol bawgie Sy jud wiz 4 Juats

ol Wy haw 0,5 wialys g3k diedign gje8 aSed S g Jlb Copae gl soulS

S ISTINI L DY O NN



r

ol sl -

v v Ol CadsS &y olus sla)ly -

L@ vy (e oz slaan b -

Static Lb ‘bu» Lo-«-: =
Switch \H . O I

- ;L@ v v alas LB sla)ls -¥

T N sense
rec Sitwd 2o BB g ules g slayl -
¥ Lads

1 dazme g5y oy B sla b Y




BEPISw 3 3 5310 w0 909 s Il —F—Y
' b 4 Jate el -) o
Dyl oo atein ol aSils bawgs (uilS )8 g 5Ldg -
QS oo gl oo (pad w3l Gliae 43 oo &ilie -

St ) lyzme el Y @
S 4y e 4y S a0l 5l e 2l p0 oz ayllsg
559 9 5y Sy -

&lie (s b cewlio punds -

b Sl 4 & s 9 coslin Fuly -




DG oS! g wd o9 Zilio

N
r

Transmission —. Distributed
Natural Gas System » storage Rooftop
L/ Solar
Genera tors

\

i | | ::j ‘ i ]ul I
A1 ?1'.‘ P
w By ._‘", |

Distribution PHEV o
Energy

Substations |
Home Energy Efficiency
Storage

Hydro power
plants

Solar Farm

75




Renewable Energy Resources

Electnc Vehicles
Pl S
% /I/ \'\ | EEEERN .. _—

=
AL power
4

Al Electronics n’

Main VL -
Utility Grid i
Compressed Battérles
S — Air System
____________________________________________ 3

76




RenewabIeAEnergy Resources

Electnc Vehicles \

N Household appliances and electronics

llllll...
| |
I an
IBS power

Electrom’cs

h S
|
2

Compressed Batteries

Air System

77




oS | 33 wud of alio —

258 b b b 4 e DG glaosly

Abb oo Olgle iz U Silgels” wiz 5l aslio oyl o5lasl

9 oolege (B9 Jy « S 9938 (g0l (yuysd ilgl Shls
il (00 008 9 A 3ol sloygige 9 (o )eig S

o 22595 aSd 4y L) dws lawsgs Wil DG axly I 55k
) (395 51,951 55 (o0l Sl ygf ) 9,50l (sl ygil35 o9

(9w Ju g S8 ) (S xSl sl oo o (;‘g“.za-*“aﬁz—;




DG qbo £l

N
[Distributed Generation Sources

S
I
Y
-
| Dispatchable energy source W
A vy
L A J v L J
g N _ _ ' ™ St
Micro Turbine . Remprocatlng_ Combustion Electrochemical orage
(MT) mterna] combustio engine energy sources energy
engine(lICE) sources
. i v L vy
l v
E—
Natural gas Gas Turbine Fuel cells
turbine (FC)
h 4 A 4 + ™,
oy '
i Batteries
Er:Zi?; ‘ Gas engine Flywheels
. vy \_

A A

h 4
N
[ Non-dispatchable energy sourceJ

h J

Renewable
enerqgy
sources

——

' '

' ™, ™
Photovoltaics Wind turbines
(PVs) (WTs)

A A S

v

.

Magnetic Energy

Superconducting super-

capacitor579

Storage(SMES




(+P+Q) ;8 s AVR

(+P-Q) (riy55 0 419l J5S 9 B J S

(+PEQ) (yasy55 co pos 9 DC S 519 J S

(+PEQ) 1os)55 oy § DC S 5ty o MPPT S

(£P£Q) 5, cll> g (il 51 5y Sy

(APAQ) ce ps J S

(£PQ) 5,5 >

oS! 53 559 @l Wil

Ly,

0955 931 35

095l g 9y 595135

095l 9 (39,50 581,35

95l 558135

(AC-DC-AC) 2,05 S 2SN Jorno
(AC-DC-AC) &3 Sy S Jorno
(DC-DC-AC) & 108 Sy 2SN Jorss
(DC-DC-AC) & 108 Sy 2SN Jossa

(DC-DC-AC) &35 Ssg 2SI Jowa

(AC-DC-AC) & y5 Seig yiSI Joma

(DC-DC-AC) 5,05 Sig 2SI Josa

adgl 655! pe £98

CHP

s 3l slaygige
SzsS s

ol ey (50b myg8
e S s (50 Cmy95
O 959 ySee

PV S.slalggzd

9 J

65

oS e

o3

DG

}Lulo ).:}’3
&5




£F SOL () y99 —1—)

S —— YT PR NN

Jusli g 0050 duaz ¢jgme 93y oy Jold (g0l Glo (y 95
Al oo 3,0 Fo-Ve o 0l slo Gy (LS (lendl

gy diwd 98 5lez 4 ook b )
D ,C

81



SoL b (w9 El9

Wind Turbines
Fixed Speed Variable speed
Tvoe B Type C Type D
Type A - P . Variable speed with Variable speed with
. Limited Variable .
Fixed speed partial frequency full scale frequency
speed
converter converter .




Type A

Type B

=)=

SCIG

Gear

£i

Soft-starter —

Capacitor bank

Vanable resistance

WRIG

il

Soft-starter

Capacitor bank




Partial scale
frequency converter

a3

Gear

_

==

Grid /

WRIG

Type D

Full-scale
frequency converter

E

PMSGWRSGWRIG

84




odls )18 Bl <S4 y0 sand o> slo Jolw
St yon Jolu VY b Y ag0s 51 JSizie PV il oS,

S sl Joho 15 SlygleS /Y ) Sislilggsb b s

S50 5l i Sy iz b 5 SgS
1Y+ 5l oS oyleasly

VO 5l G SLg928 Jgao yas

85



0 ls2)

MPP

.-
Wrrp:n |rr'|':|::-}

Current
Source




Swldggid Joleo 4l
|
P f\f’\\f\a—. _
Rs
|P'~.f'{:‘j |c|l W Rsh v
I=1 —1|exp (V+R.I) |V HRI
i N kTa R,
. G
Ipv = (Ipvﬁ + AI&T)G— IPFJH _ RS;? +RS ISJ:
Isc+K AT Ry,
Iy = VoctKyAT
Exp( NckTa )_1

87




100 m‘."'n.l'.l'izrn2
2

B0 mWiem
&0 mWiem?
40 mW/em?®
20 mWiem?®
10 15 20 25 30 35 40 45

Voltage in volt

a0

08




Fower in watt

400

350

300

250

200

150

100

o0

B9 OIFPV vy 92 b ol 5l
»I Ii“

100 mW/em®
B0 mW/em®
60 mW/iem®
40 mW/em?
20 mW/lem®

10 15 20 25 30 45 40 45
Voltage in volt

ol

o9




>932 O19DC sblod 40 §UWg wiyw o
"

—— 4[“} ; I . I . I T I I
100 r|'|"|"'|.l'.|'1:m2
z
150 - a0 n1"|"‘|.l'.f1:r|12 |
G0 mWicm
40 mWiem?
300 | 20 mWiem? | |
g 250 - i
P
v 200 J
:
('8
150 - J
100+ i
50 i
D 1 | | 1 1 | 1
0 2 4 G a 10 12 14 16 18 20

Current in amp




Sl g g3

&l dl> 50 90 Joo pvcs

o 0 DO DC
° o T . VAV
o0

Unidirectional DC-DC Converter Inverter (rid
PV

bﬁ&J%@M ’:’

ekl 5 yieS anse YL Gl has plesly glils sl al> e SO 5 snl S

SYL el

91




% Sl 998 J g5 slawg
_

Hly 1 5Wg JyuS g <ol (e (g5 -)

g J 58 I2me g (lojen jshar wilgine 5yl 92551, 9 9351 Gl
MPPT 5 -

Lis Goa b Spugd JyuS YL oy collB by J 585,800 S

C)T “if."))" L.’. )'°'" J° dppv/ deV

DP9y 90 O G S s

:ég..’f: s° oolazl PV J)S.ZS 6‘;.3 Uf’3) 99

92




PV o1 Al 40 I 334901 b j1 aw

4

U T TR - ——

CICIGE:
5

VP" ipv t

LT

Microcontroller

1 pv :m'.f'!ching
— Signals

o3 03 o2

Load

93




Discrete,
Ts=1edbs,

powergui

23427315

Temperature
[K]

1000

Irradiation
[Wim2]

Three-Phase Source

W Lraf Pulses

Series ALC Branch4

C L
A

Voltage Measurement

l

Three-Phase
-1 Measurement

Scope?
Scoped
3428
Bl P —,_'
ﬂ 2 [ETY] Dizpy
|| Volizge Measurement! Power
PRI o = e {igh Fresor Lblj|
lahc b= Parallel RLC Load Sy
ol a al 4
b—n BJM.’

ok c alC
Three-Phase

V-I Measurementi




s S 3929 yg0 50 LS AU ) S cawbio 8 )Sles

aSediey ile Joo @Sdn,y S 5l S guals 55 ¢




P S ¥y il Jao —1-Y
: S 3y il Joe sl ol sl g,

o i condy JuaioVSC 5Ly ase Jous 4 a5 DC a0 S5 -Y °

Potential Power Island

——————————————————

Iy

i !

| g Local Load | : |
| . . . I
| TGatmg signals : : |
: s I '
| Vid - TC § R, §R: i
2 | |

| 0| Gating [ Vabe | K
|—  signal y, | Controller g— | 3
| generator | | L - : !
| |

R —————————————————————————————————————— — —— ——




B i) sl Jos )Y

Al J5 Seolind Jue =Y ©
Gl g a5 2led S slo Salins 15,901 Joa

Main-grid

Microgrid / Isolation
switch
Common bus
Line Line Line
Local bus Local bus Local bus
5; Local i | |Local m | |Local
?r\ {Lmds} }\ Loads ?I\ Loads
| =l | =
Fual Micro- Photg-
cell turhing voltaic

Jlas!
b el @ Yolas
D9l (g




—

Sl aSd b duglie ;0 aSlin) sl OlgF Cu o 551l Guly oy
)| M’)L&u| Jﬂy'b M|JLA.QA)L¢M» w9l 2 9 P9 0 C.'J)d:é

Oglise dulgd Slasein g cud,b b S5 DG pass 0929 ()
Mﬁwab)akj)ﬁé?ﬁésj‘wki&)wrx(v

pas S Hgo 4O 6‘&3}2&” Ja*»‘gl.gDG 6&&?‘3 & éwl.% Sy (‘"

S, e Sl ageli/sdy glaul g wilgd oo cuslio Slagged yauiy il

100




, ol il 45 32,5 (6 oyt Al & IS sl (55

39d oo plomil (Bg) g0 4y aSCd 3oy JyuS

90 daseiue jl ool b o DG e S :adgl Jyus -
P95 b S esliinl b (il 58 5 5Ly Byl e
. - sl . b . . of|& "o M * . —_ o
s e 4 1o DG (g 5 3y uilS 3 5 ey sl syl Jyus =Y — 35 yode S )
STale g o Pl o929 b Glisebl bl fals ices

shol 4508 b aut alsle o3 J 8 antlls J s Y

i3Syt b JS Y 0
b DG e J,8 Jawgs s o Slos

[ ol @930 (g Mgl g 3T yoso pd J S 30 Jgleo (g ]




Ao 33 3 J S s (g

by oIS Jolpe o aid

selen a2l cYlasl g gl o5 cdl> o o5 5L Al
B s yulis a0 o (sl uite (g5l dinge dllas- S pre g3 )095 (sl a3y
w9 GOLQ-ﬂ) 64.:4“}-“

5551, 5 5381 g3 S e puilS 315k ol J S
e 9 450 (g5l 9,50 doalck start < 0.

«slepmr cdlo s Ll ¥5g slals ol &s3e «limas bl
w9 Ol 9 5 S

s g0 jl ey a5 5L
(s> &0 42)

102



Ao 33 3 J S s (g

4..3.]9‘ J)l.ls

oz Load s 5y boads J S
| | I | | | | I | |
)fl.ﬂd.} &‘93 uoLm‘).g &‘53 &> y0 u»'..u.:‘ 2 J.D-‘j S5 ULA)AD J.D-‘g i
| |

JL:S )Lg &593 OLg’)? 9 )L'fJg Ja.ws.l..o Q> uolm‘ﬁ szLz«:A wS‘A?A‘ o le.‘)‘ J)ZZ..S By LS.JCL?A

103




Primary Control

rimary controller is shown Fig 6, composed of two stages:

DG power sharing controller (lower part) responsible for the adequate share of
active and reactive power mismatches in the microgrid,

inverter output controller(upper part) controlling and regulating output voltages
and currents and typically consisting of an outer loop for voltage control and an
inner loop for current regulation.

ref \L | ve
Vo Voltage N Current PWM + ’
loop loop Inverter L
A < |

.-

Voltage reference Droop control
E sin(0™@ 1)

Eref < Qn
:Tl:, e

Fig 6. Primary control system

P/Q Calculation
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~ TYPE of LINE R (QV/Km) X (©/Km) R/X(PU) 4 PS

Low Voltage line 0.642 0.083 7.7
f
Medium Voltage line 0.161 0.190 085 — @
A

High Voltage Line 0.06 0.191 031 = &
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( Control strategies for DG Units )
‘ Grid forming ‘ Grid Following
Communication Without Synchronous Stationary Reference
based Communication Reference frame frame S Sane
Central Control v P.V/Q.F Droop Control v PI Controller v PR Controller v PI & PR Controller
Master/Slave Control v P.F/Q.V Droop Control ¥ Hysteresis controllers
average current-sharing v" Dead-beat controllers

peak-value current-sharing
circular chain control
distributed control

angle droop

N N N N N
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Secondary Control

Fig 10 shows the block diagram of the primary and the secondary control loops of
a microgrid, with the following Pl control

* *
Aa):kpw(a)MG —a)MG)+kl.wj(a)MG —a)MG)dt+Aa)s (1)
* *
AE =k, (E,q —EMG)+kiEI(EMG —E,q )dt (2)
6 / Eye ]A
measurements )
M
Low bandwidth | .
communications | - c
Ouc - n : “ r
v Ac
%)—» G fs) 2 : o
= : ' g
@' Ao, i : i
Eve | o ' : d
+ r~ |

Eyg % AE I

— Gi(s) I LU : Droop control £/Q Calculation |

—7 | v | EZ sin (2, -1) R — |

Frequency &Voltage : M j = On o |

restoration loop |

| T
L Secondary control ) % )

- e . — — — —— — — — —— —— — — — —— — — — ——

Primary Control

Fig10. Primary and secondary controls of a microgrid 152



Tertiary Control

* The main aspect of the tertiary control is optimal operation within a microgrid
as it interacts with the utility grid.

* |tisresponsible for coordinating the operation of multiple microgrids
interacting with one another, and communicating with the utility grid.

e |tisalso referred to as the microgrid EMS and responsible for reliable, secure
and economic operations in either grid-connected or stand-alone mode.

The MC tasks ares shown Fig 11. Customer Utility Level
Load Present Information Improve/Export ]
. . . it Power Control
They will be particularly challenging [25E"Y 7 porecast\
- . . . . ~ RW-Heath /' DER Level
in isolated microgrids with highly Real-Time Dispatchable
] Power/Energy |
variable energy sources. Management \ S°"'°e Conie
| Load Level

Present Information Control

power system operation is as r—H

seamless as possible during major Electicly h”"H
arket

disturbances.

Variabl
) ) S?J:?cez Forecast
MC is required to ensure that the :‘1 n M A [Demand Response]

Fig 11. Functions of MC for tertiary control
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Tertiary Control

The main functions of the tertiary control is displayed:

1) coordinating the operation of multiple DERs interacting with one another
within the microgrid and monitoring the SoC of energy storage systems;

2) price and load forecasting and economically dispatching the DERs including
energy storages by providing day-ahead and real time scheduling, taking into
account the operational, security and reliability constraints;

3) power quality enhancement within the microgrid (e.g., reduction of
circulating reactive power, reactive power compensation, harmonic current
reduction)

4) monitoring the interconnection with main grid and regulating the power
exchange between microgrid and the main grid for minimal-cost operation of
the microgrid;

5) communicating needs or requirements from the main grid and interaction
with main grid by providing additional auxiliary services
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Tertiary Control

The input variables/ parameters for tertiary control including

Forecasted power output of non-dispatchable generators for N consecutive
periods.

Forecasted local load for the following N consecutive periods.
Forecasted grid energy prices.

State of charge of ESS.

Operational limits of dispatchable generators and ESS.
Security and reliability constraints of the microgrid.

Utility grid interconnection status.
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Tertiary Control

* Primary control: Once the microgrid is in island mode, the frequency droops along
the blue droops and additional power sharing has been enforced.

* Second control : The operation mode will be shifted to the red droop in which the
frequency is adjusted to the island f,,¢.

e Tertiary control: Based on the MC command, microgrid load is dispatched
economically among DG units (along the brown line) and the entire microgrid load
is supplied at the rated frequency. The droop will be adjusted to the green curve.

P

Gmax

1
e
P * = *
2 G Gmax Q( rmax -Q(i Q(i Q( rmax

Fig 12. Primary, secondary and tertiary frequency and voltage control
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Tertiary Control

The block diagram of the tertiary are shown in Fig 13a, with following PI controllers

adopted.
w]T/[G:ka(PC;k_PG)+kiPI(P;_PG)dt (3)
Evg =k, (05 =05 )+ [ (05 — Q5 )t (4)

Distributed Synchronization Loop

- Inisland mode, ,, andE,, are
set by the secondary control.

- In the restore, the synchronization

PIQ : * *
e can start with @, and £, .
Calculation
ol [~ - After synchronization, the signals
T Ty, ‘gﬂdwnnmd »(Aa, are provided by (3)-(4).
Pl ——e 1| .
0 oumt ) - - If k;pand &, are equal to zero, the
% ¢+ 5 grid connected control tertiary control will act as the
0 «  Island '/’T’ Ew . . .
Egn Eaa———=' | g primary control of microgrid.
Tertiary control |

Fig 13a. Tertiary control loop of microgrids
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Example 1

The structure of the example system is shown Fig 23, with the following parameters

MG, frequency set-points: nominal = 60 Hz, max = 60.5 Hz, min = 59.5 Hz.
MG, voltage set-points: nominal = 1000 V, max= 1050 V, min= 950 V.

When L, is larger than 500kW, MG, will have a frequency drop of 0.001Hz/kW
When L, is larger than 700kW, MG, will have a voltage drop of 0.1V/kW.

ICs have primary coordination droop coefficients of 1000 kW/pu for MG, and 300
kW/pu for MG,, respectively.

Assuming that the directly-coupled MG, has adequate generating capacity and
always operates at the rated condition.

f.7“=1.0 pu |_1:
| 12,5k 18.75KWY 500->525kW
MGo MGi1 MG2 MGo MGt MG2
£1=59.9875Hz  V,°=996.875V L,:
(€,=0.025) (€2=0.0625) 700->750kW
(a) (b)

Fig 23. (a) Multi-microgrid system and (b) Power
exchanges
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Example 1

In response to the sudden load change, the operating frequency/voltage drop even
with an enabled secondary control and the new operating points in a short period
after the load increase are:

f, =60—(525-500)x0.001=59.975Hz
/>, =1000—(750-700)x 0.1=995V

Accordingly we have

14 fl_fﬁﬁm 3997560 _
f—f 60 —59.5

DC _ 1,DC _
e =1+ Vch Vz;C :1+—995 1000 =0.9
vy 1000 — 950

2,min

Thus the per-unit error (e) can be obtained as:
&= fou—fip =1-0.95=0.05
&, = fou—Vor =1-09=0.

2,pu
The initial power exchange are
P = ¢, x1000kW / pu = 50kW, P/ = e, x300kW / pu = 30kW
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Example 1

For Microgrid 1, we have:

e=1-f = fl"_fl __ M B
1 L,pu fln _flmm 60-59.5 IOOOkW/pu

Af, =[(525-500)— P"°] x 0.001Hz/kW

Accordingly the power exchange and operating conditions of MG, at steady state are:

P'¢ =12.5kW
f, =59.9875Hz
e, =0.025
For Microgrid 2, we have:
o =1 poe _ VZLZC _ VzDC - AVZDC lec

2=y pC e 1000950 300kW/pu

2,min

AVPC =[(750 = 700) — P/°] x0.1V/kW

Accordingly the power exchange and operating conditions of MG, at steady state are:

P/° =18.75kW

VP¢ =996.875V
e, =0.0625
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Example 2

A simulation is carried out on the multi-microgrid system in Fig 23(a) and the

results are shown in Fig 24.

- Initial Operating
Points:

MG, Load 4.3MW
DG, 3.5MW
DG, 0.8MW

- Events:

t=1s DG, is
disconnected.

V,._MG;reduces to 0.99 pu due to load increase in MG,
and will keep this value as only the primary coordination is considered

Freq. in MG, has a short-term deviation_w.\;dc MG2 l [=Freq M&D '

due to MG,’s power import ool A
E 0950 [
0.900 -
5 0 =P_MGO C
Generation in MG, increases by 0.3 MW — 1,35 v
due to its freq. deviation g ggg 1
-0.50 4
200 _mp MGI 3
1.50
—~ 1.00 4
No exchange for MG, % o
—0‘50 =
0,50 =152 '
000 +——
.g 0,50 1 1\
MG, import 0.3MW from the AC main bus —=—2
due to the deviation on Vy._MG, 200
< oy =B load(MG2) |=P_genimG2) C
450
» _ 400 AT
Initial state: 2 a0 —T A
3.5MW (DG;) + 0.8MW (DG,) = 4.3MW (MG,) ————=
(power sharing determined by DG1 & DG2 droop) 10 20 30 40 50

DG, increases from 3.5MW to 4.0MW
due to the deviation on on VMG,

Fig 24. Simulation results of real power exchange coordinationg;



Secondary coordination

The secondary coordination concerns the f/V deviations as expressed by

Pgen +PIC — Pload

Ic
PJ’ =My -e;=m,: (flpu_fopu)

e
A
\q\
B — —9€,
~ 7
N A
g\ : b PJIC
N
N N
[~ ..
N il Coordination
N } droop curve
N J2) of IC)

Fig 25. Secondary coordination at /C;

(21)

The secondary coordination will
shift the droop curves vertically so
that microgrids can exchange
power without compromising f/V.

An example is provided in Fig 25.

The power at point B is slightly
larger than that at point A, which is
because the DER operating point in
MG; is shifted back from point-C to
Bin Fig 18.
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Tertiary coordination

The tertiary coordination does not necessarily rely on the secondary coordination,
The following sequence of steps is followed for the tertiary coordination:

* CMC obtains from each MC the microgrid information.

* At each time interval, CMC computes the optimal power considering factors
such as economics and power quality.

* CMC would adjust the set points

N

for the coordination droops of ICs.
If CMC determined that it is more N
economical for MG; to exchange
power with MG,; CMC then
horizontally shifted the MG,’s
coordination droop curve from k;

P PkIC

droop curve
of ICk

~~ k27 Coordination
to k, as shown in Fig 26. Once }
stabilized, MG, replaces MG, for
the power exchange with MG,

k1l

Fig 26. An example of tertiary coordination
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Numerical Simulation

The simulation cases for the operations of a multi-microgrid system in Fig 28 are
presented. The system includes the IIT (a directly-connected AC microgrid denoted
as MGO), a Police station (a converter-coupled AC microgrid denoted as MG1), and
a Hospital (a converter-coupled DC microgrid denoted as MG2). All DG units are
modeled as converter-coupled dispatchable grid-forming DERs, as shown in (b).

Qtility) DG model in MGy & MG,
= /Open in island mode Convertir control\:

| AC main bus/Utility feeder i :
| [ L\ 2 MG,
N N '\ - T_ = : MG]
0 |1C1 — [IC2 T
;B DG model in MG,
2 ;; E (" Convertir control
60Hz, 4.16kV s G 1 i
z 60Hz, 1kV 0.6kV T N\ = |
MGy: IIT - : 1 T MG,
(AC) MG;: Police MGj,: Hospital N = )
(AC) (DC) T
(a) (b)

Fig 28. Simulation setups: (a) studied multi-microgrid
system and (b) DG models 164



Case 1: grid-connected Operation

As shown, before t=1s there is no power
exchange between the utility grid and
microgrids, which is due to the set
points provided by each MC.

Started at t=1s, 2s and 3s, MG,, MG, and
MG, respectively draw 0.05MW from
the utility grid, which is because MC,,
MC,, and MC, actively decrease the local
generations by 0.05MW in respective
microgrids.

The f/V of each microgrid is maintained
by the utility. Since the three microgrids
are respectively grid-connected, they
will not exchange power between each
other.

= .
0,300 P _arid
0.150 4
= 0.100 4
=  0.050 1
= 0.000
-0.050 4
[}
0050 P _MGOo
0.000 4
= L
= -0050
~0.100 4
[}
0.050 - F M1
0.000
= L
S -0.050
~0.100 4
[}
0.050 - P MG2
0.000
= .
S -0.050
~0.100 4
Time( s} 1.0 20 30 40 50

Fig 29. Real power exchange flows in Case 1
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Case 2: Islanded Operation

In the islanded mode, four scenarios in Table 5 will be simulated with the following
settings for MG, parameters:

The total load in MG, is set at 4.3MW,

In MG,, P, of DG, (see Fig. 7.3.2) is set at 3.7MW
DG, will be disconnected at t=1s (simulating a sudden loss of generation) to

trigger the power import of MG,.

Table 5 Coordination strategies applied to the four scenarios in Case 2

Scenarios Primary Secondary Tertiary
Scenario 2.1 Enabled - ----
Scenario 2.2 Enabled Enabled ----
Scenario 2.3 Enabled ---- Starts at t=3s
Scenario 2.4 Enabled Enabled Starts at t=3s
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Case 2: Islanded Operation

Before t=1s, each microgrid serves its
own load and there are no power
exchanges. In MG,, the 4.3MW load is
supplied by DG, (3.5MW) and by DG,
(0.8MW). At t=1s, DG, in MG, is
disconnected to simulate a generation
outage.

Vig, drop initiates a 0.3MW power flow

from MG, to MG, based on the primary
coordination, which is verified by
(+0.3MW) for P,,;, and (-0.3MW) for

PI\/IGZ'

Note that here the values of 7,55, DG,
and the exchange power represent the
collaboration between the MG, droop
(see Fig. 7.3.2) and the coordination
droop

[ |
| 5o = de MGD
1.000 4
o 0950 -
0.900 -
[ |
1050 4 Freg GO
1.000
= r
o 0.950 -
0.900
= ¥ Tete] =P G2
1,50 4 ——= S
1.00 4
= 0.50 4
= o ——{
=  _0.s0-
-1.00 -
[ | [ |
5 00 - F load{MGE2) P _gen(hME2)
4.50 -
< 4.00 I
£ 350
= 300-
250 4
Timel s) 1.0 20 30 4.0 50

Fig 30. Results in Scenario 2.1 of Case 2
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Case 2: Islanded Operation

In a short period after t=1s, Vi, drops
to 0.99p.u., and the imported power
and the local generation of MG, are
changed rapidly to 0.3MW and 4.0MW,
respectively. 725, is finally restored to
1p.u., and the imported power and the
local generation of MG, would increase
to 0.6MW and decrease to 3.7MW,
respectively.

First, at the multi-microgrid system level,
the secondary coordination vertically
shifts the IC, curve such that MG, can
import power while maintaining 7.5,

at 1p.u.. Then the operating point of
DG, is then shifted back.

= Vdc MG2
1,050 4 s
1.000 4
= |
o 0950 -
0.900 -
|
1 050 - Fregq MO
1.000
— |
=
o 0950 -
0.900 -
P_MGO F_MG2
150 po—t2e e
1.00 |
= 0.50
~  _0.50 -
~1.00 4
| [ |
500 4 F load{ME2) F gen(MGE2)
450 4
= 400 - —
= 3.50
= 3.00-
250 4
Time( s} 1.0 20 30 4.0 50

Fig 31. Results in Scenario 2.2 of Case 2
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Case 2: Islanded Operation

During 1-3 sec, the imported power of
MG, is provided by MG, At t=3s, since
the tertiary coordination is started by
CMC, the power export of MG, is
reduced to zero and MG, begins to
export 0.3MW.

Accordingly, MG, would export 0.3MW
to the AC main bus and the power
export of MG, is reduced to zero. As
shown, 75, will remain fixed at
0.99p.u. after it is lowered. This is
because the secondary coordination is

not applied.

This scenario verifies the role of tertiary
coordination and demonstrates that the
tertiary coordination can be
implemented independent of the
secondary coordination.

-
1 osg L m¥de MG2

1.000 —4‘-

0.950 +

(p.u.)

o.2o0 -

= Freq MO
1050 4 Freg msO

1.000 -

0.950 +

(p.u.)

o.ao0 -

mEred M
1050 - Fregq mMG1

1.000 .
5
o 0950 -
0. 900 4
- WMGO =p MG - WMG2
180 4 ——= — —=
1.00
= 0 50 4 r
i
= 0. 00 &
=  _oso4
~1.00 J
- -
5 00 4 P load{hME2) FP_gen{h=2)
4 50
= 4.00 4 2
= 3 50 4
= 3 00
z 50
Timel s) 10 20 20 40 50

Fig 32. Results in Scenario 2.3 of Case 2
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Case 2: Islanded Operation

¢ is lowered to 0.99p.u. and then
restored to 1p.u., the imported power
and the local generation of MG, are
rapidly changed to 0.3MW and 4.0MW
respectively, and then the two values
are increased to 0.6 MW and decreased
to 3.7MW respectively, as we applied
the secondary coordination which is the
same as that in Scenario 2.2.

From t=3s, MG, starts to export power
and finally replaces MG, for delivering
power to MG, as we applied the
tertiary coordination. The simulation
results verify the functions of primary,
secondary and tertiary coordination in
the proposed hierarchical coordination
strategy.

1.050 4

T

0.950 +

1.000

(p.u.}

0.200 -

1.050

1.000

(p.u)

0.900 -

1.050

1.000

(p.u)

0.900 -

1.50 4
1.00 H
0.50

(MW)

Q.00

5,00
g4 50
- | —
= 3.50
— 3.00 A
2.50 -

4. .00

Timei s}

m SO WGE2

mFreg MGO

0.950 +

o

mFreg MG

0.950 o

= NGO m P G =P MMG2E

T e

-0.50 4
-1.00 -

1‘—&\_______‘

m P |Jogad(hMMS2) = genihE2)

10 20 20 40 50

Fig 33. Results in Scenario 2.4 of Case 2
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