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1. REIDS Project

REIDS (Renewable Energy Integration Demonstrator — Singapore)
Microgrid Demonstration Project

Timescale
( Islanded microgrid

DER Control < ms ~ seconds
| Grid-connected microgrid

( Energy dispatch Mins ~ hours

DER Operation

(NTU) co“ﬁi’jg'ﬁf 2024

U

rol
n Hierarchy Coordination ms ~ hours
Active power balancing
Centralized trading |
DER Energy Trading mins ~ hours
P2P trading
& @3> NANYANG _ Distributed generation ears ~ decades
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Szt Energy storage systems 3 2



1. REIDS Project

=  Microgrid Definitions
2. Control

1) Islanded mode
2) Grid-tied mode
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Microgrid
Controller

3. Operation
1) Energy dispatch
2) Volt/Var regulation

Heat & Power

4. Hierarchy o
coordination \

5. Trading u,yan Qp V24

1. The U.S. Department of Energy (DOE) definés a mierogrid as ‘a group of interconnected loads
and DERs within clearly defined electrical boundaries that acts as a single controllable entity
with respect to the main grid. A microgrid can connect and disconnect from the main grid to

) enable it to operate in both connected or island-mode’.

6. Plannlng 2. The CIGRE C6.22 Working Group defines that ‘Microgrids are electricity distribution systems

1) DG planning containing loads and DERSs, (such as distributed generators, storage devices, or controllable

2) ESS planning loads) that can be operated in a controlled, coordinated way either while connected to the

3) PRO algorithm main power network or while islanded’.

3. N. Hatziargyriou, Microgrids: Architectures and Control, UK: Wiley-IEEE Press, 2014, ISBN:

S 978-1-118-72068-4. describes the microgrid as ‘comprising low-voltage (LV) distribution

% @& NANYANG | _ _

TECHNOLOGICAL systems with DERs. Such systems can operate either connected or disconnected from the

UNIVERSITY main grid. The operation of DERs in the network can provide benefits to the overall system
_ performance, if managed and coordinated efficiently’.

1) Centralized trading
2) P2P trading




1. REIDS Project

» Renewable Energy Integration Demonstrator — Singapore (REIDS)

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning REIDS is a Singapore-based RD&D platform

2) ESS planning dedicated to desighing, demonstrating and testing solutions

3) PRO algorithm for sustainable multi-activity off-grid communities in Southeast Asia
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1. REIDS Project
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5. Trading

1) Centralized trading
2) P2P trading
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1. REIDS Project

= REIDS Roadmap and Framework
2. Control

1) Islanded mode

2) Grid-tied mode Phase | — 4 independent MGs (500kW-1MW each)

Phase Il — 4 MGs in a cluster configuration (L00kW-250kW each)
3. Operation

: Energy Storage Grid
1) Energy dlspatch Sources Hybrid peacs Connection
2) Volt/Var regulation Microgrid
#N
4. Hierarchy
o o Renewable
COO I‘d Ination Energy Generation
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1) Centralized trading Wind Renewables Mlcrogrld #1
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6. Planning TS~  Loads
. - On-island loads
1) DG plannlng $ (residenti_al,
2) ESS planning ) CD(;?:Fiﬁ:’:clizlﬁ SME'’s)
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1. REIDS Project
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1. REIDS Project

= REIDS Electrical Structure
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1. REIDS Project
Renewable Energy Integration Demonstrator — Singapore (REIDS)

Interoperable

Grid of Grids R T N i
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1. REIDS Project

Onsite pictures

2. Control

1) Islanded mode

X X MGO Test & Commissioning - March 2017
2) Grid-tied mode —
: Renewable
3. Operation —— = e on
1) Energy dispatch TR A == = Shospore—
- ’ o
3

2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm
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1. REIDS Project

= REIDS Electrical Structure

LV Switchgear - 400V, 2500A

MV Switchgear - 6.6kV, 1250A
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1. REIDS Project
= Onsite pictures

200kWh Li-lon LFP | \{ta " 250kWh Li-lon LFP
70kW Hydrogen \ "y ~A—u—'—'—a~t§ — & G ‘ Sam;l_mg
| ’—‘,\1 o \ : : ‘ | . : ' ‘

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy

coordination -
180kWh |.I Ion NMC

liurapower : 2“‘7| life EV

T

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm
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1. REIDS Project
Onsite pictures

150kVA Gensets »~% % 200kWp Solar % Fuel Cell EV: 44kW/70HP
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1. REIDS Project

REIDS Research Problems
2. Control

1) Islanded mode L
2) Grid-tied mode

Communication, Control & Interoperability of Modular Microgrids J

3. Operation
1) Energy dispatch
2) Volt/Var regulation

[ Data Analytics, Asset Control & Maintenance ]

4. Hierarchy |
coordination

4nt Systems J

5. Trading

1) Centralized trading @)
2) P2P trading

6. Planning _ () ) @ I

1) DG planning Novel Technologies: [ Computational
2) ESS p|anning Power Systems & () Intelligence: Resiliency

. Power Electronics & Reliability
3) PRO algorithm

Economic Modelling, Demand Response, Energy J

2913 NANYANG S - Trading&ﬂcckchain -
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1. REIDS Project

= REIDS Research Problems
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1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

& o NANYANG
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= OQOur research Framework: system-level coordination of DERs

Distribution network Distribution network

o “ o P
o Flexible Load Energy storage (ES) Distributed generator (DG)
Distributed Demand response Battery, Supercapacitor RES (Solar, Wind)
Energy HVAC, Smart building Thermal ES Micro-turbine, CCHP
Resources
(DERs) J g g B & ﬂ [0
>
H|erarchy coordlnatlon l Multi- stage coordination '
" )
& Yerr fN Ftf) Copyright 2024
g e Frequency control nergy manage Optimal sizing
e \Voltage control e Volt/Var regulation e Optimal siting
Time frame ms ~ seconds mins ~ hours years ~ decades
>
f Coordinated optimization model f Coordinated optimization model 1
(/2] o" ----- Se "‘_.-'.~~
-05’, Controller design 2 Optimal dispatch = y- Investment decision-making
e .
S . Centralllzed control « Robust optimization « Robust optimization
2 e epntrol e Stochastic optimization Stochasti timizati
© e Distributed control o pHfmizE i i et )
= « Hardware-in-the-loop test e Distributed optimization e Probability-robust optimization
p 16




1. REIDS Project
= Control of DERs in Microgrids

2. Control
1) Islanded mode
2) Grid-tied mode

Islanded mode:
= Distributed control
(event-triggered, finite-

3. Operation time)
1) Energy dispatch e : = Hardware-in-the-Loop
2) Volt/Var regulation (Hil) validation
Main Grid Wind
£ Turbine ESS PV

4. Hierarchy Grid-connected mode:

coordination —j o
i t U Ya el N 1 ‘ v rlgh% @ﬁ/ﬁl ort

5. Trading
1) Centralized trading
2) P2P trading ] [

6. Planning

N ) ) () ) ) B

Power System J [ Power System J

3) PRO algorithm X X 7

\\ \ / // Local Local |,,,[ Local |, [ Local
NANYANG N / © Control-1 | Control-2 Control-i Control-n [Agentl] [Agentz *+* | Agent-i Agent-n
pie2-3 TECHNOLOGICAL | SO L—J

(b) Decentralized control

(a) Centralized control (c) Distributed control



1. REIDS Project
= Hierarchical control of an islanded microgrid

2. Control
1) Islanded mode _ _
2) Grid-tied mode Tertiary Controller Cinllfts » Tertiary control (centralized
(Energy Management) Optimality or distributed)

3. Operation h h 3 = Economic dispatch,
1) Energy dispatch ¥ 3 1 optimal power flow.
2) VOItlvar regl'llatlon Secondary | Secondary |_ Secondary - SlOV\.f y > Secondary control

Controller#1 Controller#i Controller#N SIANLCE ] ..

Stability (centralized or distributed)

4. Hierarchy

coordination V/f restoration and

/Tg:h‘;t an Oprc‘):r\/:Ir balancing

(decentralized)

* |nner control loops and
droop control

5. Trading
1) Centralized trading
2) P2P trading

| ST T = = R R < -V ‘
6. Plannlqg .( | | = Local V/f regulation and
1) DG planning o A ¢ a | hari
2) ESS planning o e — N\~ 7 O\~ Load #V | power sharing
3) PRO algorithm | od |

_Cher Microgrid |
& NANYANG Hierarchical control framework of islanded microgrids
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1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

&0t %> NANYANG

TECHNOLOGICAL
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Distributed Control — Spatial Coordination of DERs

No need for a central controller
One node only communicates with neighbouring nodes
Share communication and computation burden among nodes
Higher resilience, plug-and-play, scalability, data privacy
Example of communication graph Adjacent matrix of the graph
right 2024
g 0
= 2 2
0 a3, 0 ay
3y 0 a3 0]
a) Average consensus control b) Leader-follower consensus control
Xi (t) - Z aiJ' (t)(xj (t) ot (t)) Xi (t) = Zaij (t)(xj (t) —X; (t)) +0; (Xo (t) =X (t))
jeN; j=1
!Lrpo\xi (t)-x; (1) =0 lim]lx;(©) %, (0] =0 .



1. REIDS Project

= Secondary Controller Design — Principle
2. Control Droop control

1) ISIanded mOde w A Primary Contro| e == q

2) Grid-tied mode Example: Frequency ! o = o™ —mPP I
~ Regulation in Islanded SRR Ll
3. Operation Microgrids with Two DGs ‘NS _ B !
T i i i

1) Energy dispatch
2) Volt/Var regulation

Secondary Control

4. Hierarchy
coordination

: Trading u %ﬂ%NIU)—GEpyrlg Nt @EPAme:

1) Centralized trading I V Vnom —mQQ !

2) P2P tradin e _
= Apply consensus control rule

u’ —Zau(a) —0)+g,(0"™ -o)

i=

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

N
u’ —Zau(m. P -m°P)

I
I
!
! I __nom __ . P _ @ P :
. it it ; Ia) _I(mi+mi R)dt—j(ul + U, )dtl
N - i ' : :
uy ZZaij(Vj V) +g (V™ -V) | :
& 9% NANYANG = | :
I
I
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1. REIDS Project

= Cross-national hardware-in-the-loop (HiL) testbed

2. Control
1) Islanded mode Jointly developed by NTU (Singapore), University of Strathclyde (UK), and G2E Lab (France)
2) Grid-tied mode « Microgrids system with OPAL-RT in Singapore.
)  Distributed controllers in Raspberry Pi in UK and France.
3. Operatolon - Software environment based on gRPC and data exchange via Redis cloud server.
U e Gt g Diswinied Secondary Comrolios 1
2) VOItlvar regl’llatlon : !’_..-.,;—r ‘>""‘1\ I/d-...,_-——v""""‘;\ !,..-1..;—:"_‘?""‘;\ : RPi Cluster in UK RPi Cluster in France
| . MAS1 \h’:r . MASy - MASm ab’:n: @ P
4. Hierarchy S =, - i> 5§ @ ... o @ ... @
coordination B M | 7
5. Trading L TILREA .70, (8 AT, O
1) Centralized trading T —
2) P2P trading \/
6. Planning ‘\ Controller#1 | | Controller#i | \ Controller#N |
1) DG planning _— cee Do .
2) ESS planning o L S i EO
3) PRO algorithm l 1 ] 1
| - Bl RN \
i |_§;:#1 N~ e N Load 2NV : |
&4t $> NANYANG \ o o Microgid ' OPAL-RT
%24 TECHNOLOGICAL
¢ “Q UNIVERSITY Y. Wang, T. L. Nguyen, M. H. Syed, Y. Xu*, et al "A Distributed Control Scheme of Microgrids in Energy Internet and Its

Multi-Site Implementation.” IEEE Transactions on Industrial Informatics, 2020. — Web-of-Science Highly Cited Paper



1. REIDS Project

= HilL Validation Results — Controller performance

2. Control
1) Islanded mode _ _
2) Grid-tied mode Test system: 10-DG with two controller in UK and France
(Each controller for 5 DGs)
3. Ope ration Structure of each agent based on gRPC a) step load change case b) Real PV and load profile case
1) Energy dispatch 04 ‘ . . =l
2) Volt/Var regulation Ts02 ‘ — = Bgors [
350 e i iDEZ : e
. 5 . : G- % 50 —DG6
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1) Centralized trading = 320 | | = e
. Process consensus Process consensus = I 5322 oo
2) P2 P tradlng algorithm, transfer data J { algorithm, transfer data % 315 | s ng
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Agent i (python based program) Agent j (python based program) 6 0 © 39 69 9‘0 1?O 1§O — :;80 600 20
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1) DG plannl,ng - Local Area Network ’\() TR s 3 - | I % 2 5 A/W/”\:Dz‘:
2) ESS planning W R —— V_j— 2 S
3) PRO algorithm =0 | | | ] =y
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= HiL Validation Results — Communication delay

2. Control
1) Islanded mode Communication delay emulated by NS3 simulation tools. Test system: 5-DG MG with one MAS in UK
1000 50.4 @) ' ‘ ; ' * —oot
800 | 500ms Delay 1502 .
2] —— D65
Ecoo | el Ew
%’ 400 © | ~ 150ms Delay 1 Suos
a) / L
200 L PP PSS PP X , e Kt st ] 49.6 '
0 30 60 90 120 150 180
0 - - - - - 180 5345 .
T|me (s)
Yan (NTU) Copygigh
U Yan opy#g!
System oscillation under large delay, which ;’315 |
can be mitigated by tuning the control gain. S 305
12
v' Larger control gain -> converge faster S10
-> withstand smaller delay. ~ 8
v" Smaller control gain -> converge g 6
slower -> withstand larger delay e 4
< 2
™0
29 30 60 .9 . 120 150 180

TECHNOLOGICAL
% UNIVERSITY Y. Wang, T. L. Nguyen, M. H. Syed, Y. Xu*. "A Distributed Control Scheme of Microgrids in Energy Internet and Its
Multi-Site Implementation.”" IEEE Transactions on Industrial Informatics, 2020. — Web-of-Science Highly Cited Paper
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= HiL Validation Results — Communication failures

2. Control
1) Islanded mode Test system: 5-DG MG with one controller in UK
. : 50.4 ' ' ‘ ' N p——
Communication failures R o
| | | \I'i50'2 ; s
-9 e-9 | e le—e ol |
I | 1 X 1 X | | % [
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0o @ m | }@60 | | ® g0 496y 0 60 90 120 150 180
' > >335 ! '
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v" Failure of communication will affect A .
the convergence speed i ; :DG;
v" Loss of communication will lead to g,
inaccurate power sharing £, L
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X
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1. REIDS Project

= Event-Triggered Distributed Control of Islanded Microgrids

2. Control
1) Islanded mode P EEEREEEE el ' Reduce real-time communication
X I H | N N =
2) Grid-tied mode i I—S——/ N ] 7N~ : and calculation burden
. M .
3. Operatlon Pe# |y DG #2| % LT e ) o
1) Energy dispatch 6 farm vy — 2N
rima rimal g Eq. ®)
2) Volt/Var regulation primary AL N\ ) ”
ST (ST BT |
4. H I e ra rc h y Conoller:l Controller#2 Reactive Power
X v v Sharing Control

coordination

5. Trading U Yan; QEN?FM)\ | y ‘ a 4

EVent-Triggered Secondary Controller#i

1) Centralized trading

2) P2P trading ,/ Effects of ETC

Event-Trigger Event-Trigger
6. Plannlng Condition for fand P: Condition for V and Q: 3 Al Uad) o
1) DG planning e I e = - S« = - — :g d, '
. . 2 o at(l-af 2 2 i (A-a~d) o B /
2) ESS planning R O e
3) PRO algorithm ! i oy | L kol
: t” =inf{t >t | f.7(t) =0} : 2 =inft >t | £ =0} '+ F
L : L I — 0 = 0 00 0 0 ¢ )
& @3> NANYANG Time

Event-Triggered Secondary Control in Islanded Microgrids ,” IEEE Trans. Industry Application, 2019. 25
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1. REIDS Project

= Controller Hardware-in-the-Loop (CHil) Test

2. Control T | - | |
1) Islanded mode v g | =oe: —oi
2) Grid-tied mode . 3
g 50 v |
g i Load-1
3. Operation £ 400 e O
1) Energy dispatch. — 49.2¢ 10 0 e W 50 60
2) Volt/Var regulation 1 ‘ “ ‘ —
: g 10 ‘ ——DG-2 — DG-4
4. HlerarChy AR :_: 8 e.or
° ° 6 X
coordination é . | .
5. Trading U ¥'asmd fg 5 SO
1) centralized trading Es |V AP+ A1Q D AP *AZ-Q A3-P A3Q [> A4-P * A4Q O continuous
2) P2P trading
ZlZ
Load-1Y e — — — — — —
6. Plannlng ?«Communication_@ g ‘
1) DG planning R 3 @
2) ESS planning DG-4 @ — g% T |
3) PRO algorithm !
0 10 26 .30 46 50 60
Time (s)
@3 NANYANG Microgrid topology with four DGs Communication requirement
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= Dynamic Event-Triggered Control of Generators
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= Real-time Simulation Test Results
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* Finite-Time Distributed Control of Energy Storage Systems

2. Control
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Linear consensus control

Finite-time consensus control
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* Finite-Time Distributed Control of Energy Storage Systems
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= Cyber-Security of Microgrids

A Microgrid might be prone to suffer from cyber-attack due to the huge utilization of information and
communication technologies. Regarding the security of CPSs, there are three important aspects to
be protected: confidentiality, integrity, and availability.
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= Cyber-Resilient Control of Microgrids
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=  Weight-Average-Prediction Control and Stability Analysis
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2. Control
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=  Multi-Layer Multi-Agent Control of Networked Microgrids
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= Controller HIL Test Results System network loss minimization
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2. Control
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*  Frequency Support from Aggregated Small-Scale Energy Storage Units
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=  Simulation Results
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Fig. 11. Total power output of the ESA with and without the proposed

disturbance observer.



1. REIDS Project _
= Thermostatically Controlled Loads (TCLs) for frequency support

2. Control [ -

1) Islanded mode Temperature dynamics of TCL:
2) Grid-tied mode

aTM _T.(0)-T,®

—nPe;(t), ic g

3. Operation N c.

1) Energy dispatch dt Rin

2) Volt/Var regulation / \ . Comfort zone of TCL:
4. Hle!‘archy :Heat exchange with Thermal energy | Ji: ( ) B T (t) T +AT
coordination 'the i i

5. Trading é;hr s(aNlmn) Egop

1) Centralized trading IVar|ab|e from O to 1.
2) PZP trading ...........................................

right 2(5@4

rt state Si is an index from O to 1.

6. Planning

42

1) DG planning :  da (t) - :
2) ESS planni.ng | dl o 1 i
3) PRO algorithm ! Ut |_ AT ,7|5 { ']{ }ui +| T, ()T, + AT !
1 da@) ] |- ~ . pi| |0 C :

ey oo, [N UL P L
533 UNIVERSITY : 3 A W :



1. REIDS Project

= Thermostatically Controlled Loads (TCLs) for frequency support
2. Control

(a) Area 1
1) ISIanded mOde 0.8 Proposed method ‘
2) Grid-tied mode [ Preauency Support Mode [ ] Comfort Recovery Mode g o4 L4 | b ]
A Powerin E 0 ”‘—‘JMVS}%WMW
. | (- FsM Power range ' il u' |H I';
3. Operation 1 I K | in CRM 08 | — o — |
: A VATAN! ' z : 0.8 . ‘ o :
1) Energy dispatch s [V Ml nal g | " Al L
2) Volt/Var regulation WYY E| \ i Wiﬂ#ﬁﬂﬂ‘f*‘ﬂwuﬁﬂ&
i =4 / ........ . 2-04 - / :: "‘l -
. U Base-line : H]
4. Hierarchy . iy 2. — '
® ° Time Power ’ I I I 1 ‘
coordination 4
U Yari (N e 3
8 comfgLt reco rl 4l
> Tradlng py °8 5 300 600 900 1200 1500 1800
1) Centralized trading F— Time (s)
2) P2P trading Multi-Area Power kth Area Leader Control reterences Communication — '
SySte”l\‘A';Leeqluency | with Two Modes [—— Network of GISBs 4l E oy inection
Eq. (1)-(5) Afy Eq. (16)-(19) 80’50 Eq. (12)-(14) GISB aggregator power
~ — —— Aggregator baseline power
6. Planning Sl
. From/to
e R i | e 55 e R
2) ESS planning u, 32
3) PRO algorithm Thermal-Electrical Model Uy E DSMC of Multiple 1 | , | | |
of Multiple GISBs ) 0 300 600 900 1200 1500 1800
Eq. (6)-(11) 2.2 Time (s)
G 55 — > Ty, : .
& 3t < ?é‘gg ﬁ(h)ll?o GICAL Y. Wang, Y. Xu, and Y. Tang, “Distributed Aggregation
' q‘f UNIVERSITY Leader-follower consensus controller Lo o CITeH e e Sl BTl el ot
) System Frequency Support,” Applied Energy, 2049,




1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

& NANYANG
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= Ancillary Service Support from Smart Building Community

——

—————
LN )

P
B
|

— e — =2

e || . S e

-

Smart building community:
TCLs+PVs

Distributed control

One dispatch period (research scope)

Power dispatch signal
Initial value update< (t=0)

PV and load regulation
(sampling rate: At,)

To other groups
(communication rate: At;)

Initial value updating scheme

§/ 400 Total power consumption of TCLs
@ 300
e
o 200
’;\ 400 )
X L - /I Total power injection of PV and load
g 350 e W ‘-\\. x{// o TN
[} e
o

300
< 200
=
<100 A T
5 / N
% 1 | Power injection of the community
o -100

11:30  11:40 11:50 12:00 12:10 12:20 12:30

Comfort State (p.u.)

Y. Wang, Y. Tang, Y. Xu*, et al, “A Distributed Control Scheme of Thermostatically Controlled Loads
for Building-Microgrid Community,” |IEEE Trans. Sustainable Energy, 2019.

Time (h)
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0'7" | ——

0.6 & —

0.5

0.4

11:30  11:40 11:50 12:00 12:10 12:20 12:30
Time (h)
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1. REIDS Project
2 Control = Real-time Voltage/Var Control (VVC) Support from DERs

1) Islanded mode
2) Grid-tied mode

» Existing Challenges: High PV penetration level, massive EV charging.
3. Operation » Voltage quality issues: Voltage rise, drop and fast fluctuations.

1) Energy dispatch » Potential solutions: inverter-assisted voltage/var support
2) Volt/Var regulation

PV type smart inverter

<
-

4. Hierarchy o
o o Bidirectional Power Flow
coordination -

5. Trading @W{M@pyﬁ

1 ) C e nt ra I ized t ra d i n g Main Substation Impedance Voltage Impedance Loads

\W
== =
¥ v

2) P2P trading G OLTC Regulator l “ ©
6 PI o Power Distribution System — i—_—____jj: S;I EV type smart inverter 0
' annln.g Inverters | —I@ : 0 OP 1 1
1) DG planning | ]! s = g )
2) ESS planning o ! P, OP2 . /:(\ ,
3) PRO algorithm 0 . > ¥ >
op 3 \l\ J
‘l’ ki

bt NANYANG d
y%eq TECHNOLOGICAL “ ¥
*=x8] UNIVERSITY

20 )




1. REIDS Project
= Real-Time Coordinated Voltage/Var Control Controller

2. Control

1) Islanded mode RS RS AR S A ARERAEERS 1 Controller design:

2) Grid-tied mode i | @OF="\.——" .- i Level I: Ramp-rate Control -> smooth voltage fluctuation

3. Operation N i ——————— l ————————————— } » L. 7
. | Vi(j

1) Energy dispatch LY C IR ¢ AR 1< . ;, () ] |

2) Volt/Var regulation r e, i nite /i T TO-T-o)
= s N ;

4. Hierarchy A

coordination

IN

5. Trading

1) Centralized trading
2) P2P trading

pyright:2024:

SV
Y;
Ki' Vi (t)-V), Vi(t)<V

Level I11: Distributed Control -> voltage regulation to
acceptable range

6. Planning A } ~ CEPEDE NG -

1) DG plannipg g’? T N — § %—? L G”'[Za”(u"'(t) Ml O+e() -

2) ESS planning S = g |

. X g - 2 . K”' Vi @)-V), V,>V ! )

3) PRO algorithm g - 5 ¥ oo V<V <V ™\ Dynamic

T R B ! o - | consensus
4 J,— | Ki" (Vi()-V), Vi<V ;
@ﬁ\{@}@@* NANYANG ; - bz d e R

Coordinated Method and Power Hardware-in-the-Loop Validation,” IEEE Transactions on Sustainable Energy, 2019. 46
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% UNIVERSITY Y. Wang, M. H. Syed, E. Guillo-Sansano, Y. Xu*, and G. Burt “Inverter-Based Voltage Control of Distribution Networks: A Three-Level



2. Control

2) Grid-tied mode

& NANYANG
TECHNOLOGICAL
UNIVERSITY

=  Simulation Tests

33-Bus Distribution Network I:V #6
23 2425

Communication Links

26 27 28 29 3031 32 33 |°

Real-time voltage/var control from inverters

’—Bus 18 ——Bus 15— Bus9 ---Bus33 ——Bus 21 ‘

1512
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1. REIDS Project

= Power Hardware-in-the-Loop (PHIL) Test

2. Control
1) Islanded mode
2) Grid-tied mode ==~
) Analog signal @———@ / /15 KVA
3. Operatlon Digital signal - &————e /  Converter 75KVAR \

Load bank

1) Energy dispatch /
2) Volt/Var regulation l

4. Hiel‘a rc hy Beckhoff /,g ' Doer
coordination S %G incerfoce

5. Trading U Ya N (N T U CO

3) PRO algorithm p

&4t $> NANYANG
, TECHNOLOGICAL _ U
3% ;‘?-’7 UNIVERSITY Y. Wang, M. H. Syed, E. Guillo-Sansano, Y. Xu*, and G. Burt “Inverter-Based Voltage Control of Distribution Networks: A Three-Level

Coordinated Method and Power Hardware-in-the-Loop Validation,” IEEE Transactions on Sustainable Energy, 2019. 48

gt @t

PV #6 PV #7

1) Centralized trading /\ E’ E E
. ! l . Bus5

2) P2P tradlng 8 ' Grid BusO Busl Bus2 Bus 3 Bus 4 0
GTNET : | :

NS Sals s

6. Planning H i Distribution ﬁ—l é—l ﬁ—l ﬁ—l §
1) DG planning | o Network pvar pvar  pvsg PV#  PVH#5
2) ESS bl . Distributed Control GTNET ' Bus6  Bus7 ;
) pPlanning Communications H E




2. Control = Power HiL Results and Eigenvalues
2) Grid-tied mode T e B 2 e 1 e s Gt RS e N -
1t ) _ & <o :\\‘&\‘33 :
- — &1 i\ :

- @ e -

<
o
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T
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Voltage (pu.)
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o
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Voltage profiles under real PV and load data

Y. Wang, M. H. Syed, E. Guillo-Sansano, Y. Xu*, and G. Burt “Inverter-Based Voltage Control of Distribution Networks: A Three-Level
Coordinated Method and Power Hardware-in-the-Loop Validation,” IEEE Transactions on Sustainable Energy, 2019.



1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

&t NANYANG
-3 TECHNOLOGICAL
\%2¢a) UNIVERSITY

— —Communicatien

Microgrid -

Main Grid

= Operation of DER - Energy Dispatch & Volt/Var Regulation in

Microgrid

Wind Turbine

Main Micro —~
Grid Grid
< - >

Power line :

Photovoltaics

&

S

]

Controller -

Line f__J_L_L_v
I
I

Fllxibleoa |% 1T |% T
R = e e

* Network model:

1) Linearized Dist-Flow

2) Second-order cone programming
(SOCP) model

* Control variables:

1) Micro-turbine |
2) Energy storage } Qg\t/\l/\é?
i Dema|_1d response resource
4) Capacitor banks |
5) On-load tap changers Reactive
6) PV inverters power
resource

ght 2024

* Parameters:

1) Load demand

2) Wind and PV output } Uncertain
3) Electricity price

4) Network parameters (R,X,B)

* State variables:
1) Bus voltage
2) Branch power flow

3) Power exchange with main grid
50



1. REIDS Project

= Two-stage coordinated operation — Temporal Coordination of DERs
2. Control

1) Islanded mode
2) Grid-tied mode » First-stage: slower-responding DER in longer timescale.

Principle: coordinate different DERs in different timescales against uncertainty.

3. Operation » Second -stage: faster-responding or more flexible DER in shorter timescale.

1) Energy dispatch
» - : er-responding DERs

4. Hierarchy
coordination

o e €00 IMT f \

5. Trading u opazatlon godel y Rzzzg:]se
1) Centralized trading T T T Time

2) P2P trading 15mins~hour 15mins~hour

6. Planning A ‘ !econd-stage: faster-responding

1) DG planning or more flexible DERs

2) ESS planning

3) PRO algorithm

» Frist-stage decisions are implemented before uncertainty realizes and will be
4% NANYANG fixed in the second-stage.

TECHNOLOGICAL
UN$VER05|(T)$ ¢ » Second-stage decisions will be re-optimized and implemented after
uncertainty realizes, therefore it is a recourse action to the first-stage decision.




1. REIDS Project

= Optimization Methods
2. Control

1) Islanded mode

2) Grid-tied mode Stochastic Programming Robust Optimization (RO)

3. Operation Uncertainty Probabilistic scenarios based on  Uncertainty set
1) Energy dispatch Modeling probability distribution function  with bounds and budgets

2) Volt/Var regulation (PDF)

4. Hierarchy Inputs Point prediction Interval prediction
coordination del N -TDU r expectation, Optl 6?&0& case

5. Trading u {Zj Q erél mmz max min_ )
1) Centralized trading €D ye (=,

2) P2P trading

Advantages * Simpler formulation and * No need for PDF
6. Planning solution process *  Fully robust within the
2) ESS planning Disadvantages * Need for PDF * Complex formulation and
3) PRO algorithm *  Probabilistic robustness solution process

* May be conservative
o> NANYANG

TECHNOLOGICAL
UNIVERSITY =




1. REIDS Project = Robustly Coordinated Energy Management

2 Control Day-ahead Price-based Demand Response & Hourly-ahead Microturbine
1) Islanded mode Price-based Demand Response (PBDR)
2) Grid-tied mode Electricity price Adjust their
- notification usage ..
) Utility q[ Customer Electricity
3. Operat.lon [ company % _‘ usage ]
1) Energy dispatch
2) VoIt/Var regulation :;'22;?3 Load change
) performance Power gl'ld
4. Hierarchy (load shifting, peak shaving, etc.)
coordination
5. Trading : 2 80 104.8
1) Centralized trading 3 90 102.3
2) P2P trading 4 100 100.0
. 5 110 98.0
6. Planning 6 120 96.2
1) DG planning 7 130 94.6
2) ESS planning 8 140 93.1
3) PRO algorithm 9 150 91.8 o BT
1 O '] 60 90 5 Electricy price (%)

@g‘{@%\ﬂ% NANYANG D &£
% UNIVERa Ty Ak Py = APr; modeling the relationship between the price and load demand. E.g., the
price elasticity of load is -0.38 for Australian power systems. °*

where ¢ is price elasticity of electric demand, and A is a constant value




= Robustly Coordinated Energy Management
Day-ahead Price-based Demand Response & Hourly-ahead Microturbine

Two-Stage Operation Framework Objective functlon

max min Cyr + Cyr + Cpy
RWT:RPV;R "¢ pPyT,V,P,Q MT wr PV 1

unc
+ Cgrid C’rev

Day-ahead 24-hour electricity prices and predicted wind
turbine outputs. PV outputs and load demands

3. Operation
1) Energy dispatch

First Stage: Day-ahead PBDR Uncertainty modeling —uncertainty set

V

Hourly demands predic-
tion with PBDR enabled

: Upr = {Rwrne € R™WE:

Hourly wind turbine and

I DnENyp 2teT RWTn t o
PV outputs prediction | wT

Hwri = Hwr w
right-2024-"

y I VT, WTnt*vn t},
ZnENPVZEETRPVnE

|

|

|

|

|

|

! Upy = {Rpyn € R"PY: |
|

Hpy, < < Upvu |
|

|

|

|

|

|

|

|

tage: Houtly micro-

——

Two-Stage Robust Optimization (TSRO) model

minc’x + maxmdey+e u

|
|
|
I ZnENPV ZtET Rant
low up

! Rpvine < Rpyae < Rpype VL L,
|

|

1

1

|

|

|
! x u y L Upp = {Py"¢ € RMa:
s.t. Ax =Db !
! ! “LDI£1+_Z ZZ“ Rpije < MLpu
yeEO(x,u) ={Fx+ Gy <v,Hx+ Iy +Ju :w}! {ENp teT €]
u€EUl ! Rpilie < 1+ RpHS < Rp% Vi) t).

&t NANYANG L e e e e e e e e .

% LIIE\I(I:\I/-? ROSL|$$ LA C. Zhang, Y. Xu, Z. Y. Dong, "Robust Coordination of Distributed Generation and Price-Based Demand Response
in Microgrids," IEEE Trans. Smart Grid, 2018. Web-of-Science Highly Cited Paper o4



1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation |

4. Hierarchy
coordination

5. Trading

1) Centralized trading §
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

& o NANYANG
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UNIVERSITY

= Robustly Coordinated Energy Management

Day-ahead Price-based Demand Response & Hourly-ahead Microturbine

Modelling for Price-based DR

Crev = Crev + Cray'e ®X11+ Considering the characteristics of the uncertain
Crev = Z Z P ftz @ LiPrj oy load demands, in (9), the revenue from the
(erieNp e ' demands is split into two parts i.e. the predicted
Crev = Z Z b, ftz @ LiP1iRp e (1) !5 revenue based on the predicted load demands and
cerienp el the uncertain revenue difference from the
o:” € {0,1},vj, t< (12)<

predicted one
1,Vt<

teT IEND tET iENp

each PBDR level is binary.

teT iENp

Jj€J teT iENp

reduce the customers’ economic benefits.

C. Zhang, Y. Xu, Z. Y. Dong, "Robust Coordination of Distributed Generation and Price-Based Demand Response
in Microgrids," IEEE Trans. Smart Grid, 2018. Web-of-Science Highly Cited Paper

! 3)< : Constralnt rt the calculation
! Y C N ) p Yﬂ tems respectively.
' Dt Cf; eLjc RTje (14)< e t (12) denotes the decision variable for

Z Z Pﬁftz el 2 Z Z Dt (15): i; - Constraint (13) guarantees that only one PBDR
' level decision can be carried out for each hour.

: » Constraint (14) and (15) guarantees the bills for
. the customers cannot increase and the energy

+ which the customers can use cannot decrease.

: These mean that the proposed PBDR does not

1



= Robustly Coordinated Energy Management
Day-ahead Price-based Demand Response & Hourly-ahead Microturbine

Day-ahead Interval Prediction Hourly Microturbine Dispatch

100

0.6

2
W
-~

80

\S]

3. Operation
1) Energy dispatch

60

Ju—
9]

103
40 ]

Output Rate (%)

20

=
n

Micro-turbine Output (MWh)

Energy Sold to Main Grid (MWh)

0 0 o—a K0
5 10 15 20
Time (hour) Time (hour)
Wind Turbine Interval
il M - Fal Average TSRO TSRO
u a n Interval 0 rI Icro- A oy | Maxi- beat beat
Mean Rtnte e bin‘ mSold'to | mal Sinole Single
- o " oy <_-.- ofit | Genera- Main | Voltage f in volt-
.- ($)< tion |Main Grid| Grid | Devia- age
Day-ahead PBDR Decision MW Mwhy| (MW tione p(r?/t;li devia.
g 4 , , ' ' (%)< | " |tion (%)
= ) 2 Deviation Group 1: gy = 5%Myyr: opy = 5%Mpy: ap = 1%Mp<’
= 3.5 BT 8 = A : P Ve P 0/ 1
2 y TiSRO<—l 3484.564 18.148 0.000 0.704 1.51% 100%¢| 85.29¢
£ Single<| 3465.65¢ 17.612<'| 0.970<' | 1.225¢"| 1.52%¢
23 Deviation Group 2: gy,r = 10%M,y1; 0py = 10%Mpy: o = 2%Mp <
§ 2 TSRO+« 3479.214 18.514<' 0.000< [ 0.796< | 1.52%¢
— o Wi - 100%¢ 93.6%<«
3 254 N ‘&’?t‘;‘;‘;g‘f{m s Single<| 3437.124 17.612<| 1989 | 1970 | 1.60%| °
§ . ! Deviation Group 3: gy = 20%Myyr: 0py = 20%Mpy: 0, = 4%Mp <
do2 : ' : ' TSRO« 3464.494 19.564<| 0.009< | 1.055¢| 1.54%¢
5 10 15 20 - , 100%¢+| 99.5%+«
% NANYANG Fime (houn) Single<|3378.48{ 17.6122] 4.064< | 32465 ] 1.83%

% LIIE\I(I:\I/-? ROSL|$$ LA C. Zhang, Y. Xu, Z. Y. Dong, "Robust Coordination of Distributed Generation and Price-Based Demand Response
in Microgrids," IEEE Trans. Smart Grid, 2018. Web-of-Science Highly Cited Paper 56
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1. REIDS Project

* Robustly Coordinated Energy Management

2 Control Hourly-ahead energy storage & 15min-ahead direct load control (DLC)
1) Islanded mode
2) Grid-tied mode Two-stage coordination framework Two-stage robust optimization model
) g-------------------------------------E Computatlon """""" Y C _.:|_. _________________ C—-—-I_—-C‘—-—-'_—(-:‘—-.—--:
3. Operat.lon : : : Q;Elf?ch ES PI-E’}E}J);V KDL;‘},‘EQEO wr T Cpy + Cgria :
1) Energy dispatch ! | ] : '; C. & |
2) Volt/Var regulation E - Un;ztsda{cnhtl}lfgSet N T . ._._._
: 5 . ESS economic model
4. Hlera rChy : Robust Optimization - R D R R R R R - — - -
coordination Cgs dtsEdLS 62 = CES omEstorea- :
yrid |
5- Tradlng smre T?msEms ch chr Nais > 1rnch < 1'!
1) Centralized trading c c '
2) P2P tradlng —> Parameters:1 RES Outputs, 2 ES States, 3 Demand Data : ES.dis + ES.ch = CES OM- :
. —> Decisions: A First Stage - ES Operation, B Second Stage - DLC | ndi S ?’]C h ’ :
6. Planning _— e ;

1) DG planning
2) ESS planning |
3) PRO algorithm ! T _—
! PES,dis,m — fdis,m Z adis,m,deis,m,j- PES,ch,m — Fenm z l':"'5c.'h,1'rlt,jL.':.'I‘.t;nrr,,j-

2552 NANYANG ] ol J€Jcn

TECHNOLOG!C /A L | EEE S
% UNIVERSITY C. Zhang Y. Xu, Z. Y. Dong, "Robust Operation of Microgrids via Two-Stage Coordinated Energy
Storage and Direct Load Control," IEEE Trans. Power Syst., 2017. 2




1. REIDS Project

* Robustly Coordinated Energy Management

2 Control Hourly-ahead energy storage & 15min-ahead direct load control (DLC)
1) Islanded mode ‘
2) Grid-tied mode UNCERTAINTY BUDGET SETS UNDER TESTS g Micro Gitd
ES)
Test No 1 2 3 4 5 6 D D
3. Operation Hwr1 95% 90% 85% 80% 75% 70% 23 24 25 fﬁ ’27 fs |19 ro r' 3 r3
. 5% 0 5% % 50 30%
1) Energy dispatch Hwru | 1057 | 110% | 115% | 120% | 125% | 130% T T T TN
2) Volt/Var requlation Uev, 97.5% 95% 92.5% 90% 87.5% 85% e T
gu Ppya | 102.5% | 105% | 107.5% | 110% | 112.5% | 115% = | f | | |) L] ] ]
J @Pou:lof |
4. Hiera rChy SOLUTION RESULTS FOR. BASE CASE UNDER DIFFERENT UNCERTAINTY SETS pme
coordination h
5. Trading Sl
. . . ES 3 20% 20% 40% 20% 40% 40% = 12T
1 ntraliz radin har
2) ggptta d.ed trading - ES 4 30% | 20% | 20% | 30% | 30% | 30% 2
) Ll DLC | O-15min | 0% | 0% | 0% | 0% | 0% | 0% | % |
under 15-30 min | 46% 0% 43% | 39% | 38% | 38% 3
6. Planr"ng Worst 30-45 min 0% 0% 0% 0% 31% 0% &
1) DG planning Case 45-60 min 3% 6% 2% 2% 0% 0% 'E 0.5
2) ESS planning “P;;?L‘:;g%) 192.39 | 187.94 | 184.45 | 179.86 | 177.30 | 174.29 | E
. v : =
3) PRO algorlthm Iteration Number 5 5 3 3 3 2 0 = - 0 " o %o
Solution Time (s) 61.39 | 1596 | 12.04 | 13.84 | 18.34 | 7.01 T :
ime (minute)
.%\7‘13} @} %\N&j NANYANG sennnnnnnn Forecasted == = = Uncertainty Range Worst Case
, TECHNOLOGICAL
\f;;’\‘»”) UNIVERSITY C. Zhang, Y. Xu, Z. Y. Dong, "Robust Operation of Microgrids via Two-Stage Coordinated Energy o

Storage and Direct Load Control," IEEE Trans. Power Syst., 2017.




1. REIDS Project

= Two-Stage Dispatch of Hybrid Energy Storage considering

2. Control
1) Islanded mode battery health

2) Grid-tied mode

P

. Utility Grid HESS
3. Operation " P,
1) Energy dispatch RES > Batey  ——p
2) Volt/Var regulation - P, PRI Supercapacitor,
4. HieraI‘Chy Wind PL"‘ Aggregated Load
coordination |
5. Trading 1x1 q n ( NTU ) C_DBMB‘XI!:I
1) Centralized trading 5 X0 T “
2) P2P trading EB » \ o

: P \ Lp(dp) = ax dp™"” x e /5
6. Planning £ axtof \ —
1) DG planning " \\
2) ESS planning ] T~
3) PRO algorithm 0— ' ' - - | ' ' ' i
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Relationship between the number of life cycles and the DOD of Ni-Cd batteries
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= Two-Stage Dispatch of Hybrid Energy Storage considering battery

health
Forecast EAIE‘. Tu N @E::__ A\ A I: ;_g; .
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(b) Optimal dispatch in real-time pricing
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1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

Multi-Energy Microgrid

Power Demands

N~ S

Heat Demands

1) Centralized trading
2) P2P trading

Cooling Demands

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm Wind Turbine  Photovoltaic Cell  Battery Storage Fuel Cell

Power — — — Heat ---------- Cooling

&t NANYANG
jp%2-3 TECHNOLOGICAL
5 >5a UNIVERSITY Z. Liand Y. Xu*, “Optimal coordinated energy dispatch for a multi-energy microgrid in grid-connected and islanded modes,”

Applied Energy, 2017. Web-of-Science Highly Cited Paper & 2018 Applied Energy Highly Cited Paper Award ol




1. REIDS Project

=  Multi-Energy Microgrid — Modeling of thermal part

2. Control
1) Islanded mode s A R 2. /
2) Grid-tied mode > Primary supply pipes - / -

m
Indoor temperature

O Hm.f(((_ Tt

n
— Ambient
Heat network ﬂ temperature

Thermal conduction of a building

5 Primary return pipes
. ———) Secondary supply pipes :
: Secondary return pipes

3. Operation
1) Energy dispatch
2) Volt/Var regulation

Electrical network

+
Qr,k,t

Heat exchanger Heat load

4. Hierarchy
coordination

5. Trading u Yan ENTUﬂy Copyrlghu

Heat source

bl
Starting point Endlng point | : |
° ° — 5,0t At ! Heat Source2 ! } Source6
1) Centralized trading Tk e - | 3
2) P2P trading o | i | |
m.‘)‘,k,! - At m-"‘;k;f il -At msJth kUw:.: At ms'klt ‘i’k,t - At i T : y ;33 33 5435 55 56 57 }W.;Z)E;.S;‘o 61Elg:56C2$)563 64 65 i
O i g‘wnggscgn : i
6. Plannlng \ X % );»vawrsw 50 I [T . i
1) DG planning PZL, . | T ]
. Rk,t S a2 9 34 53 6 7 8 9fjo n/12/13 14 15 16 17 18 19 20 21 2 23 24 25/ 2 27
2) ESS planning Ske e | i
) czs’i]r;:?fun el I [52° 51 M . 66 67
3) PRO algorithm : : : ah HJ ey A b
Vertical section of a pipe e e @
&4t $> NANYANG Y. Chen, Y. Xu*, Z. Li, “Optimally Coordinated Dispatch of Combined-
v TECHNOLOGICAL Heat-and-Electrical Network,” IET Gen. Trans. & Dist., 2019. Coupled electrlc_thermal network
o C @
UNIVERSITY Z. Li and Y. Xu*, “Optimal coordinated energy dispatch for a multi-energy microgrid in grid-connected and islanded modes,” 62

Applied Energy, 2017. Web-of-Science Highly Cited Paper & 2018 Applied Energy Highly Cited Paper Award



1. REIDS Project

= Multi-Energy Dispatch — Two-Stage Coordinated Operation

2. contrOI o mm s mm s mm s s Em s mm s Em r Em s R o f Em s R o f Em s R Em s Em s s mm s mm
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Z. Li and Y. Xu*, “Temporally-Coordinated Optimal Operation of a Multi-energy Microgrid under Diverse Uncertainties,” 63
Applied Energy, 2019.




=  Multi-Energy Dispatch — Two-Stage Coordinated Operation
. . . 1400 mm PTC =W TST  —#—Heat 12
Forecasting Predicted wind, Parameters of
load demands solar output system, units 08 5
| | 0 8
i Input data for modelling g
L ] . . - . ] 0 @
3 ) 0 pe ration Coordinated system-vIde dispatch modelling ‘ N
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Z. Liand Y. Xu*, “Temporally-Coordinated Optimal Operation of a Multi-
energy Microgrid under Diverse Uncertainties,” Applied Energy, 2019.
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1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm
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=  Multi-Energy Dispatch — Two-Stage Coordinated Operation

Method #1: Single-stage deterministic operation ]
‘ Cost
\ Method #2: Single-stage stochastic operation }
Security ' r _ — ——
\ Method#3: Two-stage deterministic optimization ]
Method #1 Method #2 Method #3 Our Method
Uncertainty level 1 (Lower Uncertainty)
Average cost (3) 2183.46 2149.65 2468.20 2440.22
Average voltage violation (%) 30.40 16.50 0 0
Uncertainty level 2 (Medium Uncertainty)
Average Cost ($) 2218.89 2188.97 2483.19 2450.78
Average voltage violation (%) 74.70 49.80 0 0
Uncertainty level 3 (High Uncertainty)
Average Cost ($) 2341.64 2282.66 2556.04 2508.65
\oltage violation (%) 97.20 77.90 0 0

Applied Energy, 2019.

Z. Liand Y. Xu*, “Temporally-Coordinated Optimal Operation of a Multi-energy Microgrid under Diverse Uncertainties,”

65




3. Operation

Indoor temperature control (thermal load) and price-based DR (electric load)

Multi-Energy Demand Response

to counteract uncertain renewable power generation, load, and ambient temperature

s R N N N S O EEE N EEE N EE N EEE N Ems R oW

\
| Electric Flow .

. - prE Day-Ahead First-Stage (Day-Ahead)
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I < : Temperature
Chuller Cooling P Short- / M~ Operation
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H q D - i 11 and
0 S e Control
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|
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[
I
i I R ' -— - _th _______ ) | 1, t
i i ec m i
. minmax m}}n(CCCHP + Com + Cyria — Crep” — Crev')  (48)! . well as the thermal storage operation state ETSCX P and qTSC’I Do
: st (10)-(47) : ; | 2) vy 1s the se_cond—stqg_e con.rrol mqnables, expressing the :
_____________________________________________ ., Intra-day operation decisions including the CCHP electric '
Intra -day optimization model | power output P,fftH‘D and the indoor temperature setpoint O K t"
P e o A | 3) u is the uncertain variables which include the renewable
! h ' u1s
! —Cfey + min(Cecpyp + Com + Cyria — Crey” (49) | ) wr /Py . ED !
y | power outputs P . the electric load demand Py, and the |
I
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TECHNOLOGICAL
UNIVERSITY C. Zhang, Y. Xu*, Z.Y. Dong, “Robustly Coordinated Operation of A Multi-Energy Microgrid with Flexible Electric and

Thermal Loads,” IEEE Trans. Smart Grid, 2018. 66




1. REIDS Project
=  Multi-energy demand response

2. Control
1) Islanded mode A Day-ahead optimization results - PDR Day-ahead optimization results — thermal ESS

- . i 3 -
2) Grid-tied mode 235} -

; 3L "u"“‘ u,"““‘ uuun"" ; 7t
3. Operatlon a 255, Reduced Demand h o 1L
1) Energy dispatch T 2t B [ncreased Demand o
2) Volt/Var regulation 15 ! ' i ' 0
1 6 12 18 24 0 6 12

4. Hierarchy Time (our) Time (hour)
coordination Intra-day results — CCHP and indoor temperature

-

PCCHP (MW)

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

Time (hour)

1 6 12 18 24
Time (hour)

Indoor Temperature ('C)

— @ — Thermal loads under Worst Case in 1st Stage
—v— Thermal loads with Uncertainty Realization in 2nd Stage

— @ — Solutions under Worst Case in 1st Stage
——v—— Solutions with Uncertainty Realization in 2nd Stage

& NANYANG
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% UNIVERSITY C. Zhang, Y. Xu*, Z.Y. Dong, “Robustly Coordinated Operation of A Multi-Energy Microgrid with Flexible Electric and
Thermal Loads,” IEEE Trans. Smart Grid, 2018, 67




1. REIDS Project

= Robusthess VS Conservativeness

2. Control
1) Islanded mode Robustness under Different Uncertainty Budgets
2) Grid-tied mode Robustness: UNCERTAINTY SETS WITH DIFFERENT UNCERTAINTY BUDGETS
: Possibility of a feasible solution (or no Uncertainty Set Group No | W07 gV pFb gL iE
3. Operat,'on operating constraint violation) whatever 1 095 105 098 102 099 101
1) Energy dispatch uncertainties realize (Advantage) 2 09 L1 09 104 098 102
2) Volt/Var regulation 3 08 12 094 1.06 097 1.3

» Full Robustness: Always a feasible

SOI Utlon FEASIBILITY CHECK RESULTS IN ISLANDED MODE

4. Hierarchy
o o Deterministic Proposed Robustly
coo rd n at on Method L. Method Coordinated Operation

5. Trading xﬁﬁf?@m;ﬂu&'}esg‘g p 1 : 3

387 6586 6822

. . considering uncertainties (Drawback
1) Centralized trading g ( ) MCS Group 1: 0¥V = 5%PFV, Bl = 20,PFL gHE = 194g1E
2) P2P trading Average Total Operating 6020 6036 6044 6034
] _ Cost of Feasible Cases ($) i i
. Design of Uncertainty Budgets Infeasible Case Rate (%) 0.1% 00% | 00%  0.0%
6. Plannlng « Larger Budgets MCS Group 2: oV = 10%PTV, gFt = 4%PFL, ¢1"F = 20g""
1) DG plannlpg -> Higher Robustness ?"‘:raf; Toﬂ O(ffemt“(‘f) 6051 6056 | 6064 6052
2) ESS plannlng 0s 0‘ casiple L ascs 4
3) PRO I 'th > ngher Conservativeness Infeasible Case Rate (%) 12.5% 1.6% 1.0% 0.0%
) algorithm : ; MCS Group 3: ¥ = 20%P*V, oft = 8% PEL, gHE = 49%g"*
* Uncertainty Degree Analysis ‘ P27 ’ ’ 1
Average Total Operating 6097 6095 6103 6087
Cost of Feasible Cases ($) )
&4t $> NANYANG Infeasible Case Rate (%) 25.9% 65% | 5.7% 0.0%
A TECHNOLOGICAL
"s%9 UNIVERSITY C. Zhang, Y. Xu*, et.al, "Robustly Coordinated Operation of A Multi-Energy Micro-Grid in Grid-Connected -

and Islanded Modes under Uncertainties,” IEEE Trans. Sustain. Energy, 2020.
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2. Control
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3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading
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2) P2P trading

6. Planning

1) DG planning
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3) PRO algorithm
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= Robustly Coordinated Energy Management

Distributed robust optimization for Networked -Hybrid AC/DC Microgrids

topology — 19

Network DC network coordinator
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Forecasted data

Affinely  adjustable
robust optimization
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Q. Xu, T Zhao, Y. Xu*, etal, "
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IEEE Transactions on Smart Grid, 2020.
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=  Simulation results

3. Operation
1) Energy dispatch

-

Scenario I: centralized
deterministic;
Scenario II: centralized
stochastic; (100)
Scenario Ill: proposed
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A 3 networked microgrid system in an IEEE 4 bus system

COMPARISON RESULTS UNDER CASE I (A SYSTEM OF THREE NETWORKED

MGs)
Scenario 2
1 11 I11
Objective value($) 2,484.84 2483.89 2,580.33

Running time(s) 0.17 308.14 4.85
Number of decision variables 864 2232 2520
Number of constraints 792 73008 1944
b= ~=- --- foer -

—

—— s
. &E] f\/

Vi

Time(h)
c)MG 3

A 30 networked microgrid system in a revised IEEE 123 bus system

NANYANG
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DN GENMOTH
deN eT
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Iteration

50
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70

COMPARISON RESULTS UNDER CASE II(A SYSTEM OF 30 NETWORKED

MGS)
Scenario
I 1T 111
Objective value($) 17,849.00 17,840.87 17.849.24
Running time(s) 1.28 471.37 368.92
Number of decision variables 16008 666168 31848
Number of constraints 13800 734520 23880
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5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
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= Two-stage Coordinated Volt/Var Regulation under uncertainty
Hourly dispatch of CB and OLTC & 15min dispatch of PV inverters

T
250 -

10-min timescale
—— hourly timescale

N
o
o

150 -

Net load injection (kW)

get

1st-stage decision— Hourly dispatch of CBs and OLTCs

t1 . -
- - — - —
~ =~ ~
-

Two—étage - = - - i

stochastic — ‘l = L ‘I— >

programming \\/7\\\/?\\\/’ \\/A\\/A ﬂ time
| o Te TTOT

2nd-stage decision— 15-min dispatch of RES inverters
A E!QrU L

Volt/Var Control Model

Two VVC timescale

Stochastic Programming Model

CB and OLTC hourly dispatch

Two decision stage J

here-and-now variables

Inverters 15min dispatch

wait-and-see variables

Random load and RES

Stochastic variables

Network and utility code

Model state variables

Load and RES forecasting

N N7 YN N7 YN YN Y

VVC signals

N N/ N/ Y R 2
7' 7' 7' 7' 7' 7' 7'
v v v v v v v
N N N C N N YN Y

Scenario construction

N A D N R N

Solution results

» First-Stage: Slow switching devices such as
OLTCs and CBs are scheduled one day ahead.

» Second-Stage: Fast responding devices such
as PV-associated inverters are updated to
operate in short time-window.

Y. Xu*, Z.Y. Dong, et al, “Multi-timescale coordinated
voltage/var control of high renewable-penetrated distribution

networks,” IEEE Trans. Power Syst., 2018. 71



3. Operation

2) Volt/Var regulation
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= Mathematical modeling

A. Stochastic Model

The VVC is realized at two coordinated timescales and the
mathematical model of (5)—(21) is formulated into a two-stage
stochastic programming model as follows:

min { f (z) + E[Q (z, &)} (22)

where f(x) is the first-stage problem, i.e., the long-term (hourly

timescale) VVC, and x is the first-stage decision vector; Q(x, &)

is optimal value of the second-stage problem. i.e., the short-

term (15-min timescale) VVC: min,cq(, ¢y g(y). where y is
e

YarNTCepyright

C. Scenario Construction

The stochastic variations of RES generation and load from
their predicted values are assumed to respectively follow the
Beta distribution and the normal distribution [5], [6], [20].

The Beta distribution is defined by two shape parameters: «
and 3 which represent the prediction error (stochastic variation)
for a predicted power P [20]:

fo)=y* - 1-y)" " N (27)

where fis the Beta distribution function and v is the occurrence
of the active power value, N is the normalization factor.

B. Deterministic Equivalent

Assuming £ has a finite number of possible realizations, called
scenarios, denoted as &1, ..., {x with respective possibilities of
P, .-, Pk, then the expectation term in (22) can be written as:

.
EQ(z, ] =) mQ(z, &)
k=1

(23)

Then, the original two-stage stochastic programming model
can be reformulated as the following deterministic equivalence:

i
?]0 / Eﬂkg (yk) -
I, gx. .
E 1
st. xzcF (25)
yr € Q(z, &),k (26)
10 T T T T T T T T T
p=01
8 o =0.05 i
@=325 p=03
f=2926 o=009 p=09
—_ or a =67 p=05 a=022
2 A =1562 =014 p=07 a =071
4r a = 6.06 o=018 =008
£ =6.06 o =378
=162
2 i
0 :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1



3. Operation

2) Volt/Var regulation
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=  Simulation Results

T T T T T T T T

| —E— Powerloss (kWh) |

~ 400

Inverter output (kVa

200

Voltage (pu)

100 ¢3¢

0.98

0.95

Time interval (15min)

Y. Xu*, Z.Y. Dong, et al, “Multi-timescale coordinated voltage/var control of high renewable-penetrated
distribution networks,” IEEE Trans. Power Syst., 2018. e



1. REIDS Project
= Continued research in PV Inverter-based Volt/Var Control

2. Control
1) Islanded mode
2) Grid-tied mode
2022
?). E()pera‘}ion ; e Voltage stecllbility
nergy dispatc L constrained-
2) Volt/Var regulation 2020 Reliability- VVC (VS-VVC)
: Multi-Objective ﬁfe"_wg;ed e o
4. Hiera rChy ‘ Adaptive Robust m‘;lrg;g]?ézﬁt“_’e
coordination 2020 VIR &ordinatedy
Hierarchically- - C (MO-HC-
SR L Y andNT eSopyright 2024
1) Centralized trading il
2) P2P trading Three-stage
robust VVC
(TRI-VVC)

6. Planning
1) DG planning

2019 - C. Zhang, Y. Xu*, Z.Y. Dong, “Three-Stage Robust Inverter-Based Voltage/Var Control for Distribution Networks with High PV,”
IEEE Trans. Smart Grid, 2019. — Web-of-Science Highly Cited Paper

2) ESS p|anning 2020 - C. Zhang and Y. Xu*, “Hierarchically-Coordinated Voltage/VAR Control of Distribution Networks using PV Inverters,” IEEE Trans.
. Smart Grid, 2020. — 2021 IEEE TSG Outstanding Paper Award
3) PRO a|90rlthm 2020 - C. Zhang, Y. Xu*, Z.Y. Dong, “Multi-Objective Adaptive Robust Voltage/VAR Control for High-PV Penetrated Distribution

Networks,” IEEE Trans. Smart Grid, 2020.

2021 - Q. Chai, C. Zhang, Y. Xu, and Z.Y. Dong, “PV Inverter Reliability-Constrained Volt/Var Control of Distribution Networks,” IEEE

RN Trans. Sustainable Energy, 2021.

& d8t .’;.Ié‘gll_TﬁBIEOGICAL 2022 - C. Zhang, Y. Xu*, Y. Wang, “Three-Stage Hierarchically-Coordinated Volt-age/Var Control based on PV Inverters Considering
Network Voltage Stability,” IEEE Trans. Sustainable Energy, 2022.

% UNIVERSITY 2022 - R. Xu, C. Zhang, Y. Xu, Z.Y. Dong, and R. Zhang, “Multi-Objective Hierarchically-Coordinated Volt/Var Control for Active 74
Distribution Networks with Droop-Controlled PV Inverters,” IEEE Trans. Smart Grid, 2022.




1. REIDS Project
= Multi-Objective Adaptive Robust Voltage/VAR Regulation

2. Control
1) Islanded mode L . . . . .
.- *Minimizing voltage deviation conflicts with Adaptive Weighted Sum (AWS)
2) Grid-tied mode L
minimizing network power loss.
*Multi-objective “min-max-min” problem £T \ n

3. Operation
1) Energy dispatch
2) Volt/Var regulation min max m;nvl(x, w,y), fa(x,u,y)]

X u

~
S.t. Ax>Db Feaslble\Reiim

. . Cx+Dy<v
coordination y

5. Trading u Ya ﬂ (ENm )WC 0 p y riegdhﬂtmﬂsg ?ﬁim

rmal Boundary Intersection (NBI)

—
S -
I Ty i e

4. Hierarchy

1) Centralized trading Key point:
2) P2P trading 1) Voltage deviation index: load-weighted voltage i GZER)
) deviation index (LVDI)

6. Planning 2) Which MOP algorithm is more efficient to generat:
1) DG planning accurate Pareto front and get a fair trade-off?
2) ESS planning a) Classic Weighted-Sum (CWS)
3) PRO algorithm b) Classic e-Constrained (CeC)

c) Adaptive Weighted-Sum (AWS) sl i ST

' > fi

& o & ¥£ggﬁ§EOG|CAL d) Normal Boundary s (NBI) Pareto front generated by NBI algorithm.
UNIVERSITY C. Zhang, Y. Xu*, Z.Y. Dong, "Multi-Objective Adaptive Robust Voltage/VVAR Control for High-PV Penetrated 75

Distribution Networks," IEEE Trans. Smart Grid, 2020.



1. REIDS Project

= Multi-Objective Adaptive Robust Voltage/VAR Regulation

2. Control
1) Islanded mode p "
2) Grid-tied mode g & s |
= S5te > 5¢ : COMPUTATION EFFICIENCY COMPARISON

. Py '- P . Method CWS | CeC | AWS | NBI
3. Opel’atlon < 4.6 1 . S 46 | .b' Number of Solutions 17 17 14 17
1) Energy dispatch EB 4n b * Eﬁ 42 1% MOP Processing Time (s) 53 62 44 60

: 2 . e e [EERE GUROBI Solver Time (s) | 569 2344 869 2384
e)ivolt/Variregulation = 38 '._s R;Ciu?_da?t = 381 Solutions Total Time (s) 622 | 2406 | 913 | 2444
. S Wl g . i
4. Hierarch - o B
. . y 4 8 12 16 20 24 4 16 20 24 The AWS and NBI algorithms are suggested
5. Trading Lé 4 @m ( b i Opyr@
. . R . . .
1) Centralized trading (RIS ERE g S1s v’ If a relatively accurate Pareto front with
2) P2P trading % 46 '. ? 46 | '. high computation efficiency is required, the
Banl ® B a5 [ AWS algorithm is preferred.
° = . ® = ®
6. Planning 2 2 . \
1) DG planning 3 3.8 % ‘“;ee‘;‘(;ve £ 381 ‘-_. \ v If a more accurate Pareto front with evenly
2) ESS planning =34 L o e I U o o distributed solutions or the “knee” solution
3) PRO algorithm 4 8 12 16 20 24 4 8 1216 30 24 is required, the NBI algorithm is preferred.
Average LVDI(lO p.u.) Average LVDI (10™ p.u.)
(©) (d)

&t NANYANG (a) CWS; (b) CeC; (c) AWS; (d) NBI

TECHNOLOGICAL
UNIVERSITY C. Zhang, Y. Xu*, Z.Y. Dong, "Multi-Objective Adaptive Robust Voltage/VVAR Control for High-PV Penetrated
Distribution Networks," IEEE Trans. Smart Grid, 2020.



1. REIDS Project
= Hierarchically coordinated operation and control of DERs

2. Control / , . . .
1) Islanded mode Operational optimization and real-time control are traditionally decoupled.

2) Grid-tied mode v Existing two-stage coordination methods are all for operational timeframe
(e.g., day-ahead & hourly-ahead or hourly-ahead & 15mins-ahead).

3. Operation
1) Energy dispatch
2) Volt/Var regulation Online dispatch

4. Hierarchy
coordination mins~hours

5. Trading U Yan NTUY O SA --------------- . 4

1) Centralized trading : s Time
2) P2P trading T ms~s Tms~sT T ms~s T ms~sT

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm

Real-time control

v'Need to coordinate the operation level and control level for enhanced
system performance, i.e., optimizing the operation decisions considering
&9 NANYANG the real-time controllers’ effects, or simultaneously optimizing
TECHNOLOGICAL Snalvanabl d 1
et operational variables and controller parameters .

i’




= Three-Stage Robust Volt/Var Control (TRI-VVC)

First Stage: CB and OLTC Scheduling in a Rolling Horizon (4 hours)

. [Hour-ahead interval prediction RO: optimize a;, B, %\ Implemented /____Rigzz{rg(ie(il _____ q4 =
=4 considering the worst > { on O], 8
- i P "~ - \ i:
gl case and the inverter < 7 -0~ 10 >
A output dispatch S300t | @] 412 £
ST Obj.: loss reduction £ /I/Z\E/E] ! @)
A o 200 T ! =
> ? gl - prosee =
o 100 ©)
1 2 3 4 1 2 3 4
Time (hour) Time (hour)
S Second Stage: Inverter Output Dispatch (4 short periods in 1 hour
4. Hierarchy ’ put Dispateh (& shortp ’
0 0 Piecewise droop i 15-minute-ahead Optimize Q' 15-minute dispatch
Coordlnatlon controllerfor b point prediction considering the rea |ve 40 1 ference
bk Copyrighk 2 6
ducti =
2| 2
f\ £
irt i 1 1 10
: 1 2 3 4 1 2 3 4
Time Interval (15 min) Time Interval (15 min)
Third Stage: Inverter Droop Voltage Control (real time in first short period)
| Real-time data Control Q™™ with the _ 50
real-time local voltage 3 - i
measurement z 40 Ir
=2 — — — 0
Obj.: voltage deviation 5
reduction 530}
S E 24 — — A
) 1 L 1 L ] > 20 L !
& NANYANG 0 150 300' 450 600 750 900 0 150 300. 450 600 750 900
TECHNOLOGICAL Time (second) Time (second)
UNIVERSITY C. Zhang, Y. Xu*, Z.Y. Dong, et al “Three-Stage Robust Inverter-Based Voltage/Var Control for Distribution

Networks with High PV,” IEEE Trans. Smart Grid, 2018. Web-of-Science Highly Cited Paper



=  Simulation Results
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UNIVERSITY C. Zhang, Y. Xu*, Z.Y. Dong, et al “Three-Stage Robust Inverter-Based Voltage/Var Control for Distribution
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1. REIDS Project

= Hierarchically-Coordinated Voltage/VAR Control (HC-VVC)

2. Control
1) ISI‘:"nd.ed mode ,/ PV & Load J'_ HI Inverter Reactive Power Output Setpoint
2) Grid-tied mode v’ Central VVVC considers the || Predictions [T~ 7] | z s |
| 1 < T ey e e -
3. Operation network level information :’Uncenam?i\ omperm— J,T‘;ne
: ; || Modeling [T Optimizer
1) Energy dlspatch (powel‘ ﬂOW) : | Modeling : imizer
2) Volt/Var regulation v' Local VVC focuses on the real- | Healities |
o . . /ariations g = v
. time variation (bus voltage) e
4. Hierarchy o
coordination Optimal Droop Control Curve .
C dNDr¥P tnnjul uﬂ ht [sz 4:
5. Trading la'l g n f i “)ﬂ«‘.—'i Opy rl g In2 p Control Model
: N NN\

1) Centralized trading [
2) P2P trading

» The central VVC hierarchy implements the
base reactive power output setpoint of each
N inverter, i.e. Q2S¢ under the expected
operating condition.

* The local VVC hierarchy implements the
o local droop control by adjusting the
TOT reactive power output responding to the

linear droop controller for inverters local voltage deviation. AQ = f(AV)

6. Planning 5
1) DG planning

2) ESS planning

3) PRO algorithm

& NANYANG

\i} =0 L'IE\ICI:\II.IEI ROSLI$$ CAL C. Zhang and Y. Xu*, "Hierarchically-Coordinated Voltage/VVAR Control of Distribution Networks Using PV

3 Inverters," IEEE Trans. Smart Grid, 2020. 2021 IEEE TSG Outstanding Paper Award o




= Hierarchically-Coordinated Voltage/VAR Control (HC-VVC)

\oltage control results:

In response to the local bus voltage variation, the
inverter reactive power output moves along the
droop control curve.

The mean bus voltage magnitude with the HC-
VVC is very close to 1 p.u.

N Droop Control
h Curve of PV 11

4. Hierarchy

COMPARISON RESULTS FOR DIFFERENT VVC METHODS

coordination
#2 #3 | HC-VVC
u Ya | : 329 | 1103 | 267
. J 120 120 : . . . . i . > 1olation Rate (%) | 3.4% 0.2% 51.8% 0.1%
6 12 8 4 0 0.02 ?_95 0975 1  1.025!1.05 A\:ﬁg;\;’(ﬁfﬁf&&t)éu.) 0.990 0.998 0971 0.993
. . . ] §
Distribution (%) | Bus Voltage (p.u.) | volie Seviaﬁon puy | 0012 | 0010 | 0029 | 0009
g E |
s 6l i i Comparison with other VVC methods
T No vve g 4l i i
E i HC-VVC: least voltage violation rate; least
E 2 i voltage magnitude deviation; second least
a 0 average power loss; second average voltage
0.9 0925 095 0975 1 1.025 1.05

T close to 1 p.u.
%4t NANYANG Bus Voltage (p.u.) P

Ul sl C. Zhang and Y. Xu*, "Hierarchically-Coordinated Voltage/VVAR Control of Distribution Networks Using PV

UNIVERSITY -
Inverters," IEEE Trans. Smart Grid, 2020. 2021 IEEE TSG Outstanding Paper Award




1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Centralized trading
2) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) PRO algorithm
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=  Fully Distributed Two-Level Volt/Var Control

Two-level VVC with time scale coordination L. )
WosIeV A et Distributed dispatch by ADMM

15-min distributed dispatch among aggregators (%) | ~_ T oo olm oo
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Y. Wang, T. Zhao, C. Ju, Y. Xu*, P. Wang “Two-Level Distributed Voltage/Var Control of Aggregated PV Inverters
in Distribution Networks,” IEEE Trans. Power Delivery, 2019. 82



4. Hierarchy
coordination
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=  Simulation Results

24-hour simulation with 15 minutes sampling One-hour simulation with 1 second sampling
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= Hierarchically Coordinated Operation and Control for DC

2. Control microgrid clusters

1) Islanded mode
2) Grid-tied mode e .

s — ~ G, N ing, B UG+ D L)
Mg, TV Lead Real-time o> <1,. = | P J(é) L) €T sk |
o : ! X - = - v ke teT
2 (B I iy Grid ==/ || R T T T T
- i —> Loca — . i !
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1 ; . — Pocii T
2) VOlt/VaI’ I"egU|athn i - H ()ptll]:l al power bLt. points P;  operation | D-QI - d ot @ | PDG.: PDG i ﬁDG z£ |
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coordination l ‘ ol }|Conteo - I
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) . H , 1
5. Trad I ng ( //, /,’ ! MmpG.i = MDG.i Pi‘;max ) !
1) Centralized trading / / ! e
2) P2P trading NIG cluster — [’0\-\"6]’ line ! mESS,'L —_ kz 7mESS’1' E (07 AVmax ) I
P”( 3 — - Communication line Lo BEES '''''''''' I?E—S"g,in%x- -1
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6. Planning ————— E-TE R
1) DG planning EZOO’::MA
2) ESS planning 52M
° Z 100+ -
3) PRO algorithm S
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ket NANYANG
TECHNOLOGICAL _ _ . : : :
% UNIVERSITY Q. Xu, Y. Xu*, et al, " A Hierarchically Coordinated Operation and Control Scheme for DC Microgrid
Clusters under Uncertaint," IEEE Transactions on Sustainable Energy, 2020. e



= Hierarchically Coordinated Operation and Control for DC
microgrid clusters

. [ -eMG1 MG |
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1. REIDS Project

= Continued research works in local energy markets

2. Control
1) Islanded mode
2) Grid-tied mode A centralized market structure
may no longer be applicable
° with the emergence of a .
3. Operatlon significant number of Q Local Ancillary
1) Energy dispatch prosumers. P2P energy trading _ _ Service Market [4][5]
2) Volt/Var regulation offers a promising solution. Partially-Decentralized
Local Energy Market
The uncertain behaviours of gy The penetration of DERs
flexible consumers pose a e coupled with the rise of P2P
4. H lerarc hy great challenge to system ) The existing regulations may not accommodate  ,5rkets leads to a significant
. . : : : - Fully-Decentralized e¢ng-to-end enerav trading. Th r rcan ST
coordination operation, while their flexibility =" 5.2 "= end-to-end energy trading. The aggregator ca challenge in distribution network
offers ogpogtunities to loc Rdt (A2 y[ coordinate the DERs within a certaigegiaq a ogeration. Luckily, inverter-
cdommagdaté ficllirertdin |:|1 k : d RO rfaced DERs hold both
5 Tradin wabl gﬂam éN U ZC @p ”r; 2 ité to %ﬁnical potential and economic
. ) 9 _ supp@rtedddy regulatasy and policy bodies. On incentives to provide distribution
1) Des|gn Centralized Local the other hand, smqll-scale_end users may not systems with fast and flexible
2) Energy trading Energy Market [1] have the means or interest in participating in Var supports.

. - P2P energy trading as well.
3) Ancillary service

[1]Y. Zou, Y. Xu*, and C. Zhang, “A Risk-Averse Adaptive Stochastic Optimization Method for Transactive Energy Management of a Multi-Energy

6° Pla nni ng Microgrid,” IEEE Transactions on Sustainable Energy, 2023.

1) D]C planning [2] Y. Zou, Y. Xu*, X. Feng, and H. D. Nguyen, “Peer-to-Peer Transactive Energy Trading in a Reconfigurable Multi-Energy Network,” IEEE

2) ESS p|anning Transactions on Smart Grid, 2022.

3) Joint planning [3]Y. Zou, Y. Xu*, and J. Li, “Aggregator-Network Coordinated Peer-to-Peer Multi-Energy Trading via Adaptive Robust Stochastic Optimization,”

IEEE Transactions on Power Systems, 2024.

& 49t & NANYANG [4]1Y. Zou, and Y. Xu*, “Design of Robust Var Reserve Contract for Enhancing Reactive Power Ancillary Service Market Efficiency,” CSEE Journal
TECHNOLOGICAL of Power and Energy Systems, 2023.

% UNIVERSITY [5]Y. Zou, and Y. Xu*, “DER-Inverter Based Reactive Power Ancillary Service for Supporting Peer-to-Peer Transactive Energy Trading in86

Distribution Networks,” IEEE Transactions on Power Systems, 2024.
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= Transactive Energy System (TES) Classification
2. Control Fransaciive Enorgy System (19

1) Islanded mode |

o o v ¥ ¥ ¥ ¥ ¥
2) G ri d —tled mOd e Market Participant Market Structure Clearing Method Solution Algorithm Trading Commodity Supporting Market Tool
. . Distribution Locational Centralized A Penalty
= Energy Providers = Centralized Market - Marginal Pricing - Optimization Electrical Energy 1 Mechanism

3. Operation
1) Energy dispatch
2) VOItlvar regLIIation |, Energy Providers |, Fully-Decentralized —  Single Auction |, Optimization Under

Partially- Mo MeslEnism L. Distributed Multiple Energies |, Loss Alloc_atlon
Mechanism

g =Y CRmSUInETS ™ Decentralized Market Optimization

and Consumers Market Uncertainties
L -~ Double Auction
Without Distributed Stochastic
E P - -
o fendy rosumens Ledger Technologies . I~ Optimization
4. Hierarch —
L y With Distributed | . Robust
Ledger Technologies . Optimization

Game Theory

Coo rd i nation Machine Learning

SN U Yan (NTU) Cagyright 2024

1) Design Centralized market Bl— P2P market Communlty based market

- Mixed Game

......................... Commumty Communlty
Participants

Participants Participants

2) Energy trading
3) Ancillary service

Participants Participants Participants

Master Node

Supervisory Supervisory

Participants Node Node

ommecccccccccccccccccccccnns

6 . P I a n n i n g Participants et Reiteinans Participants Participants
1 ) DG p I a nn i n g LOT\?ILEE:trgy Participants ! \ 1

2) E S S p I ann i n g Participants g’Community i \ ‘

3) Joint planning [ \ AR, e

. Ext | Ei
DAL B External Energy : R

%'\\g\ @,\} %Wj N AN Y AN G Participants Participants e s Market Participants Participants

TECHNOLOGICAL
% UNIVERSITY Y. Zou, Y. Xu*, X. Feng, R. T. Naayagi, and B. H. Soong, "Transactive Energy System in Active

87
Distribution Networks: A Comprehensive Review, " CSEE Journal of Power and Energy Systems, 2022.




1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Design

2) Energy trading
3) Ancillary service

6. Planning

1) DG planning
2) ESS planning
3) Joint planning

&t NANYANG
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= (Centralized Local Market: Risk-Averse Transactive Energy Management

Main motivation: The uncertain behaviours of flexible
consumers is challenging MES operation, while their
flexibility offers opportunities to locally accommodate
the uncertain renewable generation.

» To schedule all the physical DER units;

» To determine the energy trading prices for
desired demand-side response. (as a price
maker)

I ! I
| [Photovoltaic| [ Wind Diesel | | Local [ £ Agent : 1 Strategy of the energy user (EU) agents:
| System Turbine Generators | | Day-Ahead | | :
/Intra-D i 1 .

| — : L Erergy < Cgsmggf" | 1 > Totransact with the MEMG operator; (as
| y | Market | I| ! rice takers
| | Industrial : -

ceHp Battery 3| [ndustrial I} 1% To trade energies with the exogenous
| Unit Storage | | || EUAgent |)| |
— e e . — — ~ = energy networks.

Electrical Flow Thermal Flow Transactive Energy Flow L = —moC Tt

Y. Zou, Y. Xu*, and C. Zhang, "A Risk-Averse Adaptive Stochastic Optimization Method for Transactive Energy

Management of a Multi-Energy Microgrid, " IEEE Transactions on Sustainable Energy, 2023.
88
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1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Design

2) Energy trading
3) Ancillary service

6. Planning

1) DG planning
2) ESS planning
3) Joint planning
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Mathematical Formulation

The interactions between the MEMG operator and EU agents are captured by a Stackelberg game,
which is expressed as a bi-level model,

Upper-Level Model for MEMG Operator

max
XEX,YsEQNER

Subject to:

Risk aversion towards uncertainties:

c"x + Ysen, msL(x,dg) + p - CVaRy

XEy
L(x,d;) = max

T
ys€Q(x,ds) by

1
el = e () F 5 Zsenfp —

where Q(x dy) = {ys|Ax + By >
f7 = cTx + L(x,d,) denotes the profit under scenario s.

nl~ms}

r, Ex+ Fy, = dg},

Day-ahead prices for trading energy with exogenous energy networks,
and day-ahead probabilistic predictions of uncertainties

Day-ahead bi-level model formulation

lterative Day-ahead upper-level ar;\odel for the MEMG } lterative
energy operaic energy

trading trading

prices Day-ahead lower-level models for the reS|dent|aI quantities

commercial, and industrial EU agents

Lower-Level Models for EU Agents

e e — ey

Input
Intra-day prices for trading energy with exogenous energy networks,
and hourly-ahead point predictions of uncertainties

Intra-day bi-level model formulation

Intra-day upper-level model for the MEMG ]’_—| Iterative
operator

Iterative

energy energy
trading T

prices ‘ Intra-day lower-level models for the residential,

commercial, and industrial EU agents /‘

trading
quantities

~~
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CCHP I u Q i I 4 eam etd :

l t |

Xﬁ nstra t] of Jwy al i)lts | gp - C’-EE,Q h mle 2 td, mm' lu: max :
JCE; 5 el U : Constralnts assomated with tradlng quantltles. i

Reformulation for obtaining the market equilibrium and considering Reformulation for obtaining the market equilibrium B
the MEMG operator’s risk aversion towards uncertainties \ntra-day d inistic single-level MPEC model
Day-ahead stochastic single-level MPEC model with a CVaR measure e eterms:msgc;!ng (Ie;/e(\;e mode
(See Section IV-A and IV-B) SeatSeaionline6)
Solution of the day-ahead stochastic model by an adaptive PH algorithm s°|”_"°” ‘_’f the intra-day determln.lsuc m(_)d?I 370 @A algorlthw
Optimal day-ahead energy scheduling decisions on ESSs and DGs Optimal |ntra»da|3|/ en_ertgy Zchedullng r:ec‘;s_mnz o t_he CCHECIIL
as well as day-ahead energy trading decisions asiweTlaslintre;Cayjenergyiracingidecisions
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L

Day-Ahead Energy Market

Intra-Day Energy Market
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=  Simulation Results

O Intra-day energy trading O Computation performance

|
I
o 024 —-DA electrical price — ID electrical price 0.07 :
g g (Detecricalladingquantly e e8| Computational Performance for Day-Ahead Stochastic MILP
= 623;0'12 \ 0'03,§ s : Solution No. of Solution Objective Optimality
F  0.06f 0.01 £ | Approach Variables Time (s) Value (§) Accuracy
[T 375 7 9 11 13 15 17 19 21 2324 14862 continuous
0 0.01 1 .
Time (hour) Direct Use of .
(a) Intra-day electrical trading between MEMG operator and residential agent : GUROBI 4641 b'“ar¥ 79.70 Hours  7501.01 100%
I for all scenarios
~<- DA thermal price - ID thermal price ! PH Algorithm 1* . >16.03 Hours N/A N/A
0.06 : ; 0.35 1
g |- 'Dtemaltedngquantty . . ...Jos® 1  PHAlgorithm2' 39;"?8‘?;::1":;”3 2.82 Hours 747815 99.7%
E% 0.15 £ | Adapti}re PH

05 S for each.SCenario.., 3.56 Hours  7492.69  99.9%
05 0
p
|

5. Trading

Time (hour) -0.25 . -
(d) Intra-day thermal trading between MEMG operator and residential agent : COanUtatmna' Performance for the Intra-Day Bilinear Problem
° |
2) Ener radin ID electrical tradi tity with utility grid I
) ergy trad 9 > 0()3,5? ID ?h%?nﬁﬁatraré‘in'é'%@éﬁﬁ&‘év% egob:er){o%g thermal network I Bilinear Term Step Size Convergence Average
EE%Z;’ | Linearization Approach  ($/kWh) Tolerance  Time (s)
7] ; |
25%: . Price Discretizing 0.001 N/A 191.95
g 005 : .
I e B ¥ B R VA R TR 17 : OA Algorithm =0 10° 13.51
|

Time (hour)
() Intra-day energy trading between MEMG operator and exogenous networks

» Problem scale is reduced by adaptive PH algorithm
» MEMG operator uses price signals to guide users’ through scenario decomposition. Bilinear terms of price
2 NANYANG behaviors, thereby reducing reliance and impact on times quantity are efficiently handled by OA algorithm.
[Ea))

" § TECHNOLOGICAL external grids.
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1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Design

2) Energy trading
3) Ancillary service

6. Planning

1) DG planning
2) ESS planning
3) Joint planning

& NANYANG

= P2P Transactive Energy Trading in A Reconfigurable Multi-Energy Networ|

Main motivation: P2P trading can address operational
complexities arising from the emergence of prosumers,
facilitating local energy balance, but it may also worsen
network operation, e.g., voltage drops and line congestion.

Upper-level network operation problem

Yar

Topology of DN

Strategy of DSO and DHSO (at upper level):

» To reconfigure the DN and DHN;
» To request the lower-level agents to make
necessary trading adjustments.

Net thermal loads & tradmg,
adjustment tolerances ' * adjustments

Net electrical loads & tradingf | Electrical trading
adjustment tolerances | ¢ adjustments

' Thermal tradmg

s

Lower-level P2P energy trading problem r== Bilateral energy trading market

E Y as i
¢ i il
ﬂ Exogenous electrical Exogenous thermal ﬁ

\_ networks networks

~N

Electrical Flow Thermal Flow ----Information Flow

ate odal‘agents (at lower level):

» To schedule the local DERs (e.g., CCHP, ESS,

flexible loads);

» To transact with other agents or exogenous

networks in a bilateral manner;

» To submit the current net loads to the DSO

and DHSO.

-3 TECHNOLOGICAL
553 UNIVERSITY Y. Zou, Y. Xu*, X. Feng, and H. D. Nguyen, “Peer-to-Peer Transactive Energy Trading in a Reconfigurable Multi-

Energy Network,” IEEE Transactions on Smart Grid, 2022.




1. REIDS Project
Mathematical Formulation

2. Control A. Lower-level P2P energy trading problem (R, 1
1) Islanded mode Nash bargaining theory I
2) Grid-tied mode Modeling for P2P energy trading with the concept of bargaining power |
o _ O Nash product: to maximize agents’ benefits from participating |

Q Objectlve function: in P2P energy trading (i.e., C; — C;) |

1

1

1

ZtENT(Cff" + O G CED FCT
1

ZtENT(CLGten + ClBtl” + CDLSC I :

max Hl=1(C _ C)]V[IPL -_ e == == i

where M'P; is a positive value denoting the bargaining |
|

1

1

1

1

1

1

1

1

3. Operation
1) Energy dispatch
2) Volt/Var regulation

EI Bargaining power M'P; :

< If MP;=1 for Vi, all agents will be awarded with the equal
benefits regardless of their market contributions.

I

|

I

I

PO O EGEAL (traditional Nash bargaining theory) I
I

|

|

I

|

O Key constraints:
et +efly =0, Vt,Vi,Vj € V\i
ePHN +eDHN 0,Vt,Vi,Vj € NM\i

Yare BT Copyii

o If MP; is set as

ZtENT |Z]EN\L eljt| |ZJEN\1 el]t |)

- n et |2 jemn enft|)
tb |t t will be directly
tra ngcontrlbutlon

4. Hierarchy
coordination

5. Trading

1) Design B. Upper-level network operation problem
2) Energy trading Modeling for reconfigurable DN operation Modeling for reconfigurable DHN operation
3) Ancillary service ot -
) y U Objective function: Q Objective function:
) min Y, (Z PLLOSS + 9y Ae?: > .
6. Planr“ng Constrainttzl\:lT mneNEN € meNDNl min ZtENT <ngENgiHN HLZ‘E? + aZgENE;NlAeng )

1) DG planning
2) ESS planning
3) Joint planning

& o NANYANG

TECHNOLOGICAL
UNIVERSITY

Linearized DistFlow with reconfiguration variables
Spanning tree constraints:

Omne + Onme = Kmn e Vmn € N)g;vr vt
Lpenon+ynon-y Omne < 1, Ym € Nig,V
Z e+ ynoN-y Omne = 0, Vm € NON vt
Spanning tree constraints (to strictly ensure radiality)
ZnENf,’lN*' Font + Dime = ZneNDN Famye

_jcmn,tM < Fn < Kmn'tM, vm € Nng, VvVt

Constraints:

Linearized thermal flow model with reconfiguration variables,
independent of mass flow rate and water temperature.

Valve switching constraints (XOR operation):
ngENIQiHN(ng,t + Vgie-1) = 2€gie) < N4, vt
Sgkt — Ve < 0,V gk, Vt
$git — Vi, t-1) < 0,Vgk, Vvt

Voit + Vgr,t-1) — Sgie < 1, Vgk, Vvt 92



= Simulation Results
O Lower-level P2P trading results O Upper-level network operation results

Benefit Distribution for four Representative Agents
based on Traditional Nash Bargaining Theory

19(18) 20(19) 21(20) 22(21) <—

|
|
|
|
1 e <
7(6) € 9(8) 10(9) 11(10) 13(12) 14(13) 15(14) 16(15) 17(16) 18(17)
Item Agt.3  Agt.6  Apt.22 Agt 34 : o """
a Cost without P2P trading (§) 714 9880  -3255 3296 " o T—— <:
b| Social cost* ($) 14355 648 248 15.6 I
| it pap P2P payments (S) 17239 7062 5673 97.0 :
d| t:a.di Total cost b+c (8) -288.4 771.0 -542.5 112.6 1 —— Connected line Disconnected line <“— Direction of active power flow
c "8 | P2P trading contribution (MWh) 2692 433 404 659 :
f Market power 1.0 1.0 1.0 1.0 1 AGH
g Benefit from P2P trading a-d ($) 217.0 217.0 217.0 217.0 | o _ —~ Without DN reconfiguration
h Benefit P2P contrib. g/ ! S -! —— With DN reconfiguration
per contrib. g/e (/MWh) 8.06 50.16 53.66 32.94 " § 00 |
. 2 00 ' ol
: = |
u Vﬁ ribuC{)rMur eplesentatiye Agents ” -
. . o |
oh Modified Nash Bar €o |-~
5. Trading 1 9, |
Item Agt.3  Agt.6  Agl22 Agt34 : 07 5 - %3 17 21 24
a Cost without P2P trading ($) 714 9880  -3255 3296 i ime (hour)
J . 1.6 —* Without DHN reconfiguration —e— With DHN reconfiguration
2) Energy trading ] Social cost (5) 14355 648 243 156 | ol Phelhe oty =
el P2P payments ($) 25544 7549 5076 577 i B /
—{ With P2P !
4y Total cost b+c ($) 11189 8197 4828 733 I
c "8 | P2P trading contribution (MWh) 2692 433 404 659 |
£ Market power 0.1178  0.0180  0.0177  0.0288 I
g Benefit from P2P trading a-d (8) 1047.5 168.3 157.3 256.3 :
h Benefit per P2P contrib. g/e ($/MWh) 38.91 38.91 38.91 38.91 1 :
| O 5 — 13 17 21 24
1 Time (hour)
> Proposed mechanism ensures a fairer benefit allocation » P2P energy trading can be facilitated by network
after P2P trading. Each agent obtains an equal benefit reconfiguration, in terms of alleviating network operation

NANYANG
TECHNOLOGICAL
UNIVERSITY

per P2P trading contribution. violations as well as reducing line losses.
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1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Design

2) Energy trading
3) Ancillary service

6. Planning

1) DG planning
2) ESS planning
3) Joint planning

& o NANYANG

Community-Based Market: Aggregator-Network Coordinated P2P Tradinc

Main motivation: The existing regulations may not - - =
! O Distributed energy resources (DERs)

accommodate end-to-end energy trading. And small-
scale end users may not have the means or interest

1
) . . _ I > Invested and owned by private entities
in participating in P2P energy trading as well. '

| > Managed by corresponding aggregators

: O Aggregators

h 2@2 é.l nation + external trading)
y adjacent or dispersed

DERs

Energy S'z'hedulmg and P2P Trading Problem

le Auctio
v Trading

Energ) scheduling and Network operation
trading decisions decisions

Network Operarian Problem

Submit nodal net loads and

Aggr l
for R

l‘or Reglon 2

Multi-energy networks

O
» Owned by the network asset companies
>

Operated by a distribution system operator (DSO
and a district heating system operator (DHSO)

Y. Zou, Y. Xu*, and J. Li, “Aggregator-Network Coordinated Peer-to-Peer Multi-Energy Trading via Adaptive
Robust Stochastic Optimization,” IEEE Transactions on Power Systems, 2024, 94

TECHNOLOGICAL
UNIVERSITY



1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Design

2) Energy trading
3) Ancillary service

6. Planning

1) DG planning
2) ESS planning
3) Joint planning

& NANYANG

TECHNOLOGICAL
UNIVERSITY

Mathematical Formulation

A. Double-auction P2P trading among aggregators

Modeling for dynamic double-auction negotiation

U Augmented Lagrangian:

L (xm,t: €m,t )‘m,t)
Cot + Con' + Cmic® + Gt +

ZtENT Q

emt”2 + (Am t)T(emt —e
y emnt+enmt 0, Vvt, VmENM,VnENM\m

u Yan TREFE tf) Copyright-d024.

O Dynamic P2P negotiations:
Update of P2P trading quantity e, ,:
{x Hl]}tENT = argmin £, (xm He ,,Tl]t,l 7l )
Xm,t€Xmt
Update of auxiliary variable &, ;:
[z+1]_le+1]  plr] 7]

sle+1] _  S[r+1] _ Cmnt “Cnmt + mn,t” “nmt
mn,t — nmt — 2 20
Update of P2P trading price 4,, ;:
A5 = a7 + ofelntt — 2l

QO Market equilibrium

[t+1 [tT+1] _ ‘r+1 [T+1]
|emnt }‘mnt_ nm,t Anmt'

B. Network operation problem

Modeling for three-phased unbalance DN operation

min
+DS0 ZtENT

b
Yijeeon(A¢ U PLEE + kP wijp + k@ p)
+0 Y, _on 17[AelY

€N ggg

Linearized three- phase DistFlow model
Aeeév PNet* — ]ENDN+ PLl]t 2 GNDN— PLjit,Vt

]ltIVlEN:S‘s v
Ljj;, Vie NPV, vt
z; Sl} t) (1 l] t)M =< Ult

,Vij € EPN vt
< 2Re(zijSl-j‘t) + (1 ij,t)M J

Unbalanced voltage:

Ugit—Uit
max |————
PED

» <egVie Mgg,

1 .
Uit =5 Xpea Up,it, Vi € NoE vt

Three-phase power loss:

S
PLi0s = —V JUL vij € £DN, vt
0

Other constraints are similar to those in the single-phase
distribution network modeling.
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1. REIDS Project

= Uncertainty Handling _ _ -
2. Control 0O Adaptive Robust Stochastic (RSO) Optimization

1) Islanded mode U Scenario-Based Ambiguity Set Based on the developed scenario-based ambiguity set for

2) Grid-tied mode _ o uncertainties, the update of trading quantity during dynamic

The u?certaln renewable generation I(S~ CQF))tUIrP?d by . double-auction negotiation is rewritten as:

u,s)~
3. Operation Ep[l3 € S] € 0 (e ghiee)
1) Energy dispatch F=<PeP(RY xS)|P[ti € Us|s=s] =1,Vs€S } mt o mEt e Jeeny
2) Volt/Var regulation P[S=s]=psVs€ES argmin  sup IEP[ ((xm b Xmt), @ Aifl]t, A[T] )]
\ pEP ) (eNA X VEX s PEFS™
4. Hiera I‘Chy The scenario-based ambiguity set is a highly generalized U Implementation -
coordination formulation. T
ializé
° e a It rO d nC r nt OI’ " y r I | C g quia ' t begu:;nal aggregiator;ggatestt)l'lle

50 Tradlng SO RO and DR RSO mOdeI Wlth e scenario-pasedad o, and then broadcasts thedatedra)tljlng qugntltleps to other ;?eers

3
Update of P2P trading price: Each regional aggregator updates the
trading prices by closed-form expressions (h.1) and (i.1), and then
broadcasts the updated trading prices to other peers.

1) Design ambiguity set can shrink to a SO model when U, is reduced
2) Energy trading to the sample vector 1 for each scenario s. The RSO can

i i become a RO model when |S| = 1.
3) Ancillary service N b T
Yes
. Remark 2: It encompasses most existing ambiguity sets. For ,—| Market equilibrium is reached
6 P I a n n I n . p . g . . g y SUbrmit the nedalnoiioas and P2P negotiation termlnates.]
. g instance, a Wasserstein metric-based ambiguity set can be B

1) DG planning mapped into the format of a scenario-based ambiguity set as: \_[Network aPion Sezatonof o)
2) ESS planning '
3) Joint planning Fuw

3
DHN operation: The DHSO
optimizes the DHN operation by
solving (n.1)-(n.14).
|

'3
DN operation: The DSO optimizes the
three-phase unbalanced DN operation
by solving (1.1)-(1.5) and (1.8)-(1.23).
[

(ﬁ §) ]P) ‘{ Replace (a.11)-(a.12) with
S S T (m.1)-(m.2), (a.21)-(a.22)
&340 NANYANG IE]P) [d(u,ug)|SES|<T

={PeP,(RV xS SHIT = 08 Aeil =
IRy et s tes :
P[s —s]=1/IS|,¥s €S L 9%

with (0.1)-(0.2)




1. REIDS Project

2. Control

1) Islanded mode

Simulation Results
O Coordination between aggregators and networks

O Performance of adaptive RSO approach

2) G ri d _ tie d mo d e Regional aggregator (RA) RA 1 RA2 RA3 Total Percentage of feasible out-of-sample cases
a| Cost without P2P trading ($) 2778.2  3042.8 5329.6 11150.6 Sample size 1* 10 20 30 50
b With P2P Social cost ($) 3022.6 3689.2 3862.9 10574.7 Adaptive RO 100% - - - -
. <1 tradin P2P payments ($) | -3043  -8572 11615 0 Adaptive SO - 354%  763%  859%  92.7%
3 . O pe ra t ion d 8 | Total cost [b+c] (§) | 2718.3  2832.0 50244 10574.7 Adaptive RSO - 98.2%  100%  100%  100%
. e |Benefit from P2P trading [a-d] ($)] 59.9 210.8 305.2 575.9
1) Energy dispatch HES ot 1o 0
° ’\120* § Without DHN reconfiguration T With DHN reconfiguration  — - Upper limit - ﬂiimﬁ chit\xim gdigtli\\//z SO 06
2) VOIt/ Var regu lation :: Wik DN recetiguation Bllf 4 g - oo - oo oo - = B = Insaple costwithadapive RSO
:% 0 é 80 g 12 1.0 £ =
o EXE Ew 2 ot
40 H Ie ra rc hy E 0. FE‘ ) ‘ ‘ %1.0624» W
2 E & 1L
[ ] [ ] =0l X
coordination 1 3 :
il

Tlmc [h

(hou( ESIZE
u Y ulle- 2 trat‘r_d ?c F@\y ht 2@2 r performance for
compatlble a the coordination @etween aggregators Certa andlifg than adaptive RO and SO.

5. Trading

1) Design and networks helps reduce network losses and prevent O Scalability
2) Energy trading possible network operation issues.
3) An Ci I Ia rv se rVi ce Ind No. of Lower-layer energy scheduling and P2P trading
y Q Accuracy o “* aggregators  No. of variables* No. of iterations Time
] : 16 Case 1 3 4057 83 271.79s
6. Planni ng 7 7 | : Case 2 5 7599 96 287.01s
1 ) DG p I ann i n g ; u ; 4 éi Z 3 Index Upper-layer DN operation Upper-layer DHN operation
2) ESS I . g}? Sﬁ 37 s & Nodes No. of variables Time | Nodes No. of variables  Time
) planning £ Y & 5 Casel 33 24072 210.69s 23 4488 5.09s
3) Joint planning 2 : 3> Case2 123 86400 244755 37 7416 7.88s
27| 27 27| 2
31 31 3 & .
o> NANYANG B S e B r o 0 » The proposed aggregator-network coordinated P2P
TECHNOLOGICAL ot e o e trading method is scalable in practice.
UNIVERSITY > \oltage errors stay below 1073, -




1. REIDS Project
= Reactive Power Ancillary Services for Supporting P2P Energy Trading

2. Control | |
1) Islanded mode . O Reactive power ancillary service market
2) Grid-tied mode | - .
Multi-timescale reactive power ancillary service trading : Day'ahead Var reserve service tradmg' |

. [ Day-ahead Var reserve service | [ Hourly-ahead Var support service | ! . ) . :

3. Operatlon trading (contract based) trading ! DSO: has a clear incentive to sign a day-ahead !
1) Energy dispatch Nodal net active Sign a long-term Var reserve Provide paid Var supports . Var reserve contract with some DERs for |
. power loads m contract for revenue locking 550 for additional incomes : I L. t t t I k t :

2) Volt/Var regulat|on e | DSO | Ll — : eliminating potential market power. |
adjustments N eliminated under 1 . !

. J » 3, the day-ahead Var ' DERs: are also in favour of a day-ahead contract

4. Hierarchy : N . for revenue protection. :
o o Day-ahead inverter-interfaced DERs "~ Available capacity of H ! :
coordination Pob ety verer igacaced peks I | | ,
uYamtd e Eet 2 reene: ™

. cantragt for r gi X [ :

5. Trading [ \ g V ) efnkco iciency .
. _ — ' » . 2) Market structure flaws :

1 ) Desi gn Day-Ahead Stage (with uncertainties from nodal | Hourly-Ahead Stage .
loads and hourly-ahead market behaviors) (with uncertainty realization) 1 0 e e e e e e e e e e e e e e e e e e :

2) Energy trading

3) Ancillary service Hourly-ahead Var support service trading:

O Day-ahead P2P energy market

. DSO: needs Var supports for system-wide voltage
! [ . regulation and loss reduction, after uncertainty |

6. Planning

1) DG planning
2) ESS planning
3) Joint planning

ealization.

submit their respective nodal net active power /! DERs: have incentives to provide available inverter
loads to the DSO. .1 capacity for additional profit earning.

e NANYANG | ]

TECHNOLOGICAL
% UNIVERSITY Y. Zou, and Y. Xu*, “DER-Inverter Based Reactive Power Ancillary Service for Supporting Peer-to-Peer
Transactive Energy Trading in Distribution Networks,” IEEE Transactions on Power Systems, 2024,

" After P2P negotiation, each agent is required to




1. REIDS Project

Mathematical Formulation
2. Control

1) Islanded mode [ Day-ahead Var reserve service trading: a two-stage robust optimization problem  -----
2) Grid-tied mode

min ¥ (e +ZtETZmeNDNa|Ae N+

3. Operation mjxmyinztET(ZheNDN”r V|QHY | + Biey mNV |QINVST| 4% o mHV-PPLEOSS, ot _ E
1) Energy dlspatch. Market clearing based on Uncertainty sets for nodal power loads ( Pn¥ < PRt < PR¥,vmeNgV,vt) |
2) Volt/Var regulatlon a uniform price auction: and hourly-ahead market behaviors: Qe < Qe < Qp, Ym € NPV vt |
P = X Pns| actoad By ZmENEgN Pmé AcLoad } i
b cLoa TAcLoa
4. Hiera rChy 0< QLRSV < rPERBQPER vie g 2NV, NINV _pMP < 30 auvv < NINV vt ke |H = ZtETZmewa pNet = E
e e #PERBPPER < RSV v/i € 7 V| ml <mllV < Tl,'l“XV,Vl €7J,Vt (Reload < ZteerENDN e _ Reload i
Y T C I t (202 teT; meNDNth y, :
5. Trading a“ (I l J) Cljyrlg
1) Design [ Hourly-ahead Var support service trading: a non-cooperative game s==s
2) Energy trading Distribution system operator (DSO):  Inverter-interfaced DERSs: Dynamic negotiation based on

3) Ancillary service Nash Mechanism:

i

1

1

1

1

HVQ INV e TINV _ C.INV IN CINV RSV* '

m}l{llv ZhENDN t |Q | o Zlej(p oivST oIy i [ (@it 25 @ )] INV.ST _ DSO2INV INV2DSON v/; !

iz ) P, (BQ + BN LVieT

° + Z T[HV PPLLOSS S.t. {IXV lRSV + |QINV ST :

6. Plannlng . mne&PN mn,t |QINVST| <aINV1'( INV' _ ARSV* {Q’V — BPINVZDSO(BQ SOZINV_l_BQiI,zXVZDso) :
° glo it it i

. (BPDSOZINV BPINVZDSO Z,Vi =] 1

1) DG plannl.ng f?SO(x Y, u’r) <0 CINV(QINVY = INV-PL(QINVY | @INVLT (QINV Lt Lt ) !

2) ESS planning N .~ . B . Sl

. . Reactive power cost incurred by additional Reactive power cost reflecting inverter lifetime !

3) Joint plannin : : . . -

P 9 power loss in the inverter: degradation by higher thermal stress: :

9 — INV.LT INV !

&% NANYANG ApINVLoSS _ {e, W+ Sl + S QI if P =0 Cig 1 (Qip) = !

1

1

1

% TECHNOLOGICAL LA IV — PINV) 4 EPRRQIYY?, if IV 0 10 1 IO + 201N Y (O
UNIVERSITY |




=  Simulation Results

O Settlement for day-ahead Var reserve service O Revenue from Var ancillary service trading
0 = 1007 pay-ahead revenue + Total revenue + 100r  mm Day-ahead revenue + Total revenue
S 02 § Hourly-ahead revenue L Hourly-ahead revenue ., i
\E'/l % 8:: x % t‘ 80-“t““t“ t‘tt “‘
oss : 60
g 01 g % 20
3 = 4
g bl g 20
: :
0 1 2 8 9 9 0

12345678091011121314151617181920 003 5 7 911131517 192123 2527 293133 35 37
Index of inverter-interfaced DER Index of inverter-interfaced DER
(a) 69-bus testing system (b) 123-bus testing system

4 5 6 7
Index of inverter-interfaced DER

» Uniform price auction motivates DERSs to reduce their Var costs,
thereby lowering their bidding prices and increasing the likelihood of
being selected in the market.

5. Trading LF Mf@ ﬂke()Ni;F U CO py

> DERs are incentivized to participate in both day-ahead and hourly-
ahead trading, thereby providing operational support for distribution

right 2024

é 0.2
20,15
§ 0.1 Distribution network (DN) 33-bus DN 69-bus DN 123-bus DN
3) Ancilla ry se rvice “ZO'OS ‘ Participants in the reactive power | 1DSO & 1DSO& 1DSO&
: 9 1500 1000 1500 2000 2500 3000 3500 4000 4500 5000 ancillary service trading 9 DERs 20 DERs 37 DERs
With a day —acr?:dir\]/daerxreserve contract
@ Y Dav-ahead Algorithm C&CG C&CG C&CG
=025 ar);-‘sle?i No. of iterations 5 4 3
é 02 p Solution time 108.2s 120.3s 236.6s
=015 Algorithm Algorithm 1 Algorithm 1 Algorithm 1
§ o1kg Hourly-ahead _ No. of iterations 113 261 165
%’ 005 problems Solution time 39.8s 110.4s 129.2s
5 0 2 Parallel solution time 4.0s 5.3s 3.4s
= 1 500 1000 15 2000 2502I 3000 3500 4000 4500 0
o C i
)) Q&\ N A N YA N G (b) Without a day—aisei\tlinvz): reserve contract
TECHNOLOGICAL . '
UNIVERSITY > Robust day-ahead Var reserve contract prevents DERs from gaining > The framework and methods are highly scalable.

market power and manipulating reactive market prices. 100




1. REIDS Project

2. Control
1) Islanded mode
2) Grid-tied mode

3. Operation
1) Energy dispatch
2) Volt/Var regulation

4. Hierarchy
coordination

5. Trading

1) Review

2) Centralized trading
3) P2P trading

6. Planning

1) DG planning
2) ESS planning
3) Joint planning

2553 NANYANG
pe23 TECHNOLOGICAL
"2%§ UNIVERSITY

20 )

=  Optimal Planning of DERs in Microgrid

Network ‘

Uncertain
model

renewables

Uncertain
load

| | DER model‘

Distributed generators
Solar photovoltaic, Wind

Energy storage system
Electrical storage, Thermal

turbine, Micro-turbine, CCHP

storage, Hydrogen storage

Objective: Minimize total investment costs
Constraints: operational limits

network constraints

component constraints, etc.
Variables: size, site, type, installation year, etc.

Stochastic programming
Robust optimization
Probability-weighted robust optimization
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1. REIDS Project

=  Optimal Planning of DERs in Microgrid
2. Control

1) Islanded mode [T

e : : \
2) Grid-tied mode : — e | . .
E Deterministic Input Uncertain Input E | S l Power limits Active power balance & Reactive power balance [

. : T : e e e - o o

‘ v : ' I

3. Operation i = — e e | | | 81 mmimmmmmmmmmmm i
1 ) Energy dispa tch ' Configuration | | Configuration E';ggfi_??;grs_ise ] s | I Power limits Power Delivery & Power Quality & Power Factor I :
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=  Probability-Weighted Robust
Optimization (PRO) for DG Planning

Problems identification: Robust optimization only
considers the worst case under a single day profile, while
stochastic programming cannot cover full spectrum of
uncertainties and thus full operational robustness.

Our aims: to ensure a full robustness for the short-term
operation under the uncertainties over the long-term

planning horizon.
——
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C. Zhang, Y. Xu*, Z.Y. Dong, "Probability-Weighted Robust Optimization for
Distributed Generation Planning in Microgrids,” IEEE Trans. Power Syst., 2018.
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= Probability-Weighted Robust Optimization (PRO) for DG Planning
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= Optimal Deployment of Heterogeneous Energy Storage
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Foreword

A microgrid is composed of a medium/low-voltage distribution system with dis-
tributed energy resources (DERs) such as distributed generators (DGs), energy
storage systems (ESSs), and controllable loads, which can operate either connected
or disconnected from the main grid. Microgrids are an effective means to integrate
renewable energy through smart grid technologies. In the past couple of decades,
microgrids have been widely researched and developed and are starting to be
widely depl:}yed

tial characteristics of different
from intermittent renewable
trol of DERs in microgrids
e, focuges on coordination aspects of
s in the contexl of mlcrogrlds, presenting various advanced techniques for
opnmal planning, operation, and control of DERs for secure, economic, and robust
microgrid operation. Major topics covered in this book include:

s Comprehensive mathematical modelling of DERs and microgrids.

e Optimal sizing and siting of DERs in microgrids.

o Robust and scholastics optimisation for active and reactive power dispatch of
DERSs in microgrids.

# Distributed coordinated control of DERs in microgrids in grid-connected and
islanded modes.

o Power and controller hardware-in-the-loop tests for validation of control
algorithms.

Written by a dedicated research team that has been working on DERs and
microgrids for over ten years, this book is a systematic presentation of the authors’
original research work and insights on these topics. With a balanced presentation of
theory and practice, it can be a valuable reference for researchers, engineers, and
graduate students in the areas of DERs and microgrids.

Claudio Canizares, PhD, P.Eng., FIEEE, FRSC, FCAE

University Professor and Hydro One Endowed Chair

Executive Director, Waterloo Institute for Sustainable Energy (WISE)
University of Waterloo, Canada

Editor-in-Chief, IEEE Transactions on Smart Grid
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