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0. Outline

Renewable Energy Integration Demonstrator — Singapore (REIDS)

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. Planning

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

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

3) PRO algorithm for sustainable multi-activity off-grid communities in Southeast Asia
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= REIDS Roadmap and Framework

Phase | — 4 independent MGs/(500kW-1MW each)
Phase Il — 4 MGs in a cluster configuration (100kW-250kW each)
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=  Qur research Framework;system-level coordination of DERs
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Control of DERs in Microgrids

1. REIDS Project

2. Control
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0. Outline " Hierarchical control of apislanded microgrid
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Distributed Control — Spatial Coordination of DERs

No need for a centrgbocontroller

One node only cammunicates with neighbouring nodes
Share communjcation and computation burden among nodes
Higher resilienice, plug-and-play, scalability, data privacy

Example ef-'communication graph Adjacent matrix of the graph

0 a, 0 ay
dyy O ay O

A =
083 0 ag
8 0 a 0
a) Average consensus control b) Leader-follower consensus control
()= Y 2,00 0) - () ()= 33, (00 1) - 1)+ 8,06, 1)~ % V)
!Lrpo\xi (t)-x, ()| =0 lim|x;(t) %, ()] =0 .




0. Outline = Secondary Controller Design — Principle
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= Cross-national hardwares<in-the-loop (HiL) testbed

1. REIDS Project Jointly developed by NTU (Singapore), University of Strathclyde (UK), and G2E Lab (France)
« Microgrids system with OPAL-RT in Singapore.
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0. Outline = HilL Validation Results — Controller performance

1. REIDS Project

Test system: 10-DG with two controller in UK and France
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= HiL Validation Results — Communication delay

Communication delay emulated by NS3-simulation tools. Test system: 5-DG MG with one MAS in UK
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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 Transactiens.on Industrial Informatics, 2020.
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= HiL Validation Results — Communication failures

Test system: 5-DG MG with one controller in UK
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= Event-Triggered Distributed Control of Islanded Microgrids
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= Controller Hardware-in-the-Loop (CHil) Test

Cyber System: Raspberry Pis #1-4 Monitorand Control Server
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Finite-Time Distributed Control of Energy Storage Systems
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0. Outline * Finite-Time Distributed Control of Energy Storage Systems

1. REIDS Project
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= Grid-connected mode of Microgrids (DER support)
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*  Frequency Support from_Aggregated Energy Storage

Proposed load frequency contrel?(LFC) framework

ARt = B Af,(ty  LFC with primary control !
Secondary Control | 2 Hi I
- S| I
AF; ‘ +_(Apmi (t) - AR (t) + APges i (1) — ARje i (1) + APgga (t)) :
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' Tie-line power flow
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Secondary control

Lead acid Lithium ion battery Vanadium redox battery
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Y. Wang, Y. Xu*, Y. Tang, et al “Aggregated Energy ‘Storage for Power System Frequency Control: A Finite-Time
Consensus Approach,” |IEEE Trans. Smart Gridy May 2018, 24
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Frequency Support from Aggregated Energy Storage

Communication topalogies of ESSs Leader model
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Simulation Results
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0. Outline = Thermostatically Controlled Loads (TCLs) for frequency support

1. REIDS Project Temperature dynamics of FCL:

'Assume power state ai is a continuous
.varlable fromOto 1.

4. Hierarchy
coordination

3. Operation ! / \ E :

2. Control : dT. (t T t T t
1) Islanded mode S O 1( ) =T ) —nPa(t), icg.
2) Grid-tied mode | dt Ris
- : Comfort zone of TCL.:
1) Energy dispatch i Heat exchanige with Thermal energy.; ! Bi(t) = T T, +AT =ye
2) Volt/Var regulation 'the ambient from VFAC : ! 2AT |

.1 Comfort state gi-is an index from 0 to 1.

5. Planning

27
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3) PRO algorithm N N [ '}{ }ui A T,0)-T,+AT |
| dA@M ] |- ~ £i J 10 c :

%% NANYANG . dt ! Cin Rin th 5 th Ren :
-4 TECHNOLOGICAL I < >/ ) W ,

I X: 0



0. Outline * Thermostatically Controlled Loads (TCLs) for frequency support
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= Ancillary Service Supportfrom Smart Building Community

—— " ——————————————————— —, W —— —————

e | .\ S e

Smart building community:
TCLs+PVs

Initial value update

Distributed control

One dispatch period (reseaich 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

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,
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0. Outline
= Real-time Voltage/Var Control (VVC) Support from DERs

1. REIDS Project

» Existing Challenges: High PV penetration level, massive EV charging.

12)' Igg:::;’!node » Voltage quality-issues: Voltage rise, drop and fast fluctuations.
2) Grid-tied mode > Potential solutions: inverter-assisted voltage/var support
3, Operation o, PV type smart inverter 04
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2) Volt/Var regulation = : . O s N .
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= Real-Time Coordinated Moltage/Var Control Controller
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=  Simulation Tests
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0. Outline = Power Hardware-in-the-boop (PHilL) Test

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

Beckhoff
EL3702

Power
Interface

3) PRO algorithm p 1

&t %> NANYANG
TECHNOLOGICAL _ N
% UNIVERSITY Y. Wang, M. H. Syed, E. Guillo-Sansano, Y. Xu*, and G. Burt.“Inverter-Based Voltage Control of Distribution Networks: A Three-Level

gt @t

PV #6 PV #7

4. Hierarchy ’
Coordination /_\ - | Grid BusO0 Bus 1, ~/Bus?2 Bus 3 Bus 4 Bus 5 E
| H

LINS-3 O~ s

5. Planning H Distribution @-—l ﬁ—l ﬁ_l ﬁ—l E
; Network '

1) DG plannin PV#1  PV#2 PV PV#4  PV#5 |
2) Esspl . 9 Distributed Control G_TNET Bus6  Bus7 |
) p annlng Communications ‘ E

Coordinated Method and Power Hardware-in-the-Loop Validation,” IEEE Transactions on Sustainable Energy, 2019. 33




2. Control

2) Grid-tied mode

& NANYANG
TECHNOLOGICAL
UNIVERSITY

= Power HiL Results and Eigenvalues

-2

[—vVv1i—Vv2— v3—v4[—wF—V6—V7 |

T o KF =20 ' ' ' stable

1.02 | unstable
E s ko33 !
e — B\ M o — E L ANy f
= S r B o
2,098¢ > ——— ———l e > | _ “,,é,/
%} l— — '___._A"_"‘;. -I g 0 i o m* ' * ' ' o Ji
E 0.96 1 /f"" ! L_ﬁ(/:'_,:-:—_—_—_ — 1 %Q L o \
g S I o =, | AL
0.947 Hardéne 1 -1 — |
Tiester I ./ I
092 , V1 1 L L L ) | | | . :
0 50 100 150 200 250 300 “ 1o 3 0 ") 5 0 5
Time (8) Real Axis = =

Voltage profiles under step load changes Trace of eigenvalugs under different control gains

|—v1 v vi— va[—vs]—~ve—v7 | 2 . ‘ . . . :
1.08 ; T T T * 6" =20 stable ! unstable
* 6"=70 |
1 * G‘III =90

/i

L ol o] MW oo o0 g8 oco

Imaginary Axis
o

— \i\
098" ™~ Hardware I
o |
096 ! Inv t:lh:l-l ! . 5 | | |
12:06 12:08 12:10 12:12 12:14 12:16 -3 -2 - 0 0.5
Time (h) Real Axis

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

. . . . 34
Coordinated Method and Power Hardware-in-the-Loop-Validation,” IEEE Transactions on Sustainable Energy, 2019.



0. Outline
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. Planning

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

&9 NANYANG
-4 TECHNOLOGICAL

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

Microgrid
. Wind Turbine Photovoltaics
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* Network model:
1) Linearized Dist-Flow
2) Second-order cone model

* Control variables:

1) Micro-turbine |
2) Energy storage Active
3) Demand response power
: b resource
4) Capacitor banks |
5) On-load tap changers Reactive
6) PV inverters power
resource

* Parameters:

1) Loaddemand

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
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= Two-stage coordinated gperation — Temporal Coordination of DERs
Principle: coordinate different DERs Iin different timescales against uncertainty.
» First-stage: slower-responding DER in longer timescale.

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

_________ » M/— : er-responding DERs

< AR
A‘&
l hours~day l hours~day l
TV(% age coordinated || At|d ............. 4. A|td 1 ........... 4 - Reco[;rse
“optimization model | oat, Flag T oo Doag, | oay T oag o | action
15mins~hour 15mins~hour
. - <
‘-\0}\ econd-stage: faster-respanding
\ or more flexible D )
cw-

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

» Second-stage decisions will be re-optimized and implemented after
uncertainty realizes, therefore it Is a recourse action to the first-stage decision.



0. Outline = Optimization Methods

Stochastic Programming Robust Optimization (RO)

1. REIDS Project

2. Control Uncertainty P@ébilistic scenarios based on  Uncertainty set
1) Islanded mode M : . L . .

. L odeling ~$I’Obabl|lty distribution function  with bounds and budgets
2) Grid-tied mode ()QQ (PDF) ©

<
3. 0peration Inputs Point prediction Interval prediction
1) Energy dispatch - X
2) Volt/Var regulation Mg\dg} Optimize unde&g@eetation Optimize under worst case
4. Hierarchy A ey U (@< EQ (x, I} 1 min (c Tt ey y)
coordination ) S
Advantages * Simpler formulation and * “No need for PDF
5. 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
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* Robustly Coordinated Energy Management
Day-ahead Price-based Dentand Response & Hourly-ahead Microturbine

Price-based Demand Response (PBDR)
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where ¢ is price-elasticity of electric demand, and A is a constant value
modeling the'telationship between the price and load demand. E.g., the
price elasticity of load is -0.38 for Australian power systems. *
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* Robustly Coordinated Energy Management

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

Modelling for Price-based DR

Crev = Crep + Crey'® O 1'e Cconsiderin isti '
- g the characteristics of the uncertain
Crev = Z Pt Z a o LiPr (o)1 load demands, in (9), the revenue from the
teTieNp IR ' demands is split into two parts i.e. the predicted
Ce =)0 D R @ LPRRES S i, " reyénue based on the predicted load demands and
ETED VY i the uncertain revenue difference from the
@ 10,1}V 1 (275 “predicted one.
Z @, = 1,Vt< (13)/ ': » Constraints (10) and (11) support the calculation
I,

J€J

1. 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. \\ekh-of-Science Highly Cited Paper

; -1 functions of these two revenue items respectively.
Y DTE Y al P ) > BYL ProgNay i+ Constraint (12) denote$ the decision variable for
* teT iENp Jj€J teT iENp |
Z Z Pﬁﬁzz WLy 2 Z Z Poir" (15)¢ ::  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
« whieh the customers can use cannot decrease.
: These mean that the proposed PBDR does not
|
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UNCERTAINTY BUDGET SETS'WUNDER TESTS S Micro Giid
“
Test No 1 2 3 4 5 6 D
Ly 95% 90% 83% 80% 75% 70% 23 24 23 fG ’27 fs |19 ro [*I 3 r*
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8 oot | | SRR ER
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Test No 1 2 3 4 5 6 &Y
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C. Zhang, Y. Xu, Z. Y. Dong, "Robust Operation of Microgrids via Two-Stage Coordinated Energy

Storage and Direct Load Control,” IEEE Trans. Rewer Syst., 2017. .
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‘ Cost
Security t

" Method #1: Single-stage deterministic operation

Multi-Energy Dispatch —.-Two-Stage Coordinated Operation

[ Method #2: Single-stage stochastic operation

— N——

[ Method#3: Two-stage deterministic optimization

)
)

Method #1

Uncertainty level 1 (Lower Uncertainty)

Method #2

Method #3

Our Method

Average cost ($) 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

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

Applied Energy, 2019.
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= Robustness VS Conservativeness

Robustness:

Possibility of a feasible solution (or no
operating constraint violation) whatever
uncertainties realize(Advantage)

* Full Robustness: Always a feasible
solution

Conserxativeness:

Compromise in optimization process when
considering uncertainties (Drawback)

Design of Uncertainty Budgets
« Larger Budgets
-> Higher, Robustness
-> Higher Conservativeness
» Uncertainty Degree Analysis

C. Zhang, Y. Xu*, et.al, "Robustly Coordinated Operation of A Multi-Energy Micro-Grid in Grid-Connected

Robustness under Different Uncertainty Budgets

UNCERTAINTY SETS WITH DIFFERENT UNCERTAINTY BUDGETS

Uncertainty Set Group No EPV HPV EEL HEL EHE EHE
| 095 1.05 098 1.02 099 101
2 0.9 1.1 096 1.04 098 1.02
3 0.8 12 094 106 097 103

FEASIBILITY CHECK RESULTS IN ISLANDED MODE

Deterministic Proposed Robustly
Method Method Coordinated Operation
Unecertainty Set Group No N. A. 1 2 3
Optimized Total Operating 903 6387 6586 6877

Cost in Day-Ahead Stage (S)

MCS Group 1: 6PV Z5% PPV, oFL = 204PFL, gHE = 194GHE

Average Total Operating
Cost of Feasible Casesy($)
Infeasible Case Rate (%)

6020
0.1%

6036 6044 6034

0.0% 0.0% 0.0%

MCS Group'2: oV =1

OUA)PPV, O.EL

= 4%PE, ¢1E = 2%g"E

Average Total Operating
Cost of Feasible Cases ($)
Infeasible Case Rate (%)

6054] 6056 6064 6052
12.5% 1.6% 1.0% 0.0%

MCS Group 3: otV =2

00/0PPV, O.EL

— B%ISEL, GHE — 4%QHE

Average Total Operating
Cost of Feasible Cases ($)

6097
25.9%

Infeasible Case Rate (%)

6095 6103 6087

6.5% v 5.7% 0.0%

and Islanded Modes under Uncertainties," IEEETrans. Sustain. Energy, 2020.
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=  Multi-Energy Dispatch GUI Prototype

Optimal System-fw\ide Dispatch of the Multi-Energy Microgrid
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0. Outline = Robustly Coordinated Energy Management
Distributed robust optimizatién for Networked -Hybrid AC/DC Microgrids

1. REIDS Project
Individual MG

N DC network Coagdlnator e .
2. Control sl " 20' % | P(t}ﬁ(tr)theTE;f (), B:(t) =
1) Islanded mode i Zl 6 7 2;@ 10 11 ¢, 13 14 15 16 !> lap6.0.i P +(t) + apc.1.i Poc.i(t) + apca.i+
2) Grid-tied mode N K (6 26 27 28 29 30 31 32 33 < .. BBc.i(t) + bev,i Pev,i(t) + A(t) Pug,i (1) +
etwor 2534 (MG,) I @DG0,iPDpG,i pv,i Ppv,i UG, i
exchange :> MG]\\ G‘QQ | CESS.de,i Pess.de,i(t) + cess.c,i Pess.c.i(t)] At
3. Operation o i Networked-MG
1) Energy dispatch i PMG SR A
2) Volt/Var regulation Intervab-forecasting A e b e t;,{f (05000 ”Z_,,f” t)r”“}
Local EMS.6f MG, MG | PO

Uncertainty modeling|

4. Hierarchy PV Load  led o Clicms f==re 00 pim i
coordination f\ fw\ :-1 Affinely adjustable robust _i
Forecasted data | optimization modeling |
5. Planning Affinely  adjustable I2 Model convexification I
;; EDSGS pllaar:lr:ir:19 YOEthPogt'{]]jggygﬂ —) I :?& DDl\l/Isl’:/rllbuted solution based on |
3) PROpalgOritI‘glm pess, {J“‘”” {T (!z &,,I:;(—},:;_:tn&.trweT ''''''''''''''''''''' I

Bpgi+ Bugi+ Pess; = LVEET

&9 NANYANG
v TECHNOLOGICAL

Q. Xu, T Zhao, Y. Xu*, et al, " A Distributed and Robust Energy Management System for Networked
Hybrid AC/DC Microgrids," IEEE Transactiens’on Smart Grid, 2020.
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=  Simulation results

A 3 networked microgrid system in an IEEE 4 bus system

TZ{U COMPARISON RESULTS UNDER CASE I (A SYSTEM OF THREE NETWORKED

: : J MGs
Scenario I: centralized | | | )
deterministic; -:5'20 Scenario 1

o . | - | I Il I
Scenario Il: centralized By ' ' N Objective value($) 348484 248389 258033

. . [ [ i Running time(s) 0.17 308.14 4.85

StOChaSUC, (100) | A ‘ '\ Number of decision variables 864 2232 2520
Scenario []: pro posed 2: | Number of constraints 792 73008 1944

3. Operation R | o
) vnergy clispatch AN | N & //" \ :
DA TR i oy A J/\ N
100! : f\/f 30 — adf L U (

T - 20_ Pl | h_ =% . j ~
ULr—:ﬁ'_"‘*m- o / \

EEE

Power (kW)
Power (kW)

Power (kW)

At

a 5= B 0.1
5 10 15 20 c
50 N 5 10 15 20 fime) ’ s 10 5 20
3 0gymer 13 2 bMG2 O ME 3 Time(h)
A 30 networked microgrid system in a revised IEEE 123 bus system
L et . I A o COMPARISON RESULTS UNDER CASE II(A SYSTEM OF 30 NETWORKED
Y 2w 51 B 1% it e MGS)
@ b L . . 121 1y e ]:2 = 60
: 22 4:2 €1 1z l?l 1:] % o ii j: Scenario i
AL ST | e e & I 1 11
" P e A Objective value($) 17,849.00 1784087 17,849.24
NANYANG TV T AT Running time(s) 1.28 471.37 368.92
TECHNOLOGICAL PRECE o Number of decision variables 16008 666168 31848
UNIVERSITY 1 % AR ETELE: - o ——— Number of constraints 13800 734520 23880

9% oo 88 .
ER iy 4 2 Iteration




0. Outline = Two-stage Coordinated Volt/Var Regulation under uncertainty

Hourly dispatch of CB and{OLTC & 15min dispatch of PV inverters

1. REIDS Project

250 i : .u T C I‘m
10-min timescale raﬂ
2’ Control —3— hourly timescale \,a‘ger g 1st-sta isi i
ge decision— Hourly dispatch of CBs and OLTCs
1) Islanded mode S oo | ,
2) Grid-tied mode 5 | t o i - i
8 Two-stage -7 \\l\\ -7 \\l\\
5 150 ¢ stochastic - ‘l < >
3 Operation 3 programming \\/A\t\/AT\\/ﬂ \\/A\\/A\\/ﬂ time
- : + ST
° P4
1) Energy dispatch 100 ‘ |
2) VoIt/Var regulation | | | | | 2nd-stage decision— 15-min dispatch of RES inverters
00:00am : : :
. smaller granularity
4. H Iera rChy Volt/Var Control Model Stochastic P&graﬁr)ning Model
\

coordination

Goidmsage ) > First-Stage;Slow switching devices such as
= OLTCs and CBs are scheduled one day ahead.

here-and-now variables

Two VVC timescale

CB and OLTC hourly dispatch

5. Planning

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

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

wait-and-see variables

Inverters 15min dispatch

Random load and RES Stochastic variables

Model state variables

Network and utility code

Load and RES forecasting Scenario construction

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

h 2 v v v 17//17 v
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VVC signals Solution results
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" Mathematical modeling

A. Stochastic Model B. Deterministic Equivalent
The VVC is realized at two coordinated timescales and the Assuming £ has a finite number of possible realizations, called
mathematical model of (5)—(21) is formulated into a two-stage scenarios, denoted as &1, ..., {x with respective possibilities of
stochastic programming model gsfallows: Pl .-, Pk, then the expectation term in (22) can be written as:
. . K
min {f (@)}PE [Q (z, £)]} (22)
z€F E[Q(z. &) =) mQ(z, &) (23)
where f(x) is the first-stage problem, i.e., the long-term (hourly k=1
3‘ ope ration timescale) VVC, and xis'the first-stage decision vector; Q(z, &) Then, the original two-stage stochastic programming model
is optimal valuelof*the second-stage problem, i.e., the short: can be reformulated as the following deferministic equivalence:

term (15-min gimescale) VVC: min,cq. ¢y 9(y), whefey is K
the secondistage decision vector, £ is the random ve&tor, and min f(z) + Zpkg(yk) (24)
k=1

2) Volt/Var regulation

E[Q(z,€)] is the expected value of the second-stage problem. TY1. YK
s.t. yme F (25)
v
C. Scenario Construction vk €S2 (2, &), Tk (26)
The stochastic variations of RES generation and load from 10 : : : : : : : —
their predicted values are assumed to respectively follow the p=01
. . . . . . 8F o =0 -
Beta distribution and the normal distribution [3], [6], [20]. a:;’;’j 5=03
The Beta distribution 1s-défined by two shape parameters: o 6L B=2926 =009 p=09 |
. . . . @ =67 6 =10, o =022
and 3 which represent the prediction error (stochastic variation) > f-1562 i_?,_i; =07 g-071
for a predicted power P [20]: 4r o = 6.06 "—?-;: =008 [
ﬁ = 6.06 o =23,
. — 2 1. (1 — -1 "N 37 ) =162 ]
%% NANYANG fplo)=y""- 1~y =0

of the active power value, N is the normalization factor.

-IEIIE\ICI:\I/-II:NROSI_I$$ICAL where f1s the Beta distribution function and v is the o¢eurrence S TR VR T Y B TR T



3. Operation

2) Volt/Var regulation
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=  Simulation Results

T T T T T T T T T T T
600 | —B— Powerloss (kWh) |\ |

~ 400

400 2

E

XH

200 . S

i G

h =

(0]

>

0 £

10
_400 1 1 1 1 1 1 1 1 1
5 1 10 20 30 40 50 60 70 80 90 96
Time interval (15min)
0
1.05 T T T T T T T T T
—3— Hourly veltage (optimized at 1st stage)
_5 ——— 15min.veltage (optimized at 2nd stage)
-10
—&6— CB output (kVar) atbus2 —6—3 1
300 =
o 0.98
() L I I I I I L I
[=)]
2 1.02
200 2

100 @3¢
0.98

2 4 6 8 10 12 14 16 18 20 22 24 0.95

. . . . . . . . .
1 10 20 30 40 50 60 70 80 90 96
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,
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=  Multi-Objective Adaptive Robust Voltage/VAR Regulation

*Minimizing voltage deviation coafticts with
minimizing network power lass.

*Multi-objective “min-max=min” problem 7

Adaptive Weighted Sum (AWS)

min max min[f;(x,w,y), f>(x,u,y)]
x u y

s.t. Ax>Db
Cx+Dy<v
Ex+ Gy+ Hu=w
ueu

Reduced feasible region used in AWS algorithm.

Normal Boundary Intersection (NBI)

Key point:
1) Voltage deviation index: load-weighted voltage
deviation index (LVDI) 2
2) Which MOP algorithm issmore efficient to generat
accurate Pareto front and get a fair trade-off?

a) Classic Weighted-Sum (CWS)

b) Classic e-Constrained (CeC)

c) Adaptive Weighted-Sum (AWS) ol T

d) Normal Boundary Intersection (NBI) > f1
Pareto front generated by NBI algorithm.

N (flU:fZN)

AN

— — —Pareto Front

C. Zhang, Y. Xu*, Z.Y. Dong, "Multi-Objective Adaptive Robust Voltage/VVAR Control for High-PV Penetrated 60
Distribution Networks," IEEE Trans. Smart Grid, 2020.



0. Outline

1. REIDS Project

Multi-Objective Adaptive Robust Voltage/VAR Regulation

25.4-? E\5.4,&“
= _|* = |e
S Ste s &y COMPUTATION EFFICIENCY COMPARISON
2. Control Py L Py . Method CWS | CeC | AWS | NBI
1) Islanded mode i 4.6 % E 46 | . Number of Solutions 17 17 14 17
. . g » e MOP Processing Time (s) 53 62 44 60
- 8042 - 50 4.2
2)Gricitiedmoce & ° = .'. Lack of GUROBI Solver Time (s) 569 2344 869 2384
= 38 *. Redundat’ - 54 « Solutions Total Time (s) 622 | 2406 | 913 | 2444
3. Operation & N L B—
° ] 34 .............. e 34 teaa
1) Energy dispatch 48 1R]I6 30 24 4 8 12 16 320 24 The AWS and NBI algorithms are suggested
2) Volt/Var regulation Average LV(D)IUO' pu) Average L\?b))l(lo P-u.) depending on different optimization
a o
. _ requirements.
4 Hierarch _g 34 Insensitive § 34
. | ® Region ] )
St y s I ' = v" If a relatively accurate Pareto front with
coordination g 46 % ? 46 high computation efficiency is required, the
Gan | PR AWS.algorithm is preferred.
° — . @ = . 4
5. Planning 2 L 2 . \
o — t - i 5 1
1) DG planning e 28 " “;ee“;ilogve 2 58 . \ v If amore accurate Pareto front with eveply
2) ESS planning = 34 =Y F 34 b T 00 0 _dlstrlbl_lted solutions or th_e “kn_ee” solution
3) PRO algorithm L L 4 8 12 16 30 24 is required, the NBI algorithm is preferred.
Average LVDI(10™ p.u.) Average LVDI (10~ p.u.)
(© (d)

&9 NANYANG

TECHNOLOGICAL
UNIVERSITY

(a) CWS; (b) CeC; (c) AWS; (d) NBI
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.
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= Hierarchically coordinated operation and control of DERs

v’ Operational optimization@nd real-time control are traditionally decoupled.

v Existing two-stage coordination methods are all for operational timeframe

(e.g., day-ahead &:hourly-ahead or hourly-ahead & 15mins-ahead).

O
¥ Online dlqu'(\:qﬁ
JQ? y
o mnshous T minschous |
o s e T
T Tt ot [
T ms~$ Tms~sT T ms~s T ms~sT
) \’b' Real-time control {\6‘,{\\’
\\\0 Q)OQ\\

v"Need to coordinate the operation level'and control level for enhanced
system performance, I.e., optimizing the operation decisions considering
the real-time controllers’ effects, or simultaneously optimizing
operational variables and controller parameters .

62



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

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

1. REIDS Project

- [Hour-ahead interval prediction RO: optimize a,, B, = Implemented /____P_if‘ia_rfj?c_j _____ =
g [ considering the worst S { o _.0 o 3 8
2 C I g i B //0 case and th.e inverter § ,/-":’ o 10 @
. OhtrO o) é?‘ ~ Y output dispatch 2300f | @ : 19 -2 5
1) Islanded mode E o \\0/ Obj.. loss reduction g 200l /\a/ﬂ : 8
° ° B -~ \\ _________________ ,' ,J
2) Grid-tied mode > 2lled - : o
I 2 3 4 1 2 3 4
Time (hour) Time (hour)
3 o O pe ratlon Second Stage:“Inverter Output Dispatch (4 short periods in 1 hour)
1) Energy dlspatch. Piecewise droop Sl P 15-minute-ahead Optimize Q" 2 4o | 15-minute disptch
2) Volt/Var regulation EeSISS by : -7\ PointpredeR considering the eactive S 0 I reference
. N power reserve for loca 2 an |
Inverters 8 [ = \ A droop voltage control b gg I
. S N\ - Obj.: loss reduction 25011 T
4. Hierarchy 7| 5 s LA
° ® 7 ﬁ 1 L L > = 10 1 L
coordination : ) . p I ) 3 4
Time:fnterval (15 min) Time Interval (15 min)
0 : . Loss Red e
o : Third Stage: Inverter Droop Voltage Control (real time in first short period)
5. Planning
. J— | Real-time data Control Q™ with the _ 50§
1) DG plannl.ng “ real-time local voltage 5 iny
2) ESS plannlng measurement g 40 — — —
3) PRO I . h Obj.: voltage deviation 5
) a gOI’It m reduction 5301
>
~ =) 24 o - A
) L L L L N g = 20 i
5 6t 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. Smayt-Grid, 2018. Web-of-Science Highly Cited Paper
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Simulation Results
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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. Smayt-Grid, 2018. Web-of-Science Highly Cited Paper
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0. Outline = Hierarchically-Coordinated Voltage/VAR Control (HC-VVC)

1. REIDS PrOJeCt ,/_p;(;]joa_dqi Hl Inverter Reactive Power Output Setpoint
v’ Central VVC considers-the | Predictions JT™ ;
. c i |
2. Control network level inforfmation ¥ Uncerioey |}
1) Islanded mode ower flow /| Modeling [
2) Grid-tied mode (p ) | i :
v" Local VVCfocuses on the real- || Reghlime ||
| Maviations

time variation (bus voltage) |

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

Optimal Droop Control Curve
Candidate Droop Control Curves

A Q)

Feasible Region ) Invertey-Droop Control Model

4. Hierarchy
coordination

* The central VVC hierarchy implements the
base'reactive power output setpoint of each
under the expected

5. Planning

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

@ NANYANG

TECHNOLOGICAL

UNIVERSITY

_ chu:

linear droop controller for inverters

inverter, i.e. QP2s¢
operating condition.

The local VVC hierarchy implements the
local droop control by adjusting the
reactive power output responding to the
local voltage deviation. AQ = f(AV)

C. Zhang and Y. Xu*, "Hierarchically-Coordinated-\oltage/VVAR Control of Distribution Networks Using PV
Inverters," IEEE Trans. Smart Grid, 2020.
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0. Outline = Hierarchically-Coordinated Voltage/VAR Control (HC-VVC)

1. REIDS Project

280 280 \oltage control results:
N .
'\ Droop Control In response to the local bus voltage variation, the
2. Control : Curve of PV 11 : :
. contro 250-=="250 inverter reactive power output moves along the

1) Islanded mode
2) Grid-tied mode

droop control curve.

The mean bus voltage magnitude with the HC-

200 VVC is very close to 1 p.u.

Qinv (kVar)
§

3. Operation
1) Energy dispatch

COMPARISON RESULTS FOR DIFFERENT VVC METHODS

2) Volt/Var regulation

150 150 t Method #1 #2 #3 HC-VVC
\+, Average Power Loss (kW) 24.1 329 110.3 26.7
4. Hiera e hy | o 120 | | | . . Voltagf‘e Violration Rate (%)\|” 3.4% 0.2% 51.8% 0.19/3
cooraination - Average Absolute
Distribution (%) Bus'Voltage (p.u.) Viltige Deviatide (o) 0012 | 0010 | 0029 | 0.009
5. Planning o[ 4 o Wi
: : S 6l ‘ Cemparison with other VVC methods
1) DG plannl.ng Emovve | £ |
2) ESS planning EEHevve | £ HC-VVC: least voltage violation rate; least
3) PRO algorithm =R voltage magnitude deviation; second least
a0 average power loss; second average voltage
- 0.9 0925 095 0975 1 1.025( 105 GG L
&t NANYANG Bus Voltage (p.u.) p-u.
TECHNOLOGICAL
% UNIVERSITY C. Zhang, Y. Xu*, "Hierarchically-Coordinated \oltage/VVAR Control of Distribution Networks Using PV 66

Inverters," IEEE Trans. Smart Grid, 2020.



0. Outline = Fully Distributed Two-Level Volt/Var Control

1. REIDS PrO_]eCt Two-level VVC with time scale coofdination Distributed dispatch by ADMM
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2) Volt/Var regulation
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L'IE\ICI:\II.IEIROSLI?$ ICAL 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. 67
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=  Simulation Results

24-hour simulation with 15 minutes-sampling One-hour simulation with 1 second sampling
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Y. Wang, T. Zhao, C. Ju, Y. Xu*, P. Wang “Two-Level Distributed Voltage/\Var Control of Aggregated PV Inverters ;5
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Netwoﬂgﬂ Uncertain ‘

Uncertain

DER model
load _

m@.gl renewables
N—

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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Problems identification: Robust optimization only
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