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▪ Microgrid Definitions 
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1. The U.S. Department of Energy (DOE) defines a microgrid 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’.

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

containing loads and DERs, (such as distributed generators, storage devices, or controllable 

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

main power network or while islanded’.

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

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

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

main grid. The operation of DERs in the network can provide benefits to the overall system 

performance, if managed and coordinated efficiently’.

Picture source: World 
Economic Forum



▪ Renewable Energy Integration Demonstrator – Singapore (REIDS) 
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https://www.ntu.edu.sg/erian/research-focus/flagship-programmes/renewable-energy-integration-demonstrator-singapore

https://www.ntu.edu.sg/erian/research-focus/flagship-programmes/renewable-energy-integration-demonstrator-singapore
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64,400 m2
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▪ REIDS Roadmap and Framework  
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Phase I – 4 independent MGs (500kW-1MW each) 

Phase II – 4 MGs in a cluster configuration (100kW-250kW each)
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▪ Onboard Industry Collaborators 

http://erian.ntu.edu.sg/REIDS/Pages/AboutREIDS.aspx
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▪ REIDS Electrical Structure  
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T. Jiang et al., "A Microgrid Test 

bed in Singapore : An 

electrification project for affordable 

access to electricity with optimal 

asset management.," IEEE 

Electrification Magazine, vol. 5, 
no. 2, pp. 74-82, June 2017.
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▪ Onsite pictures  

MG0 Test & Commissioning - March 2017

400kW PV
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▪ REIDS Electrical Structure  
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▪ REIDS Research Problems
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▪ REIDS Research Problems
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▪ Our research Framework: system-level coordination of DERs 
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▪ Control of DERs in Microgrids 

2. Grid-connected mode: 
▪ DER for f support
▪ DER for V support

1. Islanded mode:
▪ Distributed control 

(event-triggered, finite-
time)

▪ Hardware-in-the-Loop 
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▪ Hierarchical control of an islanded microgrid

Hierarchical control framework of islanded microgrids

opened

➢ Tertiary control (centralized 
or distributed)

▪ Economic dispatch, 
optimal power flow.

➢ Secondary control 
(centralized or distributed)

▪ V/f restoration and 
accurate power balancing 

➢ Primary control 
(decentralized)

▪ Inner control loops and 
droop control

▪ Local V/f regulation and 
power sharing
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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
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▪ Secondary Controller Design – Principle  
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▪ Cross-national hardware-in-the-loop (HiL) testbed 
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Jointly developed by NTU (Singapore), University of Strathclyde (UK), and G2E Lab (France) 

• Microgrids system with OPAL-RT in Singapore.

• Distributed controllers in Raspberry Pi in UK and France.

• Software environment based on gRPC and data exchange via Redis cloud server. 

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
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▪ HiL Validation Results – Controller performance
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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 Transactions on Industrial Informatics, 2020. – Web-of-Science Highly Cited Paper

gRPC 

server i

gRPC client 1

Agent i (python based program)

Process consensus 

algorithm, transfer data 

gRPC client 2

gRPC client j

Raspberry i (IP address i)

...
gRPC 

server j

gRPC client 1

Agent j (python based program)

Process consensus 

algorithm, transfer data 

gRPC client 2

gRPC client i

Raspberry j (IP address j)

......

TCP/IP
TCP/IP

Local Area Network

emulated by NS3 

Cloud

Server 

UDP UDP

Structure of each agent based on gRPC

Test system: 10-DG with two controller in UK and France 

(Each controller for 5 DGs)

a) step load change case b) Real PV and load profile case

R
e
a
l 

P
o

w
e
r (

k
W

) 4

3

0

Time (s)
0 120 240 360 720480 600

2

1

V
o
lt

a
g

e
 M

a
g

n
it

u
d

e
 (

V
)

326

328

324

320
0 120 240 360 720480 600

322

F
re

q
u

e
n

c
y
 (

H
z
)

50.15

50

50.3

49.85

49.7
0 120 240 360 720480 600

(b)

(a)

(c)

R
e
a
l 

P
o

w
e
r (

k
W

) 5

4

6

3

0

Time (s)
0 30 60 90 180120 150

2

1

V
o
lt

a
g

e
 M

a
g

n
it

u
d

e
 (V

)

330

325

335

320

310
0 30 60 90 180120 150

315

F
re

q
u

e
n

c
y
 (H

z
)

50.2

50

50.4

49.8

49.6
0 30 60 90 180120 150

(a)

(b)

(c)

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



23
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Multi-Site Implementation." IEEE Transactions on Industrial Informatics, 2020. – Web-of-Science Highly Cited Paper

Communication delay emulated by NS3 simulation tools.
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▪ HiL Validation Results – Communication delay
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Communication failures

▪ HiL Validation Results – Communication failures

R
e
a
l 

P
o
w

e
r (

k
W

)

6

4

8

10

-2
Time (s)

0 30 60 90 180120 150

2

0

V
o
lt

a
g
e
 M

a
g
n
it

u
d
e
 (V

)

330

325

335

315

0 30 60 90 180120 150
310

320

F
re

q
u
e
n
c
y
 (H

z
)

50.2

50

50.4

49.8

49.6
0 30 60 90 180120 150

(a)

(b)

(c)

Test system: 5-DG MG with one controller in UK

Inaccurate power 

sharing 

Secondary control start

✓ Failure of communication will affect 
the convergence speed

✓ Loss of communication will lead to 
inaccurate power sharing 

Plug-and-play

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



▪ Event-Triggered Distributed Control of Islanded Microgrids

25
Y. Wang, T. L. Nguyen, Y. Xu*, et al, “Cyber-Physical Design and Implementation of Distributed 

Event-Triggered Secondary Control in Islanded Microgrids ,” IEEE Trans. Industry Application, 2019.
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▪ Controller Hardware-in-the-Loop (CHil) Test
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Y. Wang, T. L. Nguyen, Y. Xu*, et al, “Cyber-Physical Design and Implementation of Distributed Event-

Triggered Secondary Control in Islanded Microgrids ,” IEEE Trans. Industry Application, 2019.

HiL testbed with Raspberry Pi and OPAL-RT
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▪ Dynamic Event-Triggered Control of Generators and Storages
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Y. Wang, C. Deng, D. Liu, Y. Xu*, and J. Dai, “Unified Real Power Sharing of Generator and Storage in Islanded 
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▪ Real-time Simulation Test Results
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▪ Finite-Time Distributed Control of Energy Storage Systems
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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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▪ Experimental Test Results
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Experimental Platform of MAS-MG

❑ MAS-MG Platform 
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▪ Weight-Average-Prediction Control and Stability Analysis
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▪ Multi-Layer Multi-Agent Control of Networked Microgrids
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▪ Controller HIL Test Results
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Structure of the controller HIL test system
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Voltage control support: 

mitigate voltage deviation 

(seconds to minutes)

Frequency and voltage are 

dominated by the main grid 
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Frequency control support: 
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▪ Grid-connected mode of Microgrids (DER support)
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▪ Frequency Support from Aggregated Small-Scale Energy Storage Units 
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▪ Frequency Support from Aggregated Energy Storage
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▪ Thermostatically Controlled Loads (TCLs) for frequency support
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▪ Thermostatically Controlled Loads (TCLs) for frequency support
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▪ Ancillary Service Support from Smart Building Community
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▪ Real-time Voltage/Var Control (VVC) Support from DERs

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

➢ Voltage quality issues: Voltage rise, drop and fast fluctuations.

➢ Potential solutions: inverter-assisted voltage/var support 
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ES
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▪ Real-Time Coordinated Voltage/Var Control Controller
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Controller design: 

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. 
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▪ Simulation Tests
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Effectiveness of ramp-rate control

Real-time voltage/var control from inverters
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▪ Power Hardware-in-the-Loop (PHiL) Test 
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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. 
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▪ Power HiL Results and Eigenvalues 
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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. 
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▪ Operation of DER - Energy Dispatch & Volt/Var Regulation in 
Microgrid 

%

%

%

%%

Wind Turbine Photovoltaics

Electric Vehicle Battery

Diesel Generator Fuel Cell

Flexible 
load

Flexible load

Flexible load

Flexible load

Main Grid

Main 
Grid

Micro 
Grid

Power line

Communication 
Line

Microgrid 
Controller

Grid requests

• Control variables:
1) Micro-turbine 
2) Energy storage
3) Demand response
4) Capacitor banks
5) On-load tap changers
6) PV inverters 

• Parameters: 
1) Load demand
2) Wind and PV output 
3) Electricity price
4) Network parameters (R,X,B)

• State variables:
1) Bus voltage
2) Branch power flow
3) Power exchange with main grid

Uncertain
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Active 

power 

resource 

Reactive 

power 

resource 

• Network model: 
1) Linearized Dist-Flow 
2) Second-order cone programming 

(SOCP) model 
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Principle: coordinate different DERs in different timescales against uncertainty. 

➢First-stage: slower-responding DER in longer timescale.

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

▪ Two-stage coordinated operation – Temporal Coordination of DERs 

➢ 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. 

st st
…

st

dt

st st
…

st
Time

Second-stage: faster-responding 

or more flexible DERs

hours~day

dt

15mins~hour

First-stage: slower-responding DERs

hours~day

15mins~hour

Recourse 

action

Two-stage coordinated 

optimization model

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



▪ Optimization Methods
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Method Stochastic Programming Robust Optimization (RO)

Uncertainty 
Modeling

Probabilistic scenarios based on 
probability distribution function 
(PDF)

Uncertainty set
with bounds and budgets

Inputs Point prediction Interval prediction

Model Optimize under expectation Optimize under worst case

Advantages • Simpler formulation and 
solution process 

• No need for PDF
• Fully robust within the 

uncertainty sets

Disadvantages • Need for PDF
• Probabilistic robustness 

• Complex formulation and 
solution process 

• May be conservative
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▪ Robustly Coordinated Energy Management 
Day-ahead Price-based Demand Response & Hourly-ahead Microturbine

53

Level Price Rate (%) Load Rate (%)

1 70 107.9

2 80 104.8

3 90 102.3

4 100 100.0

5 110 98.0

6 120 96.2

7 130 94.6

8 140 93.1

9 150 91.8

10 160 90.5

Price-based Demand Response (PBDR)

𝑷𝒕
𝑫 = 𝐀 𝑷𝒓𝒕

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

modeling the relationship 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 Demand Response & Hourly-ahead Microturbine

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 54

Two-Stage Operation Framework

Two-Stage Robust Optimization (TSRO) model

Uncertainty modeling –uncertainty set  

Objective function
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▪ Robustly Coordinated Energy Management 
Day-ahead Price-based Demand Response & Hourly-ahead Microturbine

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 55

Modelling for Price-based DR

• Considering the characteristics of the uncertain 

load demands, in (9), the revenue from the 

demands is split into two parts i.e. the predicted 

revenue based on the predicted load demands and 

the uncertain revenue difference from the 

predicted one. 

• Constraints (10) and (11) support the calculation 

functions of these two revenue items respectively.

• Constraint (12) denotes the decision variable for 

each PBDR level is binary. 

• 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 

reduce the customers’ economic benefits. 
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▪ Robustly Coordinated Energy Management 
Day-ahead Price-based Demand Response & Hourly-ahead Microturbine

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

Day-ahead Interval Prediction Hourly Microturbine Dispatch

Day-ahead PBDR Decision
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▪ Robustly Coordinated Energy Management 
Hourly-ahead energy storage & 15min-ahead direct load control (DLC)

57
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.

Two-stage robust optimization model

ESS economic model 

ESS operation model 

Two-stage coordination framework 
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▪ Robustly Coordinated Energy Management 
Hourly-ahead energy storage & 15min-ahead direct load control (DLC)

58
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.
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▪ Two-Stage Dispatch of Hybrid Energy Storage considering 
battery  health 

Relationship between the number of life cycles and the DOD of Ni-Cd batteries

C. Ju, P. Wang, L. Goel, and Y. Xu, “A two-layer energy management system for microgrids with hybrid energy storage considering degradation costs,” 

IEEE Trans. Smart Grid, 2017. Web-of-Science Highly Cited Paper 
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▪ Two-Stage Dispatch of Hybrid Energy Storage considering battery  
health 

60

✓ First-stage: battery dispatch with SOH 

degradation cost 

✓ Second-stage: supercapacitor dispatch 
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▪ Multi-Energy Microgrid
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Battery StoragePhotovoltaic CellWind Turbine Fuel Cell

Upstream Grid

Heat Storage Tank Heat Recovery Unit Micor-Turbine Absorption Chiller Ice Storage Tank

Electric Boiler Electric Chiller

CCHP Plant

Power Heat Cooling

Power Demands

Heat Demands

Cooling Demands

Z. Li and 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 
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▪ Multi-Energy Microgrid – Modeling of thermal part 
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Y. Chen, Y. Xu*, Z. Li, “Optimally Coordinated Dispatch of Combined-

Heat-and-Electrical Network,” IET Gen. Trans. & Dist., 2019.  

District Heat Network 

Vertical section of a pipe

Coupled electric-thermal network

Thermal conduction of a building

Z. Li and 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
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▪ Multi-Energy Dispatch – Two-Stage Coordinated Operation   

First stage: Day-ahead  Dispatch for 24 Hours of Next Day 

Hour 1 Hour 3 Hour 22 Hour 23 Hour 24……Hour 2

Second stage: Intra-day Online Dispatch within Each Hour  
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Z. Li and Y. Xu*, “Temporally-Coordinated Optimal Operation of a Multi-energy Microgrid under Diverse Uncertainties,” 

Applied Energy, 2019. 
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Z. Li and Y. Xu*, “Temporally-Coordinated Optimal Operation of a Multi-

energy Microgrid under Diverse Uncertainties,” Applied Energy, 2019. 
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▪ Multi-Energy Dispatch – Two-Stage Coordinated Operation 

Day-ahead dispatch results

Intra-day dispatch results

Input data for modelling

Get simulation results
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Z. Li and Y. Xu*, “Temporally-Coordinated Optimal Operation of a Multi-energy Microgrid under Diverse Uncertainties,” 
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▪ Multi-Energy Dispatch – Two-Stage Coordinated Operation 

Method #1: Single-stage deterministic operation

Method #2: Single-stage stochastic operation

Method#3: Two-stage deterministic optimization

Cost

Security  

Item Method #1 Method #2 Method #3 Our Method

Uncertainty level 1 (Lower Uncertainty)

Average cost ($)

Average voltage violation (%)

2183.46 2149.65 2468.20 2440.22

30.40 16.50 0 0

Uncertainty level 2 (Medium Uncertainty)

Average Cost ($)

Average voltage violation (%)

2218.89 2188.97 2483.19 2450.78

74.70 49.80 0 0

Uncertainty level 3 (High Uncertainty)

Average Cost ($)

Voltage violation (%)

2341.64 2282.66 2556.04 2508.65

97.20 77.90 0 0
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▪ Multi-Energy Demand Response 

66

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

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

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.

Day-ahead robust optimization model 

Intra-day optimization model 
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▪ Multi-energy demand response 

67
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.

Day-ahead optimization results - PDR Day-ahead optimization results – thermal ESS

Intra-day results – CCHP and indoor temperature
Intra-day optimization results – thermal load 
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▪ Robustness VS Conservativeness

68C. 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.

Robustness under Different Uncertainty Budgets

Robustness: 

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

• Full Robustness: Always a feasible 
solution

Conservativeness: 

Compromise in optimization process when 
considering uncertainties (Drawback)

Design of Uncertainty Budgets

• Larger Budgets

-> Higher Robustness

-> Higher Conservativeness

• Uncertainty Degree Analysis
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▪ Robustly Coordinated Energy Management 
Distributed robust optimization for Networked-Hybrid AC/DC Microgrids

69Q. Xu, T Zhao, Y. Xu*, et al, " A Distributed and Robust Energy Management System for Networked 

Hybrid AC/DC Microgrids," IEEE Transactions on Smart Grid, 2020.  

1. Affinely adjustable robust 
optimization modeling 

2. Model convexification

3. Distributed solution based on 
ADMM 

Individual MG 

Networked-MG 
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Scenario I: centralized 
deterministic;
Scenario II: centralized 
stochastic; (100)
Scenario III: proposed

A 3 networked microgrid system in an IEEE 4 bus system

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

▪ Simulation results 
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▪ Two-stage Coordinated Volt/Var Regulation under uncertainty
Hourly dispatch of CB and OLTC & 15min dispatch of PV inverters

71

Volt/Var Control Model

Two VVC timescale

Stochastic Programming Model

Two decision stage

CB and OLTC hourly dispatch 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 Scenario construction

VVC signals Solution results

15-min dispatch of RES inverters

Hourly dispatch of CBs and OLTCs

Two-stage 

stochastic 

programming

1st-stage decision

2nd-stage decision

time

t1

t2 t3 t4

➢ 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.

smaller granularity 
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▪ Mathematical modeling 

72
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▪ Simulation Results 

73
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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2019

Three-stage 
robust VVC 
(TRI-VVC) 

2020

Hierarchically-
Coordinated 
VVC (H-VVC)

2020

Multi-Objective 
Adaptive Robust 
VVC (MO-VVC) 

2021

PV Inverter 
Reliability-
Constrained VVC 
(Re-VVC)

2022

Voltage stability 
constrained-
VVC (VS-VVC)

Multi-Objective 
Hierarchically-
Coordinated 
VVC (MO-HC-
VVC)

▪ Continued research in PV Inverter-based Volt/Var Control 

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 

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

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 

Trans. Sustainable Energy, 2021. 

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. 

2022 - R. Xu, C. Zhang, Y. Xu, Z.Y. Dong, and R. Zhang, “Multi-Objective Hierarchically-Coordinated Volt/Var Control for Active 

Distribution Networks with Droop-Controlled PV Inverters,” IEEE Trans. Smart Grid, 2022.
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▪ Multi-Objective Adaptive Robust Voltage/VAR Regulation

75C. Zhang, Y. Xu*, Z.Y. Dong, "Multi-Objective Adaptive Robust Voltage/VAR Control for High-PV Penetrated 

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

•Minimizing voltage deviation conflicts with 

minimizing network power loss.

•Multi-objective “min-max-min” problem

Adaptive Weighted Sum (AWS)

Normal Boundary Intersection (NBI)

Key point:

1) Voltage deviation index: load-weighted voltage 

deviation index (LVDI)

2) Which MOP algorithm is more efficient to generate 

accurate Pareto front and get a fair trade-off?

a) Classic Weighted-Sum (CWS)

b) Classic ε-Constrained (CeC)

c) Adaptive Weighted-Sum (AWS)

d) Normal Boundary Intersection (NBI)
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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.

The AWS and NBI algorithms are suggested 

depending on different optimization 

requirements. 

✓ If a relatively accurate Pareto front with 

high computation efficiency is required, the 

AWS algorithm is preferred.

✓ If a more accurate Pareto front with evenly 

distributed solutions or the “knee” solution 

is required, the NBI algorithm is preferred.

(a) CWS; (b) CeC; (c) AWS; (d) NBI

▪ Multi-Objective Adaptive Robust Voltage/VAR Regulation
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✓Operational optimization and real-time control are traditionally decoupled. 

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

✓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 .

▪ Hierarchically coordinated operation and control of DERs

st st
…

st

dt

st st
…

st
Time

Real-time control 

mins~hours

dt

ms~s

Online dispatch

mins~hours

ms~s ms~s ms~s
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RO: optimize 𝛼𝑡 , 𝛽𝑡
considering the worst 

case and the inverter 

output dispatch

Obj.: loss reduction

Optimize 𝑄𝑙𝑟

considering the reactive 

power reserve for local 

droop voltage control

Obj.: loss reduction

Control 𝑄𝑖𝑛𝑣 with the 

real-time local voltage 

measurement

Obj.: voltage deviation 

reduction

Third Stage: Inverter Droop Voltage Control (real time in first short period)

Second Stage: Inverter Output Dispatch (4 short periods in 1 hour)

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

Implemented DiscardedHour-ahead interval prediction

15-minute-ahead

point prediction

Real-time data

15-minute dispatch 

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

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 

Piecewise droop 

controller for 

inverters  
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▪ Simulation Results 

79C. 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 
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▪ Hierarchically-Coordinated Voltage/VAR Control (HC-VVC)

80
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

✓ Central VVC considers the 

network level information 

(power flow)

✓ Local VVC focuses on the real-

time variation (bus voltage)

Inverter Droop Control Model

• The central VVC hierarchy implements the 

base reactive power output setpoint of each 

inverter, i.e. 𝑄𝑖
𝑏𝑎𝑠𝑒 under the expected 

operating condition.

• The local VVC hierarchy implements the 

local droop control by adjusting the 

reactive power output responding to the 

local voltage deviation. ∆𝑄 = 𝑓(∆𝑉)linear droop controller for inverters  
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Voltage 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. 

Comparison with other VVC methods 

HC-VVC: least voltage violation rate; least 

voltage magnitude deviation; second least 

average power loss; second average voltage 

close to 1 p.u.

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

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
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▪ Fully Distributed Two-Level Volt/Var Control

82

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.
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▪ Simulation Results

83Y. 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.
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▪ Hierarchically Coordinated Operation and Control for DC 
microgrid clusters 

84
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. 
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▪ Hierarchically Coordinated Operation and Control for DC 
microgrid clusters 

85

Dispatch results

Real-time control results

Simulation results when local 

controller responds to the scheduling 

results from operation level of MG2 

at 9h, 10h and 11h (which is at 10s, 

20s and 30s in the simulation)
Simulation results of MG2 during 9h-
10h with PV and loadfluctuations in 
Matlab/Simulink.

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. 
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▪ Continued research works in local energy markets
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Centralized Local 
Energy Market [1]

Fully-Decentralized 
Local Energy 
Market (P2P) [2]

Partially-Decentralized 
Local Energy Market 
(community-based) [3]

Local Ancillary 
Service Market [4][5]

[1] 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.

[2] 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.

[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.

[4] Y. Zou, and Y. Xu*, “Design of Robust Var Reserve Contract for Enhancing Reactive Power Ancillary Service Market Efficiency,” CSEE Journal 

of Power and Energy Systems, 2023.

[5] 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.

The uncertain behaviours of 

flexible consumers pose a 

great challenge to system 

operation, while their flexibility 

offers opportunities to locally 

accommodate the uncertain 

renewable generation. 

A centralized market structure 

may no longer be applicable 

with the emergence of a 

significant number of 

prosumers. P2P energy trading 

offers a promising solution.

The existing regulations may not accommodate 

end-to-end energy trading. The aggregator can 

coordinate the DERs within a certain region and 

provide energy services at scale, which makes 

their market entry more possible to be 

supported by regulatory and policy bodies. On 

the other hand, small-scale end users may not 

have the means or interest in participating in 

P2P energy trading as well.

The penetration of DERs 

coupled with the rise of P2P 

markets leads to a significant 

challenge in distribution network 

operation. Luckily, inverter-

interfaced DERs hold both 

technical potential and economic 

incentives to provide distribution 

systems with fast and flexible 
Var supports.
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▪ Transactive Energy System (TES) Classification
Transactive Energy System (TES)

Market Participant Market Structure Clearing Method Solution Algorithm Supporting Market Tool

Energy Providers

Energy Consumers

Energy Providers 

and Consumers

Energy Prosumers

Centralized Market

Partially-

Decentralized Market

Fully-Decentralized 

Market

Without Distributed 

Ledger Technologies

With Distributed 

Ledger Technologies

Distribution Locational 

Marginal Pricing

Auction Mechanism

Game Theory

Single Auction 

Double Auction

Reverse Auction

Cooperative Game

Non-cooperative 

Game

Stackelberg Game

Mixed Game

Centralized 

Optimization

Distributed 

Optimization

Optimization Under 

Uncertainties

Stochastic 

Optimization

Robust 

Optimization

Penalty 

Mechanism

Loss Allocation 

Mechanism

Machine Learning 

Techniques

Trading Commodity

Electrical Energy

Multiple Energies

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

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

Participants Participants

Participants

Participants

External Energy 
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Centralized Market

External Energy 

Market

Participants

Participants

Participants

Participants

Participants

Participants

Supervisory 

Node

Participants Participants

ParticipantsParticipants

Community

Supervisory 

Node

Participants

Participants

Participants

Community

Supervisory 

Node

ParticipantsParticipants

Participants

Community

External Energy 

Market

Centralized market P2P market Community-based market
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▪ Centralized Local Market: Risk-Averse Transactive Energy Management

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. 
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Strategy of the MEMG operator:

➢ To schedule all the physical DER units;

➢ To determine the energy trading prices for 

desired demand-side response. (as a price 

maker)

Diesel 

Generators

Battery 

Storage

Thermal 

Storage

Wind 

Turbine

Photovoltaic 

System

Thermal FlowElectrical Flow

Residential 

EU Agent

Commercial 

EU Agent

Industrial 

EU Agent

 Leader: MEMG Operator
 Followers: 

Transactive Energy Flow

Exogenous Energy Networks

Local

Day-Ahead

/Real-Time 

Energy 

Market
 CCHP 

Unit

Strategy of the energy user (EU) agents:

➢ To transact with the MEMG operator; (as 

price takers)

➢ To trade energies with the exogenous 

energy networks.

Main motivation: The uncertain behaviours of flexible 

consumers is challenging MES operation, while their 

flexibility offers opportunities to locally accommodate 

the uncertain renewable generation.
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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. 

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

Upper-Level Model for MEMG Operator

max σ𝑡∈𝑁𝑇

σ𝑖∈𝑁𝐼
𝜆𝑖,𝑡
𝑒𝑙𝑒𝑐𝑃𝑖,𝑡

𝑒𝑙𝑒𝑐 + 𝜆𝑖,𝑡
𝑡ℎ𝑚𝑃𝑖,𝑡

𝑡ℎ𝑚

−σ𝑗∈𝑁𝐽
𝜅𝑗
𝐷𝐺𝑃𝑗,𝑡

𝐷𝐺 − 𝜅𝐵𝑆(𝑃𝑡
𝐵𝑆𝐶+𝑃𝑡

𝐵𝑆𝐷)

−𝜅𝑇𝑆(𝑃𝑡
𝑇𝑆𝐶+𝑃𝑡

𝑇𝑆𝐷) − 𝜅𝐶𝐶𝐻𝑃𝑃𝑡
𝐶𝐶𝐻𝑃,𝑒𝑙

Subject to: 

σ𝑗∈𝑁𝐽
𝑃𝑗,𝑡
𝐷𝐺 + 𝑃𝑡

𝐶𝐶𝐻𝑃,𝑒𝑙 + 𝑃𝑡
𝑃𝑉 + 𝑃𝑡

𝑊𝑇 − 𝑃𝑡
𝐵𝑆𝐶 + 𝑃𝑡

𝐵𝑆𝐷 = σ𝑖∈𝑁𝐼
𝑃𝑖,𝑡
𝑒𝑙𝑒𝑐

𝑃𝑡
𝐶𝐶𝐻𝑃,𝑡ℎ −𝑃𝑡

𝑇𝑆𝐶 +𝑃𝑡
𝑇𝑆𝐷 = σ𝑖∈𝑁𝐼

𝑃𝑖,𝑡
𝑡ℎ𝑚

Operating constraints of physical DER units, including CCHP, 

DGs, BS and TS.

Lower-Level Models for EU Agents 

min 

𝑡∈𝑁𝑇

𝜆𝑖,𝑡
𝑒𝑙𝑒𝑐𝑃𝑖,𝑡

𝑒𝑙𝑒𝑐 + 𝜆𝑖,𝑡
𝑡ℎ𝑚𝑃𝑖,𝑡

𝑡ℎ𝑚

+𝜆𝑒𝑥𝑜,𝑡
𝑒𝑙𝑒𝑐 𝑃𝑖,𝑡

𝑒𝑙,𝑒 + 𝜆𝑒𝑥𝑜,𝑡
𝑡ℎ𝑚 𝑃𝑖,𝑡

𝑡ℎ,𝑒 +

𝛼𝑖,𝑡 𝑃𝑖,𝑡
𝑒𝑑 − 𝑃𝑖,𝑡

𝑒𝑥𝑝 2
+ 𝛽𝑖,𝑡 𝜃𝑖,𝑡

𝑡𝑑 − 𝜃𝑖,𝑡
𝑒𝑥𝑝 2

Subject to: 

𝑃𝑖,𝑡
𝑒𝑑,𝑚𝑖𝑛 ≤ 𝑃𝑖,𝑡

𝑒𝑑 ≤ 𝑃𝑖,𝑡
𝑒𝑑,𝑚𝑎𝑥: 𝜇𝑖,𝑡

𝑒𝑑,𝑚𝑖𝑛 , 𝜇𝑖,𝑡
𝑒𝑑,𝑚𝑎𝑥

σ𝑡∈𝑁𝑇
𝑃𝑖,𝑡
𝑒𝑑 ≥ 𝛾𝑖 σ𝑡∈𝑁𝑇

𝑃𝑖,𝑡
𝑒𝑥𝑝

∶ 𝜇𝑖
𝑒𝑑

𝑃𝑖,𝑡
𝑡𝑑 = 𝐶𝑖

𝑎𝑖𝑟 𝜃𝑖,𝑡−1
𝑡𝑑 − 𝜃𝑖,𝑡

𝑡𝑑 +
𝜃𝑖,𝑡
𝑎𝑚−𝜃𝑖,𝑡

𝑡𝑑

𝑅𝑖
𝑇 ∶ 𝜈𝑖,𝑡

𝑖𝑛 

𝜃𝑖,𝑡
𝑡𝑑,𝑚𝑖𝑛 ≤ 𝜃𝑖,𝑡

𝑡𝑑 ≤ 𝜃𝑖,𝑡
𝑡𝑑,𝑚𝑎𝑥 ∶ 𝜇𝑖,𝑡

𝑡𝑑,𝑚𝑖𝑛 , 𝜇𝑖,𝑡
𝑡𝑑,𝑚𝑎𝑥

Constraints associated with trading quantities.

Risk aversion towards uncertainties:

max
𝒙∈𝝌,𝒚𝑠∈Ω,𝜂𝜖ℛ

𝒄𝑇𝒙 + σ𝑠∈𝑁𝑠
𝜋𝑠ℒ(𝒙, 𝒅𝒔) + 𝜌 ∙ 𝐶𝑉𝑎𝑅𝜗

Subject to: 𝒙 ∈ 𝝌

ℒ 𝒙, 𝒅𝒔 = max
𝒚𝑠∈Ω(𝒙,𝒅𝒔)

𝒃𝑇𝒚𝑠

𝐶𝑉𝑎𝑅𝜗 = max
𝜂𝜖ℛ

{𝜂 +
1

1−𝜗
σ𝑠∈𝑁𝑠

[𝑓𝑃
𝑠 − 𝜂]−𝜋𝑠}

where Ω 𝒙,𝒅𝒔 = {𝒚𝑠|𝑨𝒙 + 𝑩𝒚𝑠 ≥ 𝒓, 𝑬𝒙 + 𝑭𝒚𝑠 = 𝒅𝒔}, 
𝑓𝑃
𝑠 = 𝒄𝑇𝒙 + ℒ(𝒙, 𝒅𝒔) denotes the profit under scenario s. 

Day-ahead upper-level model for the MEMG 

operator

Day-ahead lower-level models for the residential, 

commercial, and industrial EU agents

Reformulation for obtaining the market equilibrium and considering 

the MEMG operator s risk aversion towards uncertainties

Day-Ahead Energy Market Intra-Day Energy Market

Iterative

energy 

trading 

quantities

Iterative

energy 

trading 

prices

Day-ahead bi-level model formulation

Day-ahead stochastic single-level MPEC model with a CVaR measure

(See Section IV-A and IV-B)

Solution of the day-ahead stochastic model by an adaptive PH algorithm

Optimal day-ahead energy scheduling decisions on ESSs and DGs 

as well as day-ahead energy trading decisions 

Intra-day upper-level model for the MEMG 

operator

Reformulation for obtaining the market equilibrium 

Iterative

energy 

trading 

quantities

Iterative

energy 

trading 

prices

Intra-day bi-level model formulation

Intra-day deterministic single-level MPEC model 

(See Section IV-C)

Solution of the intra-day deterministic model by an OA algorithm

Optimal intra-day energy scheduling decisions on the CCHP unit 

as well as intra-day energy trading decisions 

Input 

Day-ahead prices for trading energy with exogenous energy networks,

and day-ahead probabilistic predictions of uncertainties

Input 

Intra-day prices for trading energy with exogenous energy networks,

and hourly-ahead point predictions of uncertainties

Intra-day lower-level models for the residential, 

commercial, and industrial EU agents

Trading price

𝜆𝑖,𝑡
𝑒𝑙𝑒𝑐, 𝜆𝑖,𝑡

𝑡ℎ𝑚

Trading qty.

𝑃𝑖,𝑡
𝑒𝑙𝑒𝑐 , 𝑃𝑖,𝑡

𝑡ℎ𝑚
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▪ Simulation Results

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

 Intra-day energy trading

➢ MEMG operator uses price signals to guide users’ 

behaviors, thereby reducing reliance and impact on 

external grids.

➢ Problem scale is reduced by adaptive PH algorithm 

through scenario decomposition. Bilinear terms of price 

times quantity are efficiently handled by OA algorithm. 
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(d) Intra-day thermal trading between MEMG operator and residential agent 
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(f) Intra-day energy trading between MEMG operator and exogenous networks 
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Computational Performance for the Intra-Day Bilinear Problem

 Computation performance

Computational Performance for Day-Ahead Stochastic MILP
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▪ P2P Transactive Energy Trading in A Reconfigurable Multi-Energy Network

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

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

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.

Strategy of nodal 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.

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.
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▪ Mathematical Formulation

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

A. Lower-level P2P energy trading problem

❑ Objective function:

𝐶𝑖 = σ𝑡∈𝑁𝑇
(𝐶𝑖,𝑡

𝐺𝑒𝑛 + 𝐶𝑖,𝑡
𝐵𝑖𝑙𝑙 + 𝐶𝑖,𝑡

𝐷𝑖𝑠𝑐 + 𝐶𝑖,𝑡
𝑆𝑒𝑟) + 𝐶𝑖

𝑃2𝑃 

ሚ𝐶𝑖 = σ𝑡∈𝑁𝑇
(𝐶𝑖,𝑡

𝐺𝑒𝑛 + 𝐶𝑖,𝑡
𝐵𝑖𝑙𝑙 + 𝐶𝑖,𝑡

𝐷𝑖𝑠𝑐) 

max ς𝑖=1
𝒩 ( ሚ𝐶𝑖 − 𝐶𝑖)

ℳ𝒫𝑖 

where ℳ𝒫𝑖 is a positive value denoting the bargaining

power of agent i.

❑ Key constraints:

𝑒𝑖𝑗,𝑡
𝐷𝑁 + 𝑒𝑗𝑖,𝑡

𝐷𝑁 = 0, ∀𝑡, ∀𝑖, ∀𝑗 ∈ 𝒩\𝑖

𝑒𝑖𝑗,𝑡
𝐷𝐻𝑁 + 𝑒𝑗𝑖,𝑡

𝐷𝐻𝑁 = 0, ∀𝑡, ∀𝑖, ∀𝑗 ∈ 𝒩\𝑖

𝜙𝑖𝑗
𝑃2𝑃 + 𝜙𝑗𝑖

𝑃2𝑃 = 0, ∀𝑖, ∀𝑗 ∈ 𝒩\𝑖
ሚ𝐶𝑖 ≥ 𝐶𝑖 , ∀𝑖

Modeling for P2P energy trading

Nash bargaining theory 

with the concept of bargaining power

B. Upper-level network operation problem

❑ Objective function:

min σ𝑡∈𝑁𝑇
σ
𝑚𝑛∈𝑁𝐵𝑟

𝐷𝑁𝑃𝐿𝑚𝑛,𝑡
𝐿𝑜𝑠𝑠 + 𝜕σ

𝑚∈𝑁𝐴𝑔
𝐷𝑁 ∆𝑒𝑚,𝑡

𝐷𝑁  

❑ Constraints:

• Linearized DistFlow with reconfiguration variables

• Spanning tree constraints:  
𝜃𝑚𝑛,𝑡 + 𝜃𝑛𝑚,𝑡 = 𝒦𝑚𝑛,𝑡, ∀𝑚𝑛 ∈ 𝑁𝐵𝑟

𝐷𝑁 , ∀𝑡

σ
𝑛∈{𝑁𝑚

𝐷𝑁+∪𝑁𝑚
𝐷𝑁−}

𝜃𝑚𝑛,𝑡 ≤ 1, ∀𝑚 ∈ 𝑁𝐴𝑔
𝐷𝑁 , ∀𝑡 

σ
𝑛∈{𝑁𝑚

𝐷𝑁+∪𝑁𝑚
𝐷𝑁−}

𝜃𝑚𝑛,𝑡 = 0, ∀𝑚 ∈ 𝑁𝑆𝑡
𝐷𝑁 , ∀𝑡 

• Spanning tree constraints (to strictly ensure radiality)

 σ
𝑛∈𝑁𝑚

𝐷𝑁+ 𝐹𝑚𝑛,𝑡 + 𝐷𝑚,𝑡 = σ
𝑛∈𝑁𝑚

𝐷𝑁− 𝐹𝑛𝑚,𝑡 

−𝒦𝑚𝑛,𝑡𝑀 ≤ 𝐹𝑚𝑛,𝑡≤ 𝒦𝑚𝑛,𝑡𝑀,∀𝑚 ∈ 𝑁𝐴𝑔
𝐷𝑁, ∀𝑡

Modeling for reconfigurable DN operation

❑ Objective function:

min σ𝑡∈𝑁𝑇
σ
𝑔𝑘∈𝑁𝑃𝑖

𝐷𝐻𝑁𝐻𝐿𝑔𝑘,𝑡
𝐿𝑜𝑠𝑠 + 𝜕σ

𝑔∈𝑁𝐴𝑔
𝐷𝐻𝑁 ∆𝑒𝑔,𝑡

𝐷𝐻𝑁  

❑ Constraints:

• Linearized thermal flow model with reconfiguration variables, 

independent of mass flow rate and water temperature. 

• Valve switching constraints (XOR operation):
σ
𝑔𝑘∈𝑁𝑃𝑖

𝐷𝐻𝑁(𝒱𝑔𝑘,𝑡 + 𝒱𝑔𝑘,(𝑡−1) − 2𝜉𝑔𝑘,𝑡) ≤ 𝑁𝑉𝐴, ∀𝑡 

𝜉𝑔𝑘,𝑡 − 𝒱𝑔𝑘,𝑡 ≤ 0, ∀𝑔𝑘, ∀𝑡

𝜉𝑔𝑘,𝑡 − 𝒱𝑔𝑘,(𝑡−1) ≤ 0, ∀𝑔𝑘, ∀𝑡

𝒱𝑔𝑘,𝑡 + 𝒱𝑔𝑘,(𝑡−1) − 𝜉𝑔𝑘,𝑡 ≤ 1, ∀𝑔𝑘, ∀𝑡

𝜉𝑔𝑘,𝑡 ≥ 0, ∀𝑔𝑘, ∀𝑡

Modeling for reconfigurable DHN operation

❑ Nash product: to maximize agents’ benefits from participating 

in P2P energy trading (i.e., ሚ𝐶𝑖 − 𝐶𝑖)

❑ Bargaining power ℳ𝒫𝑖 :

❖ If ℳ𝒫𝑖=1 for ∀𝑖, all agents will be awarded with the equal 

benefits regardless of their market contributions. 

(traditional Nash bargaining theory)

❖ If ℳ𝒫𝑖 is set as

ℳ𝒫𝑖 =
σ𝑡∈𝑁𝑇

σ𝑗∈𝒩\𝑖 𝑒𝑖𝑗,𝑡
𝐷𝑁 + σ𝑗∈𝒩\𝑖 𝑒𝑖𝑗,𝑡

𝐷𝐻𝑁

σℎ∈𝒩 σ𝑡∈𝑁𝑇
σ𝑗∈𝒩\ℎ 𝑒ℎ𝑗,𝑡

𝐷𝑁 + σ𝑗∈𝒩\ℎ 𝑒ℎ𝑗,𝑡
𝐷𝐻𝑁

then the allocated benefit for each agent will be directly 

proportional to the respective P2P trading contribution. 
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▪ Simulation Results

❑ Lower-level P2P trading results

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

❑ Upper-level network operation results

 3.2  算法性能验证

➢ P2P energy trading can be facilitated by network 

reconfiguration, in terms of alleviating network operation 

violations as well as reducing line losses.

➢ Proposed mechanism ensures a fairer benefit allocation 

after P2P trading. Each agent obtains an equal benefit 

per P2P trading contribution.

Benefit Distribution for four Representative Agents 

based on Traditional Nash Bargaining Theory 

Benefit Distribution for four Representative Agents 

based on Modified Nash Bargaining Theory 
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▪ Community-Based Market: Aggregator-Network Coordinated P2P Trading

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.

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

 Distributed energy resources (DERs)

➢ Invested and owned by private entities

➢ Managed by corresponding aggregators

 Aggregators

➢ Manage (internal coordination + external trading) 

contracted geographically adjacent or dispersed 

DERs

 Multi-energy networks

➢ Owned by the network asset companies

➢ Operated by a distribution system operator (DSO)

and a district heating system operator (DHSO)

Main motivation: The existing regulations may not 

accommodate end-to-end energy trading. And small-

scale end users may not have the means or interest 

in participating in P2P energy trading as well. 
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▪ Mathematical Formulation

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

❑ Augmented Lagrangian:

ℒ𝑚 𝒙𝑚,𝑡, ො𝒆𝑚,𝑡, 𝝀𝑚,𝑡

= σ𝑡∈𝑁𝑇

𝐶𝑚,𝑡
𝐺𝑒𝑛 + 𝐶𝑚,𝑡

𝐵𝑖𝑙𝑙 + 𝐶𝑚,𝑡
𝐷𝑖𝑠𝑐 + 𝐶𝑚,𝑡

𝑅𝑆𝑉 +
𝜚

2
𝒆𝑚,𝑡 − ො𝒆𝑚,𝑡 2

2
+ 𝝀𝑚,𝑡

𝑇
𝒆𝑚,𝑡 − ො𝒆𝑚,𝑡

s.t., ො𝒆𝑚𝑛,𝑡 + ො𝒆𝑛𝑚,𝑡 = 𝟎, ∀𝑡, ∀𝑚 ∈ 𝑁𝑀, ∀𝑛 ∈ 𝑁𝑀\𝑚

                     DER operational constraint

Power balance constraints

❑ Dynamic P2P negotiations:

Update of P2P trading quantity 𝒆𝑚,𝑡:

{𝒙𝑚,𝑡
[𝜏+1]

}𝑡∈𝑁𝑇 = argmin
𝒙𝑚,𝑡∈𝓧𝑚,𝑡

ℒ𝑚 𝒙𝑚,𝑡, ො𝒆𝑚,𝑡
[𝜏]

, 𝝀𝑚,𝑡
[𝜏]

Update of auxiliary variable ො𝒆𝑚,𝑡:

ො𝒆𝑚𝑛,𝑡
𝜏+1 = −ො𝒆𝑛𝑚,𝑡

𝜏+1 =
𝒆𝑚𝑛,𝑡
𝜏+1

−𝒆𝑛𝑚,𝑡
𝜏+1

2
+

𝝀𝑚𝑛,𝑡
[𝜏]

−𝝀𝑛𝑚,𝑡
[𝜏]

2𝜚

Update of P2P trading price 𝝀𝑚,𝑡:

𝝀𝑚,𝑡
[𝜏+1]

= 𝝀𝑚,𝑡
[𝜏]

+ 𝜚[𝒆𝑚,𝑡
𝜏+1 − ො𝒆𝑚,𝑡

𝜏+1 ]

❑ Market equilibrium:

𝒆𝑚𝑛,𝑡
𝜏+1

, 𝝀𝑚𝑛,𝑡
𝜏+1

= 𝒆𝑛𝑚,𝑡
𝜏+1

, 𝝀𝑛𝑚,𝑡
[𝜏+1]

, ∀𝑡, ∀𝑚 ∈ 𝑁𝑀, ∀𝑛 ∈ 𝑁𝑀\𝑚

Modeling for dynamic double-auction negotiation

A. Double-auction P2P trading among aggregators B. Network operation problem

Modeling for three-phased unbalance DN operation

min
𝒙𝐷𝑆𝑂

σ𝑡∈𝑁𝑇

σ
𝑖𝑗∈ℰ𝐷𝑁(𝜆𝑡

𝐷𝑁,𝑏𝑃𝐿𝑖𝑗,𝑡
𝐿𝑜𝑠𝑠 + 𝜅𝐷𝜔𝑖𝑗,𝑡 + 𝜅𝐶𝜛𝑖𝑗,𝑡)

+𝜕σ
𝑖∈𝒩𝐴𝑔𝑔

𝐷𝑁 𝟏𝑇 ∆𝒆𝑖,𝑡
𝐷𝑁

Linearized three-phase DistFlow model 

∆𝒆𝑖,𝑡
𝐷𝑁 − 𝑷𝑖,𝑡

𝑁𝑒𝑡∗ = σ
𝑗∈𝒩𝑖

𝐷𝑁+𝑷𝑳𝑖𝑗,𝑡 − σ
𝑗∈𝒩𝑖

𝐷𝑁−𝑷𝑳𝑗𝑖,𝑡 , ∀𝑡

𝑷𝑖,𝑡 = σ
𝑗∈𝒩𝑖

𝐷𝑁+𝑷𝑳𝑖𝑗,𝑡 − σ
𝑗∈𝒩𝑖

𝐷𝑁−𝑷𝑳𝑗𝑖,𝑡 , ∀𝑖 ∈ 𝒩𝑆𝑠
𝐷𝑁, ∀𝑡

𝑸𝑖,𝑡 = σ
𝑗∈𝒩𝑖

𝐷𝑁+𝑸𝑳𝑖𝑗,𝑡 − σ
𝑗∈𝒩𝑖

𝐷𝑁−𝑸𝑳𝑗𝑖,𝑡 , ∀𝑖 ∈ 𝒩𝐷𝑁, ∀𝑡

2Re 𝒛𝑖𝑗
∗ 𝑺𝑖𝑗,𝑡 − 1 −𝒦𝑖𝑗,𝑡 𝐌 ≤ 𝑼𝑖,𝑡 − 𝑼𝑗,𝑡

≤ 2Re 𝒛𝑖𝑗
∗ 𝑺𝑖𝑗,𝑡 + 1 −𝒦𝑖𝑗,𝑡 𝐌

, ∀𝑖𝑗 ∈ ℰ𝐷𝑁, ∀𝑡

Unbalanced voltage:

max
𝜑∈𝛷

𝑈𝜑,𝑖,𝑡−෩𝑈𝑖,𝑡
෩𝑈𝑖,𝑡

≤ 𝜖, ∀𝑖 ∈ 𝒩𝐴𝑔𝑔
𝐷𝑁 , ∀𝑡

෩𝑈𝑖,𝑡 =
1

3
σ𝜑∈𝛷𝑈𝜑,𝑖,𝑡 , ∀𝑖 ∈ 𝒩𝐴𝑔𝑔

𝐷𝑁 , ∀𝑡 

Three-phase power loss:

𝑃𝐿𝑖𝑗,𝑡
𝐿𝑜𝑠𝑠 =

𝑺𝑖𝑗
𝐻 𝒓𝑖𝑗𝑺𝑖𝑗,𝑡

𝑉0
2 , ∀𝑖𝑗 ∈ ℰ𝐷𝑁, ∀𝑡

Other constraints are similar to those in the single-phase 

distribution network modeling.
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▪ Uncertainty Handling

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

The scenario-based ambiguity set is a highly generalized 

formulation.

Remark 1: It provides a unified uncertainty formulation for 

SO, RO and DRO. A RSO model with the scenario-based 

ambiguity set can shrink to a SO model when 𝑈𝑠 is reduced 

to the sample vector ෝ𝒖𝑠 for each scenario 𝑠. The RSO can 

become a RO model when 𝑆 = 1.

Remark 2: It encompasses most existing ambiguity sets. For 

instance, a Wasserstein metric-based ambiguity set can be 

mapped into the format of a scenario-based ambiguity set as: 

❑ Adaptive Robust Stochastic (RSO) Optimization

ℱ𝑊
1

= ℙ ∈ 𝒫0 ℝ 𝑈 × 𝑆

𝒖, ǁ𝑠 ~ℙ
𝔼ℙ 𝒹 𝒖, ෝ𝒖 ǁ𝑠 | ǁ𝑠 ∈ 𝑆 ≤ 𝛤

𝑃 𝒖 ∈ 𝑈𝑠| ǁ𝑠 = 𝑠 = 1, ∀𝑠 ∈ 𝑆

𝑃 ǁ𝑠 = 𝑠 = Τ1 𝑆 , ∀𝑠 ∈ 𝑆

Based on the developed scenario-based ambiguity set for 

uncertainties, the update of trading quantity during dynamic 

double-auction negotiation is rewritten as: 

𝒙𝑚,𝑡
𝑁𝐴, 𝜏+1

, 𝒙𝑚,𝑡
𝐴, 𝜏+1

𝑡∈𝑁𝑇
=

argmin
(𝒙𝑚,𝑡
𝑁𝐴 ,𝒙𝑚,𝑡

𝐴 )∈𝓧𝑚,𝑡

sup
ℙ∈ℱ𝑊

2,𝑚
𝔼ℙ ℒ𝑚 (𝒙𝑚,𝑡

𝑁𝐴 , 𝒙𝑚,𝑡
𝐴 ), ො𝒆𝑚,𝑡

[𝜏]
, 𝝀𝑚,𝑡

[𝜏]

Dynamic double-auction negotiation 

of  P2P energy trading

Update of P2P trading quantity: Each regional aggregator updates the 

energy schedules and trading quantities by solving adaptive RSO problem 

(r), and then broadcasts the updated trading quantities to other peers. 

Initialize τ = 0.

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. 

Market equilibrium is reached 

and P2P negotiation terminates. 

Update τ = τ +1.

Yes

No

Network operation optimization of the 

DN and DHN

DN operation: The DSO optimizes the 

three-phase unbalanced DN operation 

by solving (l.1)-(l.5) and (l.8)-(l.23).

DHN operation: The DHSO 

optimizes the DHN operation by 

solving (n.1)-(n.14).

Finish

Submit the nodal net loads 

and adjustment tolerances.

Replace (a.11)-(a.12) with 

(m.1)-(m.2), (a.21)-(a.22) 

with (o.1)-(o.2)

Δ𝑒[𝜏+1]
𝑃𝑟𝑖𝑚𝑎𝑙 ≤ 𝜀 & Δ𝑒[𝜏+1]

𝐷𝑢𝑎𝑙 ≤ 𝜀 

No

Yes

∆𝒆𝑖 ,𝑡
𝐷𝑁∗ = 𝟎 & ∆𝑒𝑔,𝑡

𝐷𝐻𝑁∗ = 0 

❑ Scenario-Based Ambiguity Set

The uncertain renewable generation is captured by

ℱ = ℙ ∈ 𝒫0 ℝ 𝑈 × 𝑆

𝒖, ǁ𝑠 ~ℙ

𝔼ℙ 𝒖| ǁ𝑠 ∈ 𝑆 ∈ 𝒬

ℙ 𝒖 ∈ 𝑈𝑠| ǁ𝑠 = 𝑠 = 1, ∀𝑠 ∈ 𝑆

ℙ ǁ𝑠 = 𝑠 = 𝑝𝑠 , ∀𝑠 ∈ 𝑆
𝒑 ∈ 𝒫

❑ Implementation
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▪ Simulation Results

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

➢ The double-auction P2P trading mechanism is incentive 

compatible, and the coordination between aggregators 

and networks helps reduce network losses and prevent 

possible network operation issues.

➢ Adaptive RSO offers a superior performance for 

uncertainty handling than adaptive RO and SO.
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➢ Voltage errors stay below 10−3.
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➢ The proposed aggregator-network coordinated P2P 

trading method is scalable in practice.

❑ Performance of adaptive RSO approach❑ Coordination between aggregators and networks

❑ Accuracy

❑ Scalability
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▪ Reactive Power Ancillary Services for Supporting P2P Energy Trading 

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.

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

Procure Var supports for 
system-wide Volt/Var regulation

Provide paid Var supports 
for additional incomes

DSO

Available capacity of 

inverter-interfaced DERs

Day-ahead Var reserve service 

trading (contract based)

Hourly-ahead Var support service 

trading

Day-Ahead Stage (with uncertainties from nodal 

loads and hourly-ahead market behaviors)

Hourly-Ahead Stage 

(with uncertainty realization)

inverter-interfaced DERs

Sign a long-term Var reserve 
contract for risk hedging

Sign a long-term Var reserve 
contract for revenue locking

Market power is 
eliminated under 
the day-ahead Var 
reserve contract

Day-ahead 

P2P energy 

market

Nodal net active 
power loads

P2P trading 
adjustments

DSO

Multi-timescale reactive power ancillary service trading

 Day-ahead P2P energy market

After P2P negotiation, each agent is required to 

submit their respective nodal net active power 

loads to the DSO.

 Reactive power ancillary service market

Day-ahead Var reserve service trading:

DSO: has a clear incentive to sign a day-ahead 

Var reserve contract with some DERs for 

eliminating potential market power.

DERs: are also in favour of a day-ahead contract 

for revenue protection.

Causes for market power (must-run capacity):

1) system configuration deficiency

2) market structure flaws

Hourly-ahead Var support service trading:

DSO: needs Var supports for system-wide voltage 

regulation and loss reduction, after uncertainty 

realization.

DERs: have incentives to provide available inverter 

capacity for additional profit earning. 



99

▪ Mathematical Formulation

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

Day-ahead Var reserve service trading: a two-stage robust optimization problem

Market clearing based on 

a uniform price auction: 

min
𝒙

σ𝑖∈ℐ 𝜋
𝑅𝑆𝑉𝑄𝑖

𝑅𝑆𝑉 + σ𝑡∈𝒯σ𝑚∈𝒩𝐴𝑔
𝐷𝑁 𝜕 ∆𝑒𝑚,𝑡

𝐷𝑁 +

max
𝒖

min
𝒚

σ𝑡∈𝒯(σℎ∈𝒩𝑆𝑡
𝐷𝑁 𝜋𝑡

𝐻𝑉.𝑄 𝑄ℎ,𝑡
𝐻𝑉 + σ𝑖∈ℐ 𝜋𝑖,𝑡

𝐼𝑁𝑉 𝑄𝑖,𝑡
𝐼𝑁𝑉.𝑆𝑇 + σ

𝑚𝑛∈ℰ𝐷𝑁 𝜋𝑡
𝐻𝑉.𝑃𝑃𝐿𝑚𝑛,𝑡

𝐿𝑜𝑠𝑠 )

0 ≤ 𝑄𝑖
𝑅𝑆𝑉 ≤ 𝓇𝑖

𝐷𝐸𝑅ℬ𝑄𝑖
𝐷𝐸𝑅 , ∀𝑖 ∈ ℐ

𝓇𝑖
𝐷𝐸𝑅ℬ𝑃𝑖

𝐷𝐸𝑅 ≤ 𝜋𝑅𝑆𝑉 , ∀𝑖 ∈ ℐ

Uncertainty sets for nodal power loads 

and hourly-ahead market behaviors: 

𝑈𝑀𝑅𝐾𝑇 =

𝒶𝑖,𝑡
𝐼𝑁𝑉,

𝜋𝑖,𝑡
𝐼𝑁𝑉 ቮ

𝑁𝐼𝑁𝑉 − 𝑛𝑀𝑃 ≤ σ𝑖∈ℐ 𝒶𝑖,𝑡
𝐼𝑁𝑉 ≤ 𝑁𝐼𝑁𝑉 , ∀𝑡

𝜋𝑖,𝑡
𝐼𝑁𝑉 ≤ 𝜋𝑖,𝑡

𝐼𝑁𝑉 ≤ ത𝜋𝑖,𝑡
𝐼𝑁𝑉 , ∀𝑖 ∈ ℐ, ∀𝑡

𝑈𝐿𝑜𝑎𝑑 =

𝑃𝑚,𝑡
𝑁𝑒𝑡,

𝑄𝑚,𝑡
𝐿

𝑃𝑚,𝑡
𝑁𝑒𝑡 ≤ 𝑃𝑚,𝑡

𝑁𝑒𝑡 ≤ ത𝑃𝑚,𝑡
𝑁𝑒𝑡 , ∀𝑚 ∈ 𝒩𝐴𝑔

𝐷𝑁 , ∀𝑡

𝑄𝑚,𝑡
𝐿 ≤ 𝑄𝑚,𝑡

𝐿 ≤ ത𝑄𝑚,𝑡
𝐿 , ∀𝑚 ∈ 𝒩𝐷𝑁, ∀𝑡

𝜇𝐴𝑐𝐿𝑜𝑎𝑑 ≤
σ𝑡∈𝒯 σ𝑚∈𝒩𝐴𝑔

𝐷𝑁 𝑃𝑚,𝑡
𝑁𝑒𝑡

σ𝑡∈𝒯 σ𝑚∈𝒩𝐴𝑔
𝐷𝑁

ෘ𝑃𝑚,𝑡
𝑁𝑒𝑡 ≤ ҧ𝜇𝐴𝑐𝐿𝑜𝑎𝑑

𝜇𝑅𝑒𝐿𝑜𝑎𝑑 ≤
σ𝑡∈𝒯 σ𝑚∈𝒩𝐷𝑁 𝑄𝑚,𝑡

𝐿

σ𝑡∈𝒯 σ𝑚∈𝒩𝐷𝑁
ෘ𝑄𝑚,𝑡
𝐿 ≤ ҧ𝜇𝑅𝑒𝐿𝑜𝑎𝑑

Hourly-ahead Var support service trading: a non-cooperative game

Distribution system operator (DSO):

min
𝒚,𝜙𝑖,𝑡

𝐼𝑁𝑉
σ
ℎ∈𝒩𝑆𝑡

𝐷𝑁 𝜋𝑡
𝐻𝑉.𝑄 𝑄ℎ,𝑡

𝐻𝑉 + σ𝑖∈ℐ𝜙𝑖,𝑡
𝐼𝑁𝑉

+σ
𝑚𝑛∈ℰ𝐷𝑁 𝜋𝑡

𝐻𝑉.𝑃𝑃𝐿𝑚𝑛,𝑡
𝐿𝑜𝑠𝑠

s.t.

𝒇𝑡
𝐷𝑆𝑂 𝒙∗, 𝒚, 𝒖† ≤ 0

Inverter-interfaced DERs: Dynamic negotiation based on 

Nash Mechanism:
max

{ ሷ𝑄𝑖,𝑡
𝐼𝑁𝑉.𝑆𝑇, ሷ𝜙𝑖,𝑡

𝐼𝑁𝑉}

ሷ𝜙𝑖,𝑡
𝐼𝑁𝑉 − 𝒞𝑖,𝑡

𝐼𝑁𝑉(𝑄𝑖,𝑡
𝐼𝑁𝑉) − 𝒞𝑖,𝑡

𝐼𝑁𝑉(𝑄𝑖
𝑅𝑆𝑉∗)

s.t. 𝑄𝑖,𝑡
𝐼𝑁𝑉 = 𝑄𝑖

𝑅𝑆𝑉∗ + ሷ𝑄𝑖,𝑡
𝐼𝑁𝑉.𝑆𝑇

ሷ𝑄𝑖,𝑡
𝐼𝑁𝑉.𝑆𝑇 ≤ 𝒶𝑖,𝑡

𝐼𝑁𝑉† ത𝑄𝑖,𝑡
𝐼𝑁𝑉′ − 𝑄𝑖

𝑅𝑆𝑉∗

𝒞𝑖,𝑡
𝐼𝑁𝑉(𝑄𝑖,𝑡

𝐼𝑁𝑉) = 𝒞𝑖,𝑡
𝐼𝑁𝑉.𝑃𝐿(𝑄𝑖,𝑡

𝐼𝑁𝑉) + 𝒞𝑖,𝑡
𝐼𝑁𝑉.𝐿𝑇(𝑄𝑖,𝑡

𝐼𝑁𝑉)

𝑄𝑖,𝑡
𝐼𝑁𝑉.𝑆𝑇 =

1

2
(ℬ𝑄𝑖,𝑡

𝐷𝑆𝑂2𝐼𝑁𝑉 + ℬ𝑄𝑖,𝑡
𝐼𝑁𝑉2𝐷𝑆𝑂), ∀𝑖 ∈ ℐ

𝜙𝑖,𝑡
𝐼𝑁𝑉 =

1

2
ℬ𝑃𝑖,𝑡

𝐼𝑁𝑉2𝐷𝑆𝑂(ℬ𝑄𝑖,𝑡
𝐷𝑆𝑂2𝐼𝑁𝑉 + ℬ𝑄𝑖,𝑡

𝐼𝑁𝑉2𝐷𝑆𝑂)

+(ℬ𝑃𝑖,𝑡
𝐷𝑆𝑂2𝐼𝑁𝑉 − ℬ𝑃𝑖,𝑡

𝐼𝑁𝑉2𝐷𝑆𝑂)2, ∀𝑖 ∈ ℐ

Reactive power cost incurred by additional 

power loss in the inverter:

Δ𝑃𝑖,𝑡
𝐼𝑁𝑉.𝐿𝑜𝑠𝑠 = ቐ

𝜉𝐼𝑁𝑉
𝑃𝐿.0 + 𝜉𝐼𝑁𝑉

𝑃𝐿.1𝑄𝑖,𝑡
𝐼𝑁𝑉 + 𝜉𝐼𝑁𝑉

𝑃𝐿.2(𝑄𝑖,𝑡
𝐼𝑁𝑉)2, 𝑖𝑓 𝑃𝑖,𝑡

𝐼𝑁𝑉 = 0

𝜉𝐼𝑁𝑉
𝑃𝐿.1(𝑆𝑖,𝑡

𝐼𝑁𝑉 − 𝑃𝑖,𝑡
𝐼𝑁𝑉) + 𝜉𝐼𝑁𝑉

𝑃𝐿.2(𝑄𝑖,𝑡
𝐼𝑁𝑉)2, 𝑖𝑓 𝑃𝑖,𝑡

𝐼𝑁𝑉 ≠ 0

Reactive power cost reflecting inverter lifetime 

degradation by higher thermal stress:

𝒞𝑖,𝑡
𝐼𝑁𝑉.𝐿𝑇(𝑄𝑖,𝑡

𝐼𝑁𝑉) =

𝜉𝐼𝑁𝑉
𝐿𝑇.0 + 𝜉𝐼𝑁𝑉

𝐿𝑇.1𝑄𝑖,𝑡
𝐼𝑁𝑉 + 𝜉𝐼𝑁𝑉

𝐿𝑇.2(𝑄𝑖,𝑡
𝐼𝑁𝑉)2+𝜉𝐼𝑁𝑉

𝐿𝑇.3(𝑄𝑖,𝑡
𝐼𝑁𝑉)3
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▪ Simulation Results

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

➢ Uniform price auction motivates DERs to reduce their Var costs, 

thereby lowering their bidding prices and increasing the likelihood of 

being selected in the market.

 Settlement for day-ahead Var reserve service
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 Potential market power issue

➢ Robust day-ahead Var reserve contract prevents DERs from gaining 

market power and manipulating reactive market prices.

 Scalability

➢ The framework and methods are highly scalable.
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 Revenue from Var ancillary service trading

➢ DERs are incentivized to participate in both day-ahead and hourly-

ahead trading, thereby providing operational support for distribution 

systems.
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▪ Optimal Planning of DERs in Microgrid

Objective: Minimize total investment costs 
Constraints: operational limits 

network constraints
component constraints, etc. 

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

 Network 

model

Uncertain 

load

Uncertain 

renewables
DER model

Distributed generators 
Solar photovoltaic, Wind 

turbine, Micro-turbine, CCHP

Energy storage system 
Electrical storage, Thermal 

storage, Hydrogen storage 

Stochastic programming
Robust optimization 
Probability-weighted robust optimization
…

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
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▪ Optimal Planning of DERs in Microgrid

Deterministic Input

Investment Stage

Formulation of DER Energy System Model

Investment model

Site & Size & Type 

of DERs
Optimal Power Flow

DG 

Configuration

ESS

Configuration

Deterministic modeling

Uncertain Input

Renewable Generation

Load Analysis

Electricity Price

Uncertainty modeling

Operation Stage

Operation model

Scheduling

Sensitivity Analysis

Interpretation of Optimization Results 

S
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st

em
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ts
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ty
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ty

Power limits Active power balance & Reactive power balance

Current limits

Transformer 

limits

Voltage limits

Power limits Power Delivery & Power Quality & Power Factor

Voltage Profile & Voltage Steps & Voltage Angle

Line Thermal & Line Loss

Short Circuit Level & Short Circuit Ratio

Capacity & Tap Position

The constraints of distributed generator planning

Two-stage framework of the DER planning

Objective

Technical · Maximization of system reliability

· Minimization in system losses

· Minimization of voltage deviation

· Minimization of absolute active power flow

Economical · Maximization of social welfare
· Maximization of system annual profit

· Minimization of investment and operation 

cost

Environmental · Minimization of gas emissions

R. Leng, Z. Li, and Y. Xu, “A comprehensive literature review for 

optimal planning of distribution energy resources in distribution 

grid,” Proc. IEEE ISGT-Asia 2022, 1-5 Nov. Singapore. 

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



103

▪ Optimal Placement of Heterogeneous Distributed Generators

Proposed two-stage DG placement method

Z. Li and Y. Xu*, “Optimal Placement of Heterogeneous Distributed Generators in a Grid-Connected 

Multi-Energy Microgrid under Uncertainties,” IET Renewable Power Generation, 2019. 
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System multi-stage operation model

Sub-stages for system operation

D1 D5D4D3D2 D363 D364 D365D362D361

Investment Stage

H4H3H2H1 H23 H24H22H21

RES outputs

Power demands

Hot water needs

Outdoor temperature

Operation Stage

Y1 Y2 Y4 YN-3 YN-2 YN-1 YNY3 Y5 Y6 YN-4YN-5

P1 P2 Pk PTPT-1

P: Investment Phase  Y: Year  D: Day  H: Hour   N: Project Lifetime  T: Total Phase Number

H4H3H2H1 H23 H24H22H21

Day-ahead Dispatch for 24 hours of Next day

RES outputs

Power demands

Hot water needs

Outdoor temperature

Operation Stage

Intro-day Online Dispatch (Within Each Hour )

Q1 Q2 Q3 Q4 Q96Q95Q94Q93

Day-ahead 

forecasting

Short-lead-time 

forecasting
 H: Hour Q: A quarter of hour

Year/Bus 3 6 9 12 18 22 25 27 30 33
CCHP unit：Cap-65

1-4 65 195 65 130 0 0 130 65 0 65
5-8 65 195 65 195 0 65 130 65 65 65

9-12 65 195 65 195 65 65 130 65 65 130
Electric boiler: A

1-4 123.2 96 90.7 0 146.8 41.5 167.8 92.9 0 0
5-8 123.2 96 128.1 0 146.8 88.5 214.8 92.9 0 0

9-12 138.5 96 129.6 0 146.8 120.4 216.2 92.9 0 0
Electric boiler: B

9-12 0 0 0.0 57.1 0 66.7 74.1 0 0 0
Electric chiller:A

1-4 200.2 0 68.4 0 105.8 0.0 141.3 0 0 48.25
Electric chiller: B

1-4 0 0 25.0 0 0 50.7 74.3 0 0 0
5-8 0 0 50.3 0 0 103.8 115.2 0 0 0

9-12 0 0 90.9 0 0 143.0 115.2 0 0 0
Photovaltics: B

1-12 137.6 137.6 136.2 122.2 118.9 137.7 181.6 181.6 177.8 169
Wind turbine: A

1-12 80 0 0 0 0 80 80 0 80 0
Wind turbine: B

1-12 0 240 120 0 240 0 240 0 120 0
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2. Control 
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2) Grid-tied mode

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

4. Hierarchy 
coordination

5. Trading
1) Review 
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3) P2P trading

6. Planning 
1) DG planning
2) ESS planning 
3) Joint planning



▪ Probability-Weighted Robust 
Optimization (PRO) for DG Planning

104
C. Zhang, Y. Xu*, Z.Y. Dong, "Probability-Weighted Robust Optimization for

Distributed Generation Planning in Microgrids," IEEE Trans. Power Syst., 2018.

Probability-Weighted Uncertainty Sets

Solution Algorithm

PRO Formulation

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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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



▪ Probability-Weighted Robust Optimization (PRO) for DG Planning
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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.

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



106

▪ Optimal Deployment of Heterogeneous Energy Storage  

Z. Li and Y. Xu*, “Optimal Stochastic Deployment of Heterogeneous Energy Storage in a Residential Multi-Energy Microgrid 

with Demand-Side Management,” IEEE Transactions on Industrial Informatics, 2020. Web-of-Science Highly Cited Paper 

TOUT

TIN

TOUT

Heating system

HCT

TOUT

HCIN 

HCER 

Typical structure of a room in a residential building

Structure of the thermal storage

Risk-averse objective function 
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Proposed multi-stage stochastic deployment model
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▪ Planning results 

Deployment Results For Battery Storage (kWh)

Year/Bus 3 6 18 22 25 27 30 33
1-3 1500 0 0 1500 1500 0 0 0
4-6 1500 466.0 101.7 1500 1500 0 0 473.2
7-9 1500 466.0 101.7 1500 1500 378.0 81.19 473.2

Year 1-9 Group 1 Group2 Group3
Cooling storage tank 0 0 0

Heat storage tank 1800 1800 1800

Deployment Results For Thermal Storage (kWh) 

21

26 27

192021

28

3 4 6 75 8 9 10 11 12 13 14 1715

23 24 25

16 18

22

29 30 31 32 33

Thermal Group #3

Thermal Group # 1

Utility Grid

RES

RES

CCHP

EB

Substation

RES

CCHP

EB

RES
RES

RES RES
RES

CCHP

EB

Thermal Group #2

Z. Li and Y. Xu*, “Optimal Stochastic Deployment of Heterogeneous Energy Storage in a Residential Multi-Energy Microgrid 

with Demand-Side Management,” IEEE Transactions on Industrial Informatics, 2020. Web-of-Science Highly Cited Paper 
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Joint Planning of Utility-Owned Distributed Energy Resources in an Unbalanced 
Active Distribution Network Considering Asset Health Degradation

R. Leng, Z. Li, Y. Xu*, Joint Planning of Utility-Owned Distributed Energy Resources in an Unbalanced Active Distribution 

Network Considering Asset Health Degradation[J]. IEEE Transactions on Smart Grid, 2024.

The proposed DERs joint planning frameworkProposed DG health degradation model based on the Wiener model

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

Research motivation: DERs asset health will degrade

along with the service period. The asset health degradation

of DER will cause nameplate capacity decrease and incur

the extra cost of operation and maintenance.

Our aims: proposes a new planning method for utility-

owned distributed generators and energy storage systems in

an unbalanced active distribution network considering

asset health degradation.
◼ WT blade erosion ◼ PV module degradation

, , 1( )q y q y y q a q

cap cap cap capa y y y Y y − − =  + −   + 

, , , , , , 1( )q y d t q y d t t q b q

om om om omb t t t Y t   − −= + −   + 

⚫ DG capacity drop modeling by Wiener model: 

⚫ DG O&M cost increase modeling by Wiener model: 

⚫ The linearized three-phase power flow
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Active power balance:

Reactive power balance:

Voltage Constraint:
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Joint Planning of Utility-Owned Distributed Energy Resources in an Unbalanced 
Active Distribution Network Considering Asset Health Degradation

R. Leng, Z. Li, Y. Xu*, Joint Planning of Utility-Owned Distributed Energy Resources in an Unbalanced Active Distribution 

Network Considering Asset Health Degradation[J]. IEEE Transactions on Smart Grid, 2024.

Simulation results for operation stage in year 2034-Spring/Fall

IEEE 34-bus distribution system topology
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▪ Planning results 
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DERs deployment results
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Real-Option Based Planning of Utility-Owned Distributed Energy Resources 
for Islanded Distribution Networks in Southeast Asia

R. Leng, Y. Xu*, Real-Option Based Planning of Utility-Owned Distributed Energy Resources for Islanded Distribution 

Networks in Southeast Asia[J].IEEE Transactions on Smart Grid, 2024.

Illustration of the ESS container system thermal management 

The proposed DER planning framework
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⚫ Research challenges and contributions in this paper

⚫ Supply Chain Risk Model

DERs planning for islanded DNs in Southeast Asia
Featured 
Challenge High Temperature Variable Weather Geographical isolation

Detailed stationary 
ESS thermal model

Technical 
Contribution

PV inverter 
oversizing with 

lifetime reduction

Supply chain risks
Real option theory 

based planning

Research 
Contribution

ESS cooling load 
estimation

Enhance reactive 
power support

Defer option for 
managing supply 

chain risk

Users Distribution grid operators, microgrid owners, DER asset investors

Weather Location

System & Battery Zone

Power 

Electronics Zone

Ventilation Duct

Ambient

Outdoor
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Real option valuation:

 1 1( ) ( )fr Ty y y
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Stationary ESS

Container parameter 

Thermal parameter 

Electrical Model

Thermal Model

ESS Model

DER type, size, site, installation time

PV inverter oversizing rate

Investment Decisions

Problem Modeling
PV Inverter

Capacitor data 

Levelized reactive 

power cost

Inverter oversize

Lifetime reduction

PV Model

Uncertainty Model

Supply chain risk

Underlying asset price

Uncertain Load & PV 

Multi-phase DER Planning model

Defer install DER when real option cost is positive

Year 1-4 Year 5-8 Year 9-12

Planning Horizon

Install Install Deferral

Year 10 Year 11 Year 12Year 9

1h 2h … 23h 24h

Day-ahead Operation

Hourly-ahead Dispatch

1st Investment Stage

2nd Operation Stage

ESS charge/discharge

DE dispatch

Operation Decisions

Multistage and multiphase framework for DER joint planning: 

In the investment stage, the entire planning period is divided into 

multiple planning sub-horizons. The operation stage involves the day-

ahead operation and hourly ahead dispatch. 
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Real-Option Based Planning of Utility-Owned Distributed Energy Resources 
for Islanded Distribution Networks in Southeast Asia

R. Leng, Y. Xu*, Real-Option Based Planning of Utility-Owned Distributed Energy Resources for Islanded Distribution 

Networks in Southeast Asia[J].IEEE Transactions on Smart Grid, 2024.

Supply chain risk parameters. (a) Joint impact of 𝜛, 𝛿𝑞 and supply risk degree 

𝛩𝑀𝑎
𝑞

at n=4. (b) Warehouse Capacity Fraction Curve for 12 years. 

ESS cooling curve associated with ESS charge and discharge
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▪ Simulation results 

PV inverter oversizing results in the final planning year

Simulation results for the operation stage in June 2035

PV

DE

ESS

Sensitivity results for different volatility values
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