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O UNSW-Tsinghua Collaborative Research Program

Virtual Power Plant with Electric Vehicles for Decarbonisation: Understanding the Design and Operation

Mechanisms in Australia and China.

Fair and Efficient Profit Allocation for Collaborative
Operation of Distributed Renewable Energy
Operators and Electric Vehicle Charging Stations
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Conventional Operations €EiIab
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O The power system maintains the instantaneous power balance via dispatching

conventional generating units to follow the load.
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Renewable Energy E€Elab
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O Wind power is negative related with the load profile, the increase of PV will cause
the Duck Curve (or Canyon Curve), and thermal units need to shut down during
valley load periods.

O With the development of renewable energy, the conventional operation mode is
unable to handle the challenges. There is an urgent need to improve the existing
operation mode.

Negative Related with the Load Profile 2878 5853
53000 - - 6000
51000 -
- 5000 25,000
49000 -
. 47000 -~ - 4000 __ A.*g 20,000 A
E 45000 - § St
= - 3000 = =g
& 43000 - / Sy o £ 5 15,000
27 2 8 )
© 41000 - ‘ 2000 X ="E : e o
=)
4 . « T 10,000
39000 Wind Power - 1000 2 :
37000 -+ a
5000
35000 ~Hrrrr T T T 0
n n wn wn mn n wn wn wn wn wn wn wun wn wn uwn
A H A A+ <
S d MM O K &»®@F S A& MO iInh o & o 0
Midnight Noon Midnight Midnight Noon Midnight

& ¥



Toward Interactive Operations
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O

O

There are a lot of flexible resources on the demand side, such as air conditioners,

interruptible loads, centralized/distributed energy storage, and etc.

Utilize the flexibility of demand-side resources and move towards source-grid-

load-storage interactive operations.
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Aggregation Needed
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O Multi-layer aggregation
O Coordinative optimization

Multi-layer Resource
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Tan Z, Zhong H, Xia Q, et al. Non-Iterative Multi-Area Coordinated Dispatch via Condensed System Representation[J]. IEEE Transactions on Power Systems, 2020, 36(2):

1594-1604.



Feasible Region Projection €Elab
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O Multi-layer aggregation and

. . .« e . Q. e aJ {7
coordinative optimization of resources Wiars nny M

. ES R ISTLZLIRE
at multiple voltage levels based on A=
feasible region projection
- - - €--mmmmmmm---- Horizontal coordination -~ ------------~- >
Constructing Feasible Region
: & A : : & 778 : : L Pl : A
Feasible Region Senerstion | ) | | ) iy : | ) i |
= BN P i Y NP <
| k2 | | V | | v |2
\ .~‘ o : ) : -:' : v,‘x : - : v:v” v/» : 6-
o [ e Tietine e T e g Telne e o 2
Transmisslon a4 ¢ o W W 8
bl i Voo Voo Vg
| | 4 o i . | | i
= Distribution | ‘ : \ : \ : %.
: : : : : 'S
[ | g I : v I : ! o
It 2N T LT
Boundary Conditions Consumption g : \ % | \ % : v

Tan Z, Zhong H, Xia Q, et al. Non-Iterative Multi-Area Coordinated Dispatch via Condensed System Representation[J]. IEEE Transactions on Power Systems, 2020, 36(2): 1594-1604.
Cheng T, Tan Z, Zhong H. Exploiting Flexibility of Integrated Demand Response to Alleviate Power Flow Violation during Line Tripping Contingency[J]. MPCE. 2022.




Problem Formulation
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Tan Z, Yan Z, Zhong H, et al. Non-Iterative Solution for Coordinated Optimal Dispatch Via Equivalent Projection—Part I: Theory[J]. IEEE Transactions on Power Systems, 2023.
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Q,

Coordination variable

DN r Xr

Internal variable

External system

O,
M Operating feasible region of DN r

T, > 71, = C — Epigraph of cost function
O, = {(xr, T, Vy) € RNxt+1 g pNy [T r T (YT)}

hr (xr yr) <0 —* Technical operation constraints
) —

B Equivalent projection: depicts economic and technical characteristics of DN at

coordination boundary

. = proj(Q;) £ {(x,, ) € RNx+1| Ayy, s.t., (X, T, V) € Q)

Tan Z, Yan Z, Zhong H, et al. Non-Iterative Solution for Coordinated Optimal Dispatch Via Equivalent Projection—Part I: Theory[J]. IEEE Transactions on Power Systems, 2023.
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I[Stage 1: Each DSO calculates its equivalent projection .. ]

B Stage 2. TSO optimally decides X, with . as constraints.

B Stage 3. DSO optimally schedules the local system with X,. as boundary conditions.

4 TN )
mxin Y 1T,
s.t. h"(xy, ..., xp) < 0 Equivalent to the joint
\_ (xrrnr) € (Dr ), . . .
A optimization and no
iteration is required.
b, 2, o | | %, Dr XR
\ 4
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Tan Z, Yan Z, Zhong H, et al. Non-Iterative Solution for Coordinated Optimal Dispatch Via Equivalent Projection—Part I: Theory[J]. IEEE Transactions on Power Systems, 2023.
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Step 1: R Step 2: R Step 3:
Model linearization Solve linear projection problem Recovery to AC solution
®  With linearization, ® becomes a polytope Algorithm 1: Progressive Vertex Enumeration
.~ e 1 Initialize vertex set: V « V,,
. Projection region 2 repeat
3 Convex hull of identified vertices: P = conv(V)
Iil ) 4 Initialize improvement: G < @
4 5 | for fr on P
.’ AN 6 Vertex expansion: new vertex v, optimal value g;*%*
7 if vy, € R(fy) and Agy > 0
8 Save new vertex: V « {v € V,v;}
9 Save improvement: & < {Ag € G, Ag;}
10 end if
11 end for

12 yntil max G < Tolerance

13 return V, P = conv(V)

Tan Z, Yan Z, Zhong H, et al. Non-Iterative Solution for Coordinated Optimal Dispatch Via Equivalent Projection—Part Il: Method and Applications[J]. IEEE Transactions on Power Systems, 2023. IH
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O Estimate the capability curve of a virtual power plant

> A virtual power plant aggregates the economic and physical parameters of distributed
resources into a standard form, improving the observability and controllability of DER as
well as providing an interface for the coordination of transmission and distribution networks.

> Estimating the capability curve of a VPP is necessary for the secure operation of distribution
networks.
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T, 38 Pl
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Conventional Units VPP -

Tan Z, Zhong H, Wang X, et al. An efficient method for estimating the capability curve of a virtual power plant[J]. CSEE Journal of Power and Energy Systems, 2020.




Application 1: Virtual Power Plant (VPP)
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Feasible Operating Region

O Power Balance
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A two-stage framework:

Stage 1: calculate the
linearized capability
curve.

Stage 2: recover the
vertices to the points
on the perimeter of the
real capability curve.

Tan Z, Zhong H, Xia Q, et al. Estimating the robust PQ capability of a technical virtual power plant under uncertainties[J]. IEEE Transactions on Power Systems, 2020, 35(6): 4285-4296.



Application 2: Secure Power System Operation €lab
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O Optimal resource allocation by source-grid-load-storage interaction
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Application 3: Integrated Energy System
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*Figure from Huang W, Zhang N, Cheng Y, et al. Multienergy networks analytics: Standardized modeling, optimization, and low carbon analysis[J]. Proceedings of the IEEE, 2020, 108(9):

1411-1436.



Application 3: Integrated Energy System Elab
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O Feasible region in integrated energy system

> Turn fixed demand to o .
] . Integrated Flexibility Region (IFR)
flexible demand without

Termial load of the SEH

affecting user comfort e Integrated 1 IFRs :
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Tan Z, Zhong H, Xia Q, et al. Exploiting integrated flexibility from a local smart energy hub[C]//2020 IEEE Power & Energy Society General Meeting (PESGM). IEEE, 2020: 1-5.
2020 IEEE PES General Meeting Best-of-the-Best Paper Award, 4 out of 1300




Application 4: Support Nationwide Electricity Market E'L?h
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Architecture of nationwide electricity market in China

* Provincial markets/regional markets

Nationwide participate as one entity
Market

 Encourage nationwide resource allocation

and renewable accommodation

Provincial Market

Provincial Regional « Based on administrative division

\Viarket Market
* Basic balance within province

External Grid

DERS « Facilitate power trading among

neighbors

T

Demand 2

rage




Application 4: Support Nationwide Electricity Market €)tab
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O Cross-region electricity trading model based on feasible region projection
O Tie-line schedule is feasible for all internal constraints

Projection Process Based on Vertex Enumeration

Outer loop =1
4 Py Tie-line

Operation Feasible Region
Constraints Projectio a1Pys + by Py < ¢4
O Power balance {azng + byPyy < o ') e oL By e
O Transmission g : ,h FZ=rhty “EFs

capacity PRERIZIIZ=R IR
O Unit output > ETEE" K514 R

characteristics P,. BIFIAEER

Zhenfei Tan, Haiwang Zhong, Jianxiao Wang, Qing Xia, Chongqing Kang. Enforcing Intra-regional Constraints in Tie-line Scheduling: A Projection-Based Framework. IEEE Transactions
on Power Systems, 2019, 34(6): 4751-4761 Gold Award of Beijing Invention and Innovation Contest
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Combinatorial Optimization €lab
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O Large-scale unit commitment is faced with O Limit of combinatorial optimization algorithms
the challenge of “dimension curse” . B Searching efficiency

O Source-grid-load-storage interactive ®  Constraint effectiveness

operation is even more chaIIenging. B Difficult to meet the time requirements of decision-making
in new power system.
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Ma Z, Zhong H, Xia Q, et al. A unit commitment algorithm with relaxation-based neighborhood search and improved relaxation inducement[J]. IEEE Transactions on
Power Systems, 2020, 35(5): 3800-3809.




Key Technique 1: Adaptive Time Period Aggregation €itab
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6000 . . :
« Measure challenge of net load changes within each - ™
adaptive time period to system flexibility
[ ] [ ] (] [ ] [ ] [ ] (] §4000
- Based on which time period similarity is measured = wolha
:: 2000 |
O Model for time period aggregation: integer programming 10001 S— ”'1 ;}
0 0
Net load (h)
Peak-valley difference
N maX Dt mln Dt |_ ________________ Dynamic
t=t t+1. .t -1 t=t. t+1-t, -1 f(t,n)=min{f(r-1,n-1)+ A(z,t)} .
f(T,N) = W'n > — il | - Programming
A ot 4Lt 1 G =g min{f@-Ln-D+ A0 fqn-aay, vist<T
Netload | - - 7, =1 WVI<t<T I
maximum Measure ' '
| : ty =71y :
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Yu Z, Zhong H, Ruan G, et al. Network-Constrained Unit Commitment With Flexible Temporal Resolution[J]. IEEE Transactions on Power Systems, 2024. H



Key Technique 2: Induction Function
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» Using relaxed solution, construct acceleration solution model with induction
function (IF) without changing original constraints. Induction function can help to

avoid unnecessary branching and increase searching efficiency.

1 Start up
might reduce
cost

jlendjtolbe
ON
flendjtolbe;

0 Shut down
Relaxed might reduce

f

y

Searching Process based on IF

. Root Node
Unit 1 Off

Solution cost

Model based on IF

min cx _|_- Induction
Function
st. AX=D

x>0,x; ={0,1} Vjel

Efficient Searching

A -«= Conventional
- |F searching




Key Technique 3: Relaxed Neighborhood Searching €)tab
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> Construct the relaxed neighborhood constraint: Three units two periods illustrative case:
RD (X, X*) <r > Six 0-1 variables

» The neighborhood of the relaxed optimal > The size of searching space 64:16

SO|Uti0n. [t22 Uay Uaz]
» The deviation from the relaxed optimal solution 1jg——o oo %o o
is constrained. P A A A A A A
» Searching space efficiency is improved.
[01 114 » ® ) * . ® ]
[1 1 0] L » L J L » L J L
[O01]e & .  J » 3 & &
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Key Technique 4: Effective Constraints Identification ElL?h
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O For the constraint effectiveness, an inactive constraint identification

algorithm is proposed.
Objective Redundant Constraints

function
X, 4 increases

® Never violated in the
feasible region

® Can be eliminated
without changing the
feasible region

Constraints

® Not violated at the
optimal solution

® |[f eliminated, the
feasible region is
changed

® Might be violated if the
objective function is

Linear Programming Example changed

Ma Z, Zhong H, Cheng T, et al. Redundant and Nonbinding Transmission Constraints Identification Method Combining Physical and Economic Insights of Unit Commitment[J].
IEEE Transactions on Power Systems, 2021, 36(4): 3487-3495.
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Security-Constrained Unit Commitment for Electricity @m
Market: Modeling, Solution Methods, and Future STES
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Outstanding Technical Report
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Y. Chen et al., “Security-Constrained Unit Commitment for Electricity Market: Modeling, Solution Methods, and Future Challenges,” IEEE Transactions on Power Systems, vol. 38,
no. 5, pp. 4668-4681, Sept. 2023, doi: 10.1109/TPWRS.2022.3213001.
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Industry Applications €lab
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O Generation scheduling software applied in 10+ provincial control centers
O Supporting electricity spot market as key clearing algorithm (SCUC/SCED)
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Transition of operation pattern €) L?h
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O Facilitated with loT and mechanism design, participants are aware of external
information and can adjust their behavior to realize “load following generation” .

Renewable . .
Fluctuation Conventional Mode: New Power System: Load Follows
Inelastic loads; Thermal Load follows generation, Generation
units follow loads and Adjustment of thermal units
. /’( pﬁ renewables is decreased l
Wind /]\ W A ¢ | \$ . EV Charging
S S ’/-' o = 3 g 1 !

Industrial
Thermal Local Plant

Load

Residential

":'Q;/ 2 ==t * 1
‘ Load
«— Real-time price signal «— | j‘

>
1 Renewable output 9g Load

E




Mechanism 1: LMP with Overall Costs €Elab
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O LMP with Overall Costs: Form accurate price signals

R Tive Lo ational Prices Mest-Teme Barker - SCED Pricing e

Lawt Updadt Ot 23, 2022 00 1%

Conventional Pricing Mechanism

Real Time Prace Adders -
V.- """ K rmen e S
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PF Congestion ) 1| e
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I «limw
' — ————— i
| Transmission I 5%
1 Lloss J ! >
b= = I =
oy et over points Lo view detalis =£: “
. . . . . ?'lt:'lnﬁull).mn are the sum ot :: -.
> Can NOT reflect the difference in transmission cost in o Onine Faverm pree diter -
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O LMP with Overall Costs: Form accurate price signals

YV V

Conventional Pricing Mechanism

Can NOT reflect the difference in cost in different

regions

Insufficient to incent source-grid-load-storage

interaction

Marginal Cost

~  Congestion
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~ Transmission )
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Incomplete price information
Might lead to unfair market

LMP with Overall Costs
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Congestion Cost
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Transmission Loss
Structural
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Integrate marginal generation cost and effective
transmission cost

Reflect the actual utilization of generation and
network resources

Reflect the difference in power consumption cost of
terminal nodes

Incent source-grid-load-storage interaction
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O Identify the effective structural transmission cost

Power Flow
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-> future need

Capacity reserved E ffé&'w‘e

for contmgﬂﬁ'es -~ _transmission \

“_ cost

Capacity used for

normal condition Period
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According to the
system reserve rate
and security margin

According to the
branch flows in N-1
condition

> According to the branch

flows in normal
operation condition

Yang Z, Zhong H, Xia Q, et al. A structural transmission cost allocation scheme based on capacity usage identification[J]. IEEE Transactions on Power Systems, 2015, 31(4): H

2876-2884.
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O Temporal allocation of structural transmission cost
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O Temporal allocation of structural transmission cost

> Recover the tiered pricing from continuous PF

curve to time-sequential PF curve
Area represents electricity

. - - —
Max 1 Min 1 ‘Max Min

Continuous PF curve Time-sequential PF curve
The structural transmission

cost on different PF level is
significantly different

Structural transmission cost of
each period

=Y. (S;xTiered price) /xS
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Mechanism 1;: LMP with Overall Costs

O Spatial allocation of generation and network costs: power flow tracing- -
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Mechanism 2: Energy Sharing

O Energy Internet is a natural platform for energy sharing

airbnb
Airbnb

mmﬂ':»end -

Energy
sharing

E SIS BT, B8, ¥ BB BT S B TN ELA A ENB TR REIEIRITL. B R G B3501,2019,43(02):7-17.
Jianxiao Wang, Haiwang Zhong, Qing Xia, Gengyin Li, Ming Zhou. Sharing Economy in Energy Markets: Modeling, Analysis and Mechanism Design, Springer
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O Sharing economy in source-grid-load-storage interactive operations

> With the core concept of “ access over ownership", use

advanced ICT to improve the utilization rate of vacant L ) Mo,
Qing Xia - Gengyin Li - Ming Zhou

Sharing

energy resources.

> For the wholesale market, accurately identify the external

value and cost and stimulate bidding strategies based on EConomy
the true cost in the electricity market of high renewable IN Energy
penetration M 3 rketS

> For the retail market, efficiently aggregate massive DERs Modeling, Analysis and Mechanism

Mos
and form a cooperative market of incentive-compatibility i

Jianxiao Wang, Haiwang Zhong, Qing Xia, Gengyin Li, Ming Zhou. Sharing Economy in Energy Markets: Modeling, Analysis and Mechanism Design, Springer
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O The new power system is not only the innovation of technology, but also mechanism. The
energy system will be reshaped by renewables, flexible loads and energy storage, forming a
new form of source-grid-load-storage interaction and creating an open, shared, competitive

and win-win energy ecosystem with Energy Internet technology and a fair value distribution
mechanism.
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