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Abstract — Midcontinent Independent System Operator (MI-
SO) plans to introduce 30-minute short-term reserve (STR) to 
address 30 minutes system flexibility needs. Transmission bottle-
necks in the power system may inhibit the deliverability of STR. 
Insufficient deliverable reserve may require additional operator 
manual adjustments, which may be uneconomic and distort the 
market price signal. To improve reserve deliverability, event-
based zonal STR clearing model and nodal STR clearing model 
are proposed to distribute reserve across the grid. This paper 
compares reserve deliverability and market clearing prices be-
tween the zonal STR model and the nodal STR model. A new 
design on penalty function is proposed in this paper to reflect the 
true value of security constraints for reserve deployment with the 
consideration of multiple events. Analysis of MISO test cases 
shows that the zonal approach is imprecise and may not guaran-
tee the actual post-event flows within the physical limits. Nodal 
STR model can improve the reserve deliverability, market effi-
ciency, and price signal. 

Index Terms—Locational reserve payments, power generation 
dispatch, power system economics, reserve requirements, reserve 
zones, short-term reserve, unit commitment. 

NOMENCLATURE:  

Sets: 

𝐼 Set of security constraints. 

𝐼!"# Set of reserve deliverability constraints for regula-
tion reserve. 

𝐼$! Set of reserve deliverability constraints for contin-
gency reserve. 

𝐼%&! Set of reserve deliverability constraints for short-
term reserve. 

𝐽 Set of resources; 𝑗, 𝑗 ∈ 𝐽. 

𝐾 Set of reserve zones;	𝑘, 𝑘' ∈ 𝐾  

𝑁 Nodes; 𝑛(𝑗) ∈ 𝑁 is the node of resource 𝑗. 

𝑇 Periods	𝑡 ∈ 𝑇. 

𝑋 Set of reserve categories {REG, SPIN, SUPP, 
STR}.	𝑥 ∈ 𝑋. 
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W Set of reserve deployment events {REGUP, 
REGDN, CR, STR}.	𝑤 ∈ 𝑊. 

𝐽( Set of resources in zone 𝑘. 

ℇ) Set of events for reserve x. 

Parameters  

𝐵*,,,- Sensitivity of the flow on transmission constraint 𝑖 
to injection at node 𝑛 and withdrawal at the refer-
ence bus 

𝐵*,.$,- Sensitivity of the flow on transmission constraint 𝑖 
to injection at market load center and withdrawal at 
the reference bus. 

𝐵*,(,-)  Aggregated sensitivity of the flow on transmission 
constraint 𝑖 to requirement for deployed reserve 𝑥 
in zone 𝑘 and withdrawal at the reference bus 

𝐵*,(,-&!/0 Aggregated sensitivity of the flow on transmission 
constraint 𝑖 to the largest contingency event in zone  
𝑘 with injections at the locations used to model the 
outage and withdrawal at the reference bus.  

𝐶1,-0  Energy production cost of resource j, in $/MWh 

D(,-%0/2 Spinning reserve deployment factor under the larg-
est contingency event in zone 𝑘. 

D(,-%300 Supplemental reserve deployment factor under the 
largest contingency event in zone 𝑘. 

𝐸4,-)  Event e for reserve x. 

𝑅56&,-)  System-wide requirement for reserve 𝑥. 

𝐹*,- Flow limit on constraint i 

𝑂1,-)  Resource  𝑗 available offer price for reserve 𝑥, in 
$/MWh 

𝑃,,- Net fixed injection at node 𝑛  

𝐿- Interval length of interval t, in minutes 

𝑃?1,- Resource 𝑗 maximum power output. 

𝑃1,- Resource 𝑗 minimum power output. 

𝑈1,- Commitment status for resource 𝑗 

𝑉1,-30  Resource 𝑗 up ramp rate in MW/min 

𝑉1,-7892  Resource 𝑗 down ramp rate in MW/min 
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Variables (index 𝑡 denotes period): 

𝑓*,- Power flow on constraint i 

𝑝1,- Cleared energy on resource  𝑗 

𝑟1,-)  Cleared reserve  𝑥 on resource 𝑗 

𝑦(,-)  Cleared zonal reserve x on zone k 

ℎ,,-%&! Cleared STR on node n. 

𝑞(,4,-%&!  Deployed zonal STR on zone k for event e 

𝑔,,4,-%&!  Deployed STR on node n for event e 

Market Clearing Prices: 

𝑀𝐶𝑃(,-)  Zonal MCP for reserve x zone k 

𝐿𝑀𝑃,,-:%&!	Locational	 marginal	 price	 of	 zonal	 model	 for	
node	n		

𝐿𝑀𝑃,,-2%&!	Locational	 marginal	 price	 of	 nodal	 model	 for	
node	n		

I.  INTRODUCTION 

NCERTAINTIES from load, renewables, area inter-
change, and contingencies introduce challenges in manag-

ing system reliability and efficiency. To ensure continuous 
service to the load, ancillary services such as operating re-
serves are employed to provide backup capacitiy. Independent 
system operators (ISOs) co-optimize energy and ancillary ser-
vice to maximize market surplus under constraints such as 
power balance and transmission limits while considering re-
source costs and physical constraints. For instance, security-
constrained unit commitment (SCUC) and security-
constrained economic dispatch (SCED) are used to clear the 
day-ahead and real-time market with co-optimization of ener-
gy and ancillary services at Midcontinent Independent System 
Operator (MISO).  Many studies have been performed in co-
optimizing energy and ancillary service [1]-[3]. Based on the 
response time and functionality, operating reserve can be cat-
egorized into three types [4] in MISO: regulation, spinning 
reserve, and supplemental reserve. Regulation reserve adjusts 
its generation output based on the feedback of area control 
error through central automatic generation control and it can 
be used to follow small system variations within several sec-
onds. Spinning reserve and supplemental reserve, which are 
supposed to respond within 10 minutes, are used to protect 
against large system perturbations such as contingencies.  
Some of the operational constraints are required to be ad-

dressed within 30 minutes. Examples of 30 minutes system 
operating requirements in the MISO system are post-
contingency event restoration of 1) regional dispatch transfer 
(RDT) limits between MISO north/central and south regions 
2) System Operating Limit (SOL) constraints. Any violation 
on RDT or SOL under a large contingency event should be 
addressed within 30 minutes. It is uneconomic to address these 
30 minutes issues with a high premium 10-min operating re-
serve. Furthermore, MISO has some load pockets with limited 
importing capability and insufficient quick-start units. Without 
a 30-min product, operators need to manually commit re-

sources in the load pockets to meet reliability requirements on 
operation on RDT and SOL constraints. Therefore, MISO 
plans to introduce a 30-minute short-term reserve (STR) and 
co-optimize it with energy and other ancillary services in both 
the day-ahead market and real-time market. STR, which can 
provide energy within a relatively short period (e.g. 30 
minutes), is an important tool for maintaining reliability. It can 
provide the ability to manage capacity needs that may not be 
addressed by operating reserves. Including STR in the market 
design will 1) improve commitment process related to load 
pockets due to RDT and SOL constraints; 2) improve the 
transparency of cost associated with 30 minutes system needs 
in managing uncertain events; 3) enhance system reliability by 
aligning operational needs and market clearing processes; 4)  
improve flexibility to meet load and supply volatility and vari-
ability under future portfolio changes. Existing market prod-
ucts do not produce enough price signals to incentivize gener-
ating resources provide products and new investment that ad-
dresses load pocket issues. Introducing STR in the market 
could improve the commitment progress by reducing out of 
market commitments and produce additional market price 
signals on load pockets issues on top of existing market prod-
ucts.  
Similar to operating reserves, STR may be not dispatchable 

due to network congestion under contingency scenarios. The 
dispatchability of STR under network congestion is referred to 
as reserve deliverability. Insufficient deliverable reserves may 
requires out of market corrections (OMCs) to ensure system 
reliability. CAISO refers to such OMCs as uneconomic ad-
justments or exceptional dispatches [5]-[6], and exceptional 
dispatches are used to obtain feasible dispatch solutions when 
economic dispatch optimization engine cannot guarantee reli-
ability. Electric Reliability Council of Texas (ERCOT) refers 
to OMCs as out of merit capacity to ensure sufficient generat-
ing capacity. Such out of market corrections will incur addi-
tional operating costs [7]-[8]. MISO utilizes manual dispatch 
to adjust the dispatch solution to obtain a reliable solution [9]. 
To alleviate potential risk to system reliability, MISO opera-
tors may manually disqualify undeliverable reserves. Such an 
ad-hoc manual correction procedure is outside the energy and 
ancillary service co-optimization process and in some circum-
stances, operators may disqualify a large number of reserves 
to guarantee a sufficient amount of deliverable reserve, which 
may incur significant cost. Furthermore, implementing reserve 
disqualifications under a deregulated market structure will 
also distort market clearing prices. 
To improve reserve deliverability, some ISOs utilize a zon-

al approach to distribute the reserve across their system. In [2], 
the Independent System Operator of New England (ISO-NE) 
allows reserve shared from child reserve zone to parent re-
serve zone with the consideration of transmission bottlenecks. 
However, the congestion patterns are difficult to predict. MI-
SO started with pre-defined market-wide and zonal reserve 
requirements. Due to the forecasting error and variability of 
the power system, the scenarios studied two days prior to the 
operating day could be quite different from the actual operat-
ing conditions, and thus, the allocated reserve by pre-defined 
zonal reserve requirements may not be deliverable, and opera-
tors may manually disqualify undeliverable reserve to ensure 
reliability.  

U 
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One way to improve reserve deliverability is by improving 
reserve zones. In [10] and [11], Wang et al. developed a dy-
namic reserve zone determination approach based on statisti-
cal clustering method with consideration of system sensitivi-
ties, and this reserve zone determination method updates the 
reserve zones on a daily basis while considering the system 
operating condition. It is shown that updating the reserve zone 
definition on a more frequent basis will lower the violations 
and improve the market efficiency and system reliability. In 
[12], the market aspects of an hourly reserve zone determina-
tion method are evaluated. The quality of ancillary service is 
improved by the proposed hourly reserve zone determination 
method. However, re-configuring reserve zone on an hourly 
basis requires significant change to the market clearing en-
gine. Furthermore, reserve zone is still an approximation of 
allocating reserve across the grid. In [13], Chen et al. enhance 
the co-optimization model to improve the reserve deliverabil-
ity by incorporating post zonal reserve deployment transmis-
sion constraints for the largest contingency in each reserve 
zone. Zonal reserve deployment transmission constraints 
model the post event power flow on the pre-selected transmis-
sion constraints with the consideration of deployed reserves 
under the events. Reserves are deployed on a zonal level and 
the zonal reserve requirements are optimally allocated through 
the clearing process. The formulation proposed in [13] has 
been implemented in MISO since 2013 and it has improved 
the operating reserve deliverability for critical transmission 
interface constraints across zones. One assumption of the zon-
al approach is that nodes inside the same reserve zone will 
have the same zonal sensitivity, which is the aggregated value 
of nodal sensitivities. Zonal sensitivities are used to approxi-
mate the reserve deployment’s impact on transmission assets. 
The system operating condition changes all the time, but the 
reserve zone definition of MISO is reconfigured on a quarterly 
basis. Usually little or no change is made in the reserve zone 
re-configuration process. Therefore, the post zonal reserve 
deployment approach cannot fully solve the issue of the unde-
liverable reserve due to the inaccuracy of zonal approximation 
of sensitivities and it cannot guarantee reserve deliverability. 
PJM proposes a closed loop reserve sub-zone to further refine 
the existing reserve zone [14]. The sub-zone concept aims to 
improve reserve deliverability and market pricing signals. 
In [15], an adjustable robust optimization model procures 

energy and reserve with the consideration of spatially correlat-
ed nodal demand and N-1 contingencies. Adjustable robust 
optimization can protect against the worst-case pre-defined 
uncertainty set by clearing reserve from explicit generating 
resources. The reserve costs are significantly impacted by the 
conservativeness parameters and robust unit commitments are 
not computationally scalable. In [16], a robust optimization 
framework is used to established to address the deliverability 
flexible ramping products and Deliverable Robust Ramping 
Product is derived to reflect the cost of deliverability. In [17], 
an AC-OPF based two-step market clearing is proposed to 
clear energy and contingency reserves with the consideration 
of customers’ nodal unit commitment risk. AC-OPF is not 
adopted by industry due to convergence issues. A locational 
pricing scheme is developed based on Lagrange multipliers in 
[18]. Pricing interactions among different types of reserve are 

not considered in [18] and different deployment logics of re-
serve have significant impacts on pricing solutions.  
Stochastic programming can be used to implicitly deter-

mine the reserve by modeling a set of uncertainty scenarios 
[19]-[23].  To better locate the reserve, Bouffard et al. [21] 
proposed to co-optimize energy and reserve with considera-
tion of both pre-contingency and post-contingency power bal-
ance and transmission constraints. The proposed formulation 
in [22] explicitly determines the quantity and location of re-
serve, but the increased computational complexity of the add-
ed problem size limits the use of this proposed stochastic ex-
tensive formulation. It is even computationally challenging to 
solve deterministic SCUC in the MISO system [24]-[25]. Sce-
nario reduction technique [26]-[27] can be used to select a 
subset of scenarios modeled to reduce the computational bur-
den. However, it is difficult to find a subset of scenarios to 
protect against the complete set of uncertainty scenarios. Fur-
thermore, stochastic programming also requires a complete 
market design overhaul and better pricing interpretations of 
stochastic scenarios. Therefore, there is a need to improve 
reserve deliverability through market clearing price signals 
and reduce OMCs while maintaining existing deterministic 
framework.  
The contributions of this paper are as follows, 
1) Zonal STR model and nodal STR model are proposed 

to address system 30 minutes flexibility needs. Zonal 
and nodal formulations are compared with regards to 
deliverability. 

2) The market impacts of zonal and nodal STR models 
are extensively studied. Nodal model tends to provide 
a more efficient STR price signal than the zonal mod-
el. The interaction between the prices of STR and oth-
er market products (e.g., locational marginal prices 
(LMPs) and operating reserve market clearing prices 
(MCPs) is also investigated.  

3) This paper proposes an innovative penalty function de-
sign to avoid exaggerating the value of a security con-
straint under multiple binding post-event security con-
straints in comparison to the existing design [13]. 

The remainder of this paper is organized as follows. Sec-
tion II discusses zonal and nodal STR requirement design, 
associated market implications, and penalty function design. 
Numerical results are shown in Section III. Section IV con-
cludes this paper. 

II.  SHORT-TERM RESERVE REQUIREMENTS DESIGN  

MISO co-optimizes energy and ancillary service every 5 
minutes in the real-time security constrained economic dis-
patch (RT-SCED) market clearing software.  RT-SCED col-
lects system information with 10 minutes load and renewable 
forecasts as inputs. It solved a single interval SCED at time t 
and its solutions set the energy target for generating resources 
at t+10 minutes. However, existing single interval RT-SCED 
does not consider 30-minutes system flexibility needs, which 
may require pre-ramping, holding ramping capability, or re-
dispatching. The proposed STR aims to achieve more eco-
nomic market solutions in real-time without modeling multi-
ple intervals under post contingency events, which requires 
complicated stochastic optimization. 30-min reserve require-
ment is driven by the regional reliability requirement of restor-
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ing regional transfer limit within 30-min after the contingency 
event. In some regions, there are not always enough 30-min 
online or offline resources to guarantee 30-min restoration. 
Historically operations need to address the issue through out-
of-market actions. Hence, introducing 30-min STR is im-
portant for maintaining reliable operation and producing sys-
tem wide and/or regional investment signals. 
Similar to operating reserves, it’s important to clear STR at 

the right location to guarantee deliverability when deployed. 
Two STR models are proposed and compared in this section.  
The existing SCED formulation in MISO is listed in Appendix 
A in equations (30)-(46).  

A.  Zonal and Nodal STR Models 

In this section, zonal and nodal STR formulations, as pre-
sented in Table I, will be discussed and compared.  
Constraints (1a) and (1b) define system-wide STR re-

quirement, which quantifies system-wide short-term reserve 
needs. Zonal model requires the summation of cleared zonal 
STR reserve 𝑦(,-%&! no less than the system-wide STR require-
ment. Nodal model requires the summation of cleared nodal 
STR reserve ℎ,,-%&! no less than the system-wide STR require-
ment. Constraints (2a) and (2b) bound the maximum STR 
deployment by cleared STR on zonal and nodal basis, respec-
tively. The zonal model defines dynamic zonal reserve re-
quirement 𝑦(,-%&! shown in constraint (3a) while the nodal mod-
el defines dynamic nodal reserve requirement ℎ,,-%&! , in con-
straint (3b). The nodal requirement is more accurate in reflect-
ing specific locational needs.  The dynamic reserve require-
ments 𝑦(,-%&! and ℎ,,-%&! are variables and they are internally bal-
anced by STR post-event power balance constraints (4a,b) and 
STR post-event deliverability constraints (5a,b) so the loca-

tional STR requirement is optimized. The zonal model em-
ploys zonal aggregated sensitivities 𝐵*,(,-%&!  while the nodal 
model directly uses nodal sensitivities 𝐵*,,,-  to capture STR 
deployment and the event’s impacts on the constraint flow. 
Zonal model assumes nodes in the same zone have the same 
zonal sensitivities. However, nodes in the same zone may 
have quite different nodal sensitivities on some transmission 
lines, especially for transmission constraints within a zone. 
Constraint (6) indicates that STR share capacity with spinning 
and supplemental reserves but not regulation reserve. The rea-
son is that spinning and supplemental reserves deployed in the 
first 10 minutes can be counted towards 30 minutes STR de-
ployment, all on the upwards direction. Regulation reserve 
cleared at MISO can be deployed up or down. Note that the 
symbol following each type of constraint represents corre-
sponding shadow prices. 
Unlike operating reserves, which have pre-determined de-

ployment factors, STR relies on economic dispatch in real-
time within 30 minutes of the contingency event. Therefore, 
the post-event power balance constraint is needed to guarantee 
that deployed STRs exactly meet the size of the event. Post-
event deliverability constraints model constraint flow consid-
ering the impacts of the event and STR deployment. It’s ap-
plied to RDT and SOL transmission constraints to ensure post 
deployment flows on these constraints are restored to their 
limits within 30-min. Reserve zones are pre-defined based on 
the same set of IROL, RDT, and SOL transmission con-
straints. Note that both zonal and nodal STR models maintain 
a deterministic framework by pre-determining the largest zon-
al events. The increased computational burden of the event-
based post reserve deployment constraints is minimal. 

 
Table I Zonal and Nodal STR Formulations 
STR Constraints Zonal Model Nodal Model 
System-wide STR 
requirement !𝑦!,#$%&

!∈(

≥ 𝑅)(%,#$%& 	{𝛾#)$%&} (1a) !ℎ*,#$%&
*∈+

≥ 𝑅)(%,#$%& 	{𝛾#)$%&} (1b) 

Maximum STR de-
ployment 𝑞!,,,#$%& ≤ 𝑦!,#$%&	{𝜑!,,,#-$%&} (2a) 𝑔*,,,#$%& ≤ ℎ*,#$%&	.𝜑!,,,#+$%&/ (2b) 

Locational STR re-
quirement 

! 𝑟.,#$%&

.∈/!
≥ 𝑦!,#$%&	{𝜏!,#-$%&} (3a) ! 𝑟.,#$%&

.∈/"
≥ ℎ*,#$%&	{𝜏*,#+$%&} (3b) 

STR post-event power 
balance constraint 

!𝑞!,,,#$%&

!∈(

= 𝐸,,#$%&	{𝜎,,#-$%&} (4a) !𝑔*,,,#$%&

*∈+

= 𝐸,,#$%&	{𝜎,,#+$%&} (4b) 

STR post-event deliv-
erability constraint 

𝑓0,# − 𝐸,,#$%&𝐵0,,,#%&12 +!9𝑞!,,,#$%&𝐵0,!,#$%&:
!∈(

≤ 𝐹0,#	{𝜇0,,,#-$%&} (5a) 𝑓0,# − 𝐸,,#$%&𝐵0,,,#%&12 +!9𝑔*,,,#$%&𝐵0,*,#:
!∈(

≤ 𝐹0,#	{𝜇0,,,#+$%&} (5b) 

Resource capacity 
constraints 𝑝.,# + 𝑟.,#&34 + 𝑟.,#$%& ≤ 𝑈.,#𝑃.,# (6) 

 
Table II Market Prices of Zonal and Nodal STR Models 

Market Prices Zonal Model Nodal Model 
Regulation Reserve 𝑀𝐶𝑃!,#&34 = 𝛾!#-&& + 𝛾!#-&$ + γ!5-6& (7) 
Spinning Reserve 𝑀𝐶𝑃!,#$21+ = γ!5-&$ + γ!5-6& (8) 

Supplemental Reserve 𝑀𝐶𝑃!,#$722 = γ!5-6& (9) 
Short-term Reserve 𝑀𝐶𝑃!,#$%& = 𝜏!,#-$%& (10a) 𝑀𝐶𝑃*,#$%& = 𝜏*,#+$%& (10b) 

Locational Marginal Prices 

𝐿𝑀𝑃*,#-$%& = 𝜆# +!µ0,#𝐵0,*,# +
0∈1

! (𝜇0,#&3472

0∈1#$%

+ 𝜇0,#&348+)𝐵0,*,#
+ ! ! 𝜇0,,,#9& 𝐵0,*,#

,∈ℇ&#0∈1&#

+ ! ! 𝜇0,,,#-$%&𝐵0,*,#
,∈ℇ'(#0∈1'(#

	(11a) 

𝐿𝑀𝑃*,#+$%& = 𝜆# +!µ0,#𝐵0,*,# +
0∈1

! (𝜇0,#&3472

0∈1#$%

+ 𝜇0,#&348+)𝐵0,*,#
+ ! ! 𝜇0,,,#9& 𝐵0,*,#

,∈ℇ&#0∈1&#

+ ! ! 𝜇0,,,#+$%&𝐵0,*,#
,∈ℇ'(#0∈1'(#

		(11b) 
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B.  Market Implications of STR Design 

This section will discuss the market impacts of proposed 
STR models on reserves and energy and how the market pric-
es of different products interact with each other. Wholesale 
electricity markets in the United States follow the concept of 
marginal pricing [28], the operating reserve market clearing 
prices (MCP) are listed in equations (7)-(9) from Table II. 
Zonal and Nodal STR models do not impact the pricing struc-
ture of operating reserves.  
Post-event deliverability constraints of operating reserve 

and STR include the power flow variable 𝑓*,-, Hence, LMPs of 
zonal and nodal STR model has four congestion components 
from security constraints of energy, post-event deployment 
security constraints of regulation reserve, contingency reserve, 
and short-term reserve as shown in equations (11a) and (11b) 
from Table II. The proof of the Karush-Kuhn-Tucker (KKT) 
condition for LMPs (11a) and (11b) can be found in Appendix 
B. These components indicate the marginal cost of relieving 
corresponding constraints with 1MW injection or withdraw at 
each node. If an STR post-event deliverability constraint is 
binding, LMPs will be impacted by 
∑ ∑ 𝜇*,4,-:%&!𝐵*,,,-4∈ℇ!"#*∈/!"#  or  ∑ ∑ 𝜇*,4,-2%&!𝐵*,,,-4∈ℇ!"#*∈/!"# . 
The STR congestion component reflects the opportunity cost 
of preserving the transmission capacity for post-event security. 
Furthermore, energy will interact with reserve clearings by 
trading off between pre-contingency flow and locational pro-
curement of reserves. If deliverable reserves are costly or una-
vailable, the market clearing engine may re-dispatch genera-
tion to lower the pre-contingency flow such that the system is 
secure post-event. Therefore, scarcity in deliverable reserves 
may result in higher energy congestion components, which 
may result in higher LMPs.    
Based on the concept of marginal pricing, the market clear-

ing prices of STR can be obtained from equations (10a) and 
(10b) for zonal and nodal STR models respectively.  
Based on the duality theory, the dual constraints for primal 

variables 𝑞(,4,-%&!  and 𝑦(,-%&!  from zonal STR model are 
𝜑(,4,-:%&! + 𝜎4,-:%&! +∑ 𝜇*,4,-%&!𝐵*,(,-%&!

*∈/!"# = 0 (12) 

𝛾-5%&! −∑ 𝜑(,4,-:%&!
4∈ℇ!"# − 𝛾(,-:%&! = 0 (13) 

From equations (12) and (13), STR price of zonal model is 

𝛾(,-:%&! = 𝛾-5%&! +∑ 𝜎4,-:%&!4∈" +∑ ∑ 𝜇*,4,-:%&!𝐵*,(,-%&!
4∈ℇ!"#*∈/!"# (14) 

Similarly, the dual constraints for primal variables 𝑔,,4,-%&!  
and ℎ,,-%&! from the nodal model are: 
𝜑(,4,-2%&! + 𝜎4,-2%&! +∑ 𝜇*,4,-%&!𝐵*,,,-*∈/!"# = 0 (15) 

𝛾-5%&! −∑ 𝜑(,4,-2%&!
4∈ℇ!"# − 𝜏,,-%&! = 0 (16) 

From equations (15) and (16), STR price of nodal model is 

𝜏,,-%&! = 𝛾-5%&! +∑ 𝜎4,-2%&!4∈" +∑ ∑ 𝜇*,4,-2%&!𝐵*,,,-4∈ℇ!"#*∈/!"# (17) 

Based on equations (14) and (17), both zonal STR price 
𝛾(,-:%&! and nodal STR price 𝜏,,-%&! has three components i) sys-
tem-wide STR requirement component 𝛾-5%&! , ii) STR post-
event zonal power balance component, 
∑ 𝜎4,-:%&!4∈" /∑ 𝜎4,-2%&!4∈" , iii) STR post-event reserve delivera-

bility constraint component, ∑ ∑ 𝜇*,4,-:%&!𝐵*,(,-%&!
4∈ℇ!"#*∈/!"#  or 

∑ ∑ 𝜇*,4,-2%&!𝐵*,,,-4∈ℇ!"#*∈/!"# .  
Similar to LMP, the congestion component of STR price 

indicates the deliverability of cleared reserve. STR in deliver-
able locations tend to receive positive congestion components 
while STR in stranded locations tend to receive negative con-
gestion components. Constraint (3b) defines the STR require-
ment on a nodal basis. This design can avoid resource-based 
pricing and negative prices of STR, which stochastic SCED 
may have in market design issues. Unlike zonal STR model, 
nodal STR model distinguishes STR deliverability on a nodal 
basis by employing nodal sensitivity 𝐵*,,,-  instead of 𝐵*,(,-%&! . 
Such nodal STR requirement will lead to nodal STR prices. 
Nodal STR price is supposed to provide a better price signal 
than the zonal model. STR cleared by the zonal model may 
still receive high prices even though it is not fully deliverable 
on a nodal basis. The congestion component 𝜇*,4,-2%&!𝐵*,,,-  of 
STR price from the nodal model is also consistent with STR 
congestion component in LMP 𝜇*,4,-2%&!𝐵*,,,-. Zonal STR receive 
zonal congestion component 𝜇*,4,-:%&!𝐵*,(,-%&! 	while LMP of zonal 
model still receives nodal STR component 𝜇*,4,-:%&!𝐵*,,,-. There-
fore, the nodal STR model is more consistent in price signals.  
Regulation reserve, spinning reserve, and supplemental re-

serve have cascading pricing structure as demonstrated in 
equations (7)-(9). Equations (7)-(9) allow scarcity pricing of 
spinning/supplemental reserves reflected in the regulation 
prices. Unlike cascading structures of operating reserves, con-
straint (6) allows that the same generation capacity can be 
cleared as spinning/supplemental reserve and STR at the same 
time. Constraint (6) can still award capacity at the same time if 
the capacity is cleared for both spinning/supplemental reserves 
and STR. However, operating reserves prices do not necessari-
ly receive the scarcity pricing of STR if STR capacity is 
scarce.  

C.  Penalty Function Design for Post-Event Constraints 

In most ISOs/RTOs market design, ancillary service con-
straints and security constraints are modeled as soft con-
straints, which will cap the associated shadow prices [29].  
The soft constraint can reflect the fact that not all operational 
procedures are included in the market clearing model. For 
example, most violations on transmission constraints are al-
lowed to be restored in multiple dispatch intervals. There are 
also multi-step emergency procedures to commit or dispatch 
emergency capacities including load curtailment.  To balance 
economic efficiency and system reliability, the reserve de-
mand curve could value reserves by different levels of reserve 
requirements instead of flat and fixed reserve requirements. 
However, it is challenging to design the demand curve with 
the consideration of post-event constraints, especially the re-
serve deliverability.   
The transmission constraint demand curve (TCDC) is used 

by the RTOs to restrict the cost of managing a constraint 
through energy re-dispatching [30]. One transmission element 
should at most correspond to one post contingency security 
constraints with TCDC since the RTO is only required to be 
N-1 secure. Otherwise, the transmission element may be over-
valued when the TCDC is be stacked for different post contin-
gency security constraints corresponding to the same trans-
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mission element. However, for STR, one transmission element 
can correspond to multiple STR post-event deployment con-
straints. To avoid infeasibility, slack variables are also needed 
for STR post-event power balance constraints. The functions 
of post-event constraints can be formulated for zonal and nod-
al models as below by introducing slack variables to each con-
straint, 

1) STR post-event deliverability constraint (𝜇*,4,-%&!) 

𝑓0,#−𝐸𝑒,𝑡𝑆𝑇𝑅𝐵𝑖,𝑒,𝑡𝑇𝑅𝐼𝑃+∑ (𝑞𝑘,𝑒,𝑡𝑆𝑇𝑅𝐵𝑖,𝑘,𝑡𝑆𝑇𝑅)𝑘∈𝐾 ≤ 𝐹𝑖,𝑡+𝑠𝑖,𝑒,𝑡𝑃𝐸𝐷 (Zonal) (18) 

𝑓0,#−𝐸𝑒,𝑡𝑆𝑇𝑅𝐵𝑖,𝑒,𝑡𝑇𝑅𝐼𝑃+∑ (𝑔𝑛,𝑒,𝑡𝑆𝑇𝑅𝐵𝑖,𝑛,𝑡)𝑘∈𝐾 ≤ 𝐹𝑖,𝑡+𝑠𝑖,𝑒,𝑡𝑃𝐸𝐷 (Nodal) (19) 

2) STR post-event power balance constraint (𝜎4,-%&!) 

∑ 𝑞(,4,-%&!
(∈6 = 𝐸4,-%&! + 𝑠4,-0JK − 𝑠4,-0JL (Zonal) (20) 

∑ 𝑔,,4,-%&!
,∈2 = 𝐸4,-%&! + 𝑠4,-0JK − 𝑠4,-0JL (Nodal) (21) 

 The reserve requirements are event-based the demand 
curve and associated slack variables must be designed accord-
ingly to reflect the true value of associated reserve require-
ments and avoid overpricing. The penalty function design for 
post-event constraints can significantly impact the value of 
STR products. Two different ways of modeling the penalty 
cost of STR products in the objective Min

M$,&,N$,&
'
∑ g𝐶1,-0 𝑝1,- +1∈O

∑ h𝑂1,-) 𝑟1,-) i)∈P j + 𝑠-%&! are presented as follows:  
Option 1: (κ-%&!) 

𝑠-%&! = ∑ ∑ Ψ*,Q,-0"7𝑠*,4,-0"7
4 + ∑ Ψ-0J(𝑠4,-0JK + 𝑠4,-0JL)4* 	 (22) 

Option 2: (κ4,-%&!) 

𝑠-%&! ≥ ∑ Ψ*,Q,-0"7𝑠*,4,-0"7
* +Ψ-0Jh𝑠4,-0JK + 𝑠4,-0JLi				∀𝑒 ∈ ℇ%&!	 (23)	

Ψ-0J is the demand curve price for post-event power bal-
ance constraint, Ψ*,Q,-0"7 is the demand curve price for post-event 
deliverability constraints. For simplicity, it is assumed that the 
demand curve in this paper is a single step, but the conclusions 
are easy to expand to multi-step demand curves. Option 1 
summates the penalty cost over all the events, which was used 
in [13], while option 2 only considers the event that incurs the 
highest penalty cost. Option 1 and option 2 could result in 
significantly different STR prices and LMPs. Table III pre-
sents slack variables and associated dual constraints.  
 

Table III Slack Variable and associated dual constraints 

Primal 
Variables 

Dual Constraints 
Option 1 [13] Option 2 

𝑠0,,,#238	 𝜇0,,,#$%& − Ψ0,#238κ#$%& ≤ 0 (24a) 𝜇0,,,#$%& − Ψ0,#238κ,,#$%& ≤ 0 (24b) 
𝑠,,#2;<, 𝑠,,#2;=	 Q𝜎,,#$%&Q − Ψ#2;κ#$%& ≤ 0 (25a) Q𝜎,,#$%&Q − Ψ#2;κ,,#$%& ≤ 0 (25b) 

𝑠#$%& κ#$%& = 1 (26a) ! κ,,#$%&
,

= 1(26b) 

Based on (24a), (25a), and (26a),	

𝜇*,4,-%&! ≤ Ψ*,-0"7 and p𝜎4,-%&!p ≤ Ψ-0J (27) 

Based (24b), (25b), and (26b),	

∑ 𝜇*,4,-%&!
4 ≤ Ψ*,-0"7 ∑ κ4,-%&!4 = Ψ*,-0"7	 (28) 

∑ p𝜎4,-%&!p4 ≤ ∑ Ψ-0Jκ4,-%&! = Ψ-0J ∑ κ4,-%&! = Ψ-0J44  (29) 

North American Electric Reliability Corporation requires 
system operators to maintain N-1 reliability criteria, which 
assumes a loss of transmission asset or generator asset at a 
time. Therefore, shadow prices of event-based deliverability 
constraints should not accumulate if multiple deliverability 
constraints on the same transmission asset bind for different 
events at the same time. We propose the penalty function to 
reflect the worst violation among all the events. Otherwise, the 
STR congestion component on the associated transmission 
asset will be overvalued. The shadow prices on the same 
transmission element will be stacked and the optimization 
engine may re-dispatch expensive units to mitigate STR deliv-
erability constraints. Inequality (27) shows that under option 1, 
each STR constraint may reach the associated demand curve 
prices. When post deployment constraints are violated under 
multiple events for the same security constraint i, the penalty 
price may be multiplied into the final clearing prices. Under 
option 2, inequality (28) indicates that for a security constraint 
i, the summation of the shadow price of all events will not 
exceed the demand curve price Ψ*,-0"7. Inequality (29) shows 
that the summation of post-STR event power balance shadow 
prices overall events will not exceed the demand curve price 
Ψ-0J.  

III.  NUMERICAL RESULTS 

To validate the effectiveness and performance of proposed 
zonal and nodal post STR formulation, 289 consecutive 5-min 
real-time MISO test cases from one market day are used. MI-
SO solves one of the largest and most complicated electricity 
market clearing problems in the world. MISO serves fifteen 
US states and one Canadian province. MISO’s network model 
has over 45,000 buses and around 2,450 distinct commercial 
pricing nodes with 175GW generating capacity and around 
125GW peak load. For each case of the 289 consecutive real-
time MISO test cases, energy and ancillary service are co-
optimized with the zonal STR model and nodal STR model in 
the real-time SCED. All results in this section were performed 
on 3.40 GHz CPU RAM 16 GB with AIMMS4.2 and 
CPLEX12.6 under Windows 7 Operating System. The simula-
tions were performed on the prototype software that read case 
data stored in the flat files. The data were read by AIMMS 
using C++ based I/O library. A typical SCED problem has a 
scale of 10,000 rows and 10,000 columns. Note that computa-
tional time between the nodal model and zonal model does not 
have a noticeable difference since the nodal model does not 
complicate the mathematical model. The average solution for 
the zonal model is 23.4 seconds and the average solution for 
the nodal model is 23.7 seconds including the data reading 
time.  

A.  Zonal STR vs Nodal STR 

Contingency analysis (CA) is performed to test the reserve 
deliverability of zonal and nodal STR models. CA evaluates 
flows after each online generator tripping followed by re-
sponses from cleared STR capacity. Lower violation value 
indicates better reserve deliverability. Fig.1 shows the histo-
gram of average violation of contingency analysis. The zonal 
model tends to have more violations than the nodal model 
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especially for the intervals with the most congestion. From Fig. 
2, the expected violation of each SCED period is presented for 
each period based on 289 study periods. For most of the peri-
ods, the nodal model has much less expected violation. The 
average expected violation of the zonal model is 1.91MW 
with a standard deviation of 3.13MW and the average ex-
pected violation of the nodal model is 1.67MW with a stand-
ard deviation of 2.98MW. Therefore, on average, the nodal 
model improves reserve deliverability by 12.6%. The total 
MWh violations are 45.84MWh for the zonal model and 
40.08MWh for the nodal model. The results in Fig. 1 and Fig. 
2 indicate that the nodal model improves the modeling accura-
cy and better formulate the post STR reserve deployment. 
Note the post deployment transmission constraints are applied 
only to constraints across the zones. Under the current tariff, 
reserve zone configuration is updated quarterly and can only 
be redefined under extreme events within a quarter. Nodal 
model can be effective for constraints within a zone and pro-
vide flexibility to address any post event transmission issues 
when needed. Nodal model is expected to have a much bigger 
benefit when constraints within a zone are considered. Cur-

rently, operators use manual disqualification to address those 
issues and it requires a significant amount of work to identify 
and remove operators’ manual action in order to evaluate the 
benefit on constraints within a zone in production. 

 
Fig.1 Histogram of Average Violation for Zonal and Nodal Models 

 
Fig. 2 Expected Violation of Each SCED period 

 
Fig. 3 STR Payment of Each SCED Period 
Fig. 3 shows the STR payment of each SCED period. It can 

be easily observed that the STR payments are close to each 
other for most of the periods. Most of SCED periods have zero 
or near-zero STR payments because, for most of the periods, 

STR post-event deliverability constraints are not binding. On 
average, STR payment of the zonal model has $1,247 for each 
period and STR payment of nodal model has $1,206 for each 
period. Note that the nodal model post-event deliverability 
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constraints are not necessarily tighter than the zonal model. 
The zonal model in periods 200-271 receives more STR pay-
ments than the nodal model since some cheap generating re-
sources have higher post-event congestion relief in the nodal 
model than zonal model due to the zonal and nodal sensitivity 
differences. The zonal model needs to clear more zonal re-
serve for that zone to mitigate STR post-event deliverability 
constraint.  For periods 271-289, the nodal model receives 
more STR payments than the zonal model.  The nodal model 
needs to clear STR in specific locations, which are more ex-
pensive, to mitigate post-event congestion. This results in less 
expected violations in the nodal model. 

 
Fig. 4 STR prices for Zonal model and Nodal Model in Period 284 

 
Fig. 5 Cleared STR MWs of Zonal Model and Nodal Model in Period 284 
Period 284, which receives the highest STR payment for 

both the nodal model and zonal model, is selected to demon-
strate STR price on a resource level. Fig. 4 presents the STR 
prices for the resources that clear STR in period 284.  The 
STR prices of the zonal model are the same for resource in the 
same zone, for example, generating resources 74-79 are in the 
same reserve zone and share the same STR price $257/MWh. 
The STR price of the nodal model is developed based on nod-
al STR deliverability. The positive congestion component in 
STR price indicates better deliverability and high STR price is 
usually associated with a higher value of congestion compo-
nent. The STR price of the nodal model differs by resource 
nodal location and sends a better price signal. 
Fig. 5 shows cleared MWs of STR by generating resources 

of the nodal model and zonal model. It is noteworthy that gen-

erating resources 76 and 77 clear 117MW each by zonal mod-
el while they clear only 2MW each by nodal. Generating re-
sources 76 and 77 receive STR price at $257/MWh from the 
zonal model and $0/MWh from nodal mode. The zonal sensi-
tivity of generating resources 76 and 77 on a binding security 
constraint is -0.23 while the actual nodal sensitivity of them 
on the binding security constraint is 0.13. The security con-
straint is binding in a positive direction and thus generating 
resources 76 and 77 do not help mitigate congestion on the 
binding constraints. Zonal model may clear the STR resources 
at these nodes due to the inaccuracy of aggregated zonal sensi-
tivities, and the cleared STR will be undeliverable. Therefore, 
the nodal STR model is more effective to procure deliverable 
STR with better price signals. 

B.  Penalty Function Design  

In the test cases, assume the demand curve prices for STR 
post-event power balance constraints and STR post-event de-
liverability constraints are set as $500/MWh and $300/MWh. 
Note that the demand curves should be deliberately chosen to 
reflect the true value of associated market product. There are 
eight reserve zones in MISO footprint and the largest genera-
tor tripping event is modeled for each zone. When the STR 
deliverability constraints bind for multiple STR events, Option 
1 will accumulate associated shadow price while Option 2 will 
only consider the shadow price from the most severe event.  

 
 
Fig. 6 STR prices of Option 1 and Option 2 
Fig. 6 presents the STR prices with different demand 

curves and slack variables design options. It can be observed 
that for some of the units, the STR price of Option 1 could 
reach over $2,000/MWh. Option 1 may overvalue STR post-
event power balance constraints and STR post-event delivera-
bility constraints. With eight events modeled, the theoretical 
highest congestion component for STR can be as high as 
$2400/MWh. Option 2 caps the summated shadow prices of a 
security constraint overall events by $300/MWh. 

IV.  CONCLUSION 

This paper proposed a novel reserve requirements formula-
tion, which incorporates event-based STR requirements. Two 
models, the zonal model and nodal model, are proposed to 
improve STR post-event deliverability. Reserve acquired 
based on the zonal approach does not model STR deployment 
with a resolution as accurate as the nodal model. Based on the 
numerical results, the nodal model of STR can improve the 
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reserve deliverability and lower expected post-event constraint 
violations. Lower expected post-event constraint violations 
could reduce or avoid out of market corrections.  
The market impacts of the proposed zonal model and nodal 

model are also studied in this paper. The nodal model provides 
pricing signals on a nodal basis to better value the products 
provided by generating resources. Locational reserve price 
signal is supposed to attract investment of constructing flexi-
ble generating resources, such as energy storage and gas units. 
To further balance system efficiency and reliability, the pro-
posed demand curve design can address the issue of overvalu-
ing transmission assets for event-based security constraints.  

V.  APPENDIX 

A.  Existing MISO SCED Formulation 

The existing SCED formulation in MISO [13] is described 
in this section. Note that the symbol following each type of 
constraint represents corresponding shadow prices. 
Min
M$,&,N$,&

'
∑ g𝐶1,-0 𝑝1,- +∑ h𝑂1,-) 𝑟1,-) i)∈P j1∈O 	 (30) 

Subject to: 

Power balance equation (λR) 

∑ 𝑝1,- +∑ 𝑃,,-,∈21∈O = 0	 (31) 

Transmission constraints (µ*,-)	

𝑓*,- = ∑ (𝑝1,-𝐵*,,$,-) + ∑ (𝑃,,-𝐵*,,,-),∈21∈O 			∀𝑖 ∈ 𝐼	 (32) 
𝑓*,- ≤ 𝐹*,-				∀𝑖 ∈ 𝐼	 (33) 
System-wide regulation reserve requirement (γRSTT) 
∑ 𝑦(,-!"#(∈6 ≥ 𝑅56&,-!"# 	 (34) 

System-wide regulation/spinning reserve requirement (γRSTU) 

∑ (𝑦(,-!"# + 𝑦(,-%0/2)(∈6 ≥ 𝑅56&,-!"# + 𝑅56&,-%0/2  (35) 

System-wide operating reserve requirement (γRSVT) 

∑ (𝑦(,-!"# + 𝑦(,-%0/2 + 𝑦(,-%300)(∈6 ≥ 𝑅56&,-!"# + 𝑅56&,-%0/2 + 𝑅56&,-%300 (36) 

Zonal regulation reserve requirement (𝛾(,-:!!) 

∑ 𝑟1,-!"#1∈O( ≥ 𝑦(,-!"# 	 (37) 

Zonal regulation/spinning reserve requirement (𝛾(,-:!%) 

∑ (𝑟1-!"# + 𝑟1-%0/2)1∈O( ≥ 𝑦(,-!"# + 𝑦(,-%0/2 (38) 

Zonal operating reserve requirement (𝛾-:8!) 

∑ (𝑟1-!"# + 𝑟1-%0/2 + 𝑟1-%300)1∈O( ≥ 𝑦(,-!"# + 𝑦(,-%0/2 + 𝑦(,-%300 (39) 

Post regulation reserve up deployment (𝜇*,-!"#30) 

𝑓*,- + ∑ (𝑟(,-!"#𝐵*,(,-!"#)(∈6 − 𝐵*,.$,-𝑅56&,-!"# ≤ 𝐹*,- (40) 

Post regulation reserve down deployment (𝜇*,-!"#72) 

𝑓*,- − ∑ (𝑟(,-!"#𝐵*,(,-!"#)(∈6 + 𝐵*,.$,-𝑅56&,-!"# ≤ 𝐹*,- (41) 

Post CR zonal contingency event （𝜇*,4,-$! ) 

𝑓*,- − 𝐸4,-$!𝐵*,(,-&!/0 + D4,-%0/2 ∑ (𝑦(,-%0/2𝐵*,(,-%0/2)(∈6 +
D4,-%300 ∑ (𝑦(,-%300𝐵*,(,-%300)(∈6 ≤ 𝐹*,- (42) 

Resource capacity constraints  

𝑝1,- + 𝑟1,-!"# + 𝑟1,-%0/2 + 𝑟1,-%300 ≤ 𝑈1,-𝑃1,- (43) 

𝑝1,- − 𝑟1,-!"# ≥ 𝑈1,-𝑃1,- (44) 

Ramp constraints 

−𝐿-𝑉1,-7892 ≤ 𝑝1,- − 𝑃1,-LW ≤ 𝐿-𝑉1,-30 (45) 

0 ≤ 𝑟1,-) ≤ 𝑅1,-
)
 (46) 

Where D4,-%0/2 = min	{1, "),&
*#

!+,",&
!-./ }  and D4,-%300 =

max	{0, "),&
*#L!+,",&

!-./

!+,",&
!0-- }. 

The objective, (30), minimizes operating costs. Constraint 
(31) ensures total generation meets total demand. Constraint 
(32) is the linearized real power line flow equation. Constraint 
(33) imposes the transmission line's rating. In [13], SCED is 
enhanced by incorporating post zonal reserve deployment and 
modeling the largest contingency in each reserve zone for op-
erating reserves, and the associated constraints are presented 
in constraints (33)-(42). Contingency reserves are modeled as 
proportionally deployed, which is consistent with MISO pro-
duction deployment logic. The activation schemes of Post CR 
zonal contingency event constraint (42) reflect the MISO de-
ployment process based on proportional deployment of spin-
ning reserve followed by supplemental reserve. Constraints 
(43) and (44) presents minimum and maximum outputs. Con-
straint (43) indicates that regulation reserve does not share 
capacity with spinning and supplemental reserves. Constraints 
(45) and (46) are the ramp rate constraints for energy and re-
serves, respectively.  

B.  KKT Condition 

The LMP can be expressed as a function of Lagrange mul-
tipliers based on the KKT condition.  
𝐿𝑀𝑃,,-:%&!for the zonal model can be derived as below: 

𝜕(∑ h𝐶1,-0 𝑝1,- +∑ h𝑂1,-) 𝑟1,-) i)∈P i +1∈O 𝜆-h∑ 𝑝1,- + ∑ 𝑃,,-,∈21∈O i +
∑ (𝜇*,-h𝑓*,- − 𝐹*,-i +*∈/

∑ (𝜇*,-!"#30h𝑓*,- +∑ h𝑟(,-!"#𝐵*,(,-!"#i(∈6 − 𝐹*,-i*∈/#12

+
∑ (𝜇*,-!"#72h𝑓*,- − ∑ h𝑟(,-!"#𝐵*,(,-!"#i(∈6 − 𝐹*,-i*∈/#12

+

∑ ∑
(𝜇*,4,-$! (𝑓*,- +𝐷4,-%0/2 ∑ h𝑦(,-%0/2𝐵*,(,-%0/2i(∈6

+𝐷4,-%300 ∑ h𝑦(,-%300𝐵*,(,-%300i(∈6 − 𝐹*,-)
4∈ℇ*#*∈/*#

+
∑ ∑ 𝜇*,4,-:%&!(𝑓*,- + ∑ h𝑞(,4,-%&!𝐵*,(,-%&!i(∈6 − 𝐹*,-)		4∈ℇ!"#*∈/!"#

𝜕𝑃,,-
	

= 𝜆- +∑ µ*,-𝐵*,,,- +*∈/ ∑ (𝜇*,-!"#30 + 𝜇*,-!"#72)𝐵*,,,- +*∈/#12

∑ ∑ 𝜇*,4,-$! 𝐵*,,,-4∈ℇ*#*∈/*# +∑ ∑ 𝜇*,4,-:%&!𝐵*,,,-4∈ℇ!"#*∈/!"# 				 (47)	

Where 𝑓*,- = ∑ (𝑝1,-𝐵*,,$,-) + ∑ (𝑃,,-𝐵*,,,-),∈21∈O   
𝐿𝑀𝑃,,-2%&! for the nodal model can be derived as below: 

Authorized licensed use limited to: University of Prince Edward Island. Downloaded on September 09,2020 at 05:25:23 UTC from IEEE Xplore.  Restrictions apply. 



0885-8950 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2020.3017021, IEEE
Transactions on Power Systems

 

 

𝜕(∑ h𝐶1,-0 𝑝1,- +∑ h𝑂1,-) 𝑟1,-) i)∈P i +1∈O 𝜆-h∑ 𝑝1,- + ∑ 𝑃,,-,∈21∈O i +
∑ (𝜇*,-h𝑓*,- − 𝐹*,-i +*∈/

∑ (𝜇*,-!"#30h𝑓*,- +∑ h𝑟(,-!"#𝐵*,(,-!"#i(∈6 − 𝐹*,-i*∈/#12

+
∑ (𝜇*,-!"#72h𝑓*,- − ∑ h𝑟(,-!"#𝐵*,(,-!"#i(∈6 − 𝐹*,-i*∈/#12

+

∑ ∑
(𝜇*,4,-$! (𝑓*,- +𝐷4,-%0/2 ∑ h𝑦(,-%0/2𝐵*,(,-%0/2i(∈6

+𝐷4,-%300 ∑ h𝑦(,-%300𝐵*,(,-%300i(∈6 − 𝐹*,-)
4∈ℇ*#*∈/*#

+
∑ ∑ 𝜇*,4,-2%&!(𝑓*,- + ∑ h𝑔,,4,-%&!𝐵*,(,-%&!i(∈6 − 𝐹*,-)		4∈ℇ!"#*∈/!"#

𝜕𝑃,,-
	

= 𝜆- +∑ µ*,-𝐵*,,,- +*∈/ ∑ (𝜇*,-!"#30 + 𝜇*,-!"#72)𝐵*,,,- +*∈/#12

∑ ∑ 𝜇*,4,-$! 𝐵*,,,-4∈ℇ*#*∈/*# +∑ ∑ 𝜇*,4,-2%&!𝐵*,,,-4∈ℇ!"#*∈/!"# 				 (48)	

Where 𝑓*,- = ∑ (𝑝1,-𝐵*,,$,-) + ∑ (𝑃,,-𝐵*,,,-),∈21∈O   
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