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Abstract: Available transfer capability (ATC) is the transfer capability remaining in the physical
transmission network for further commercial activity over and above already committed uses which
needs to be posted in the electricity market to facilitate competition. ATC evaluation is a complicated
task including the determination of total transfer capability (TTC) and existing transfer capability
(ETC). In the deregulated electricity market, ETC is decided by the independent system operator’s
(ISO’s) economic dispatch (ED). TTC can then be obtained by a continuation power flow (CPF)
method or by an optimal power flow (OPF) method, based on the given ED solutions as well as
the ETC. In this paper, a bi-level optimization framework for the ATC evaluation is proposed in
which ATC results can be obtained simultaneously with the ED and ETC results in the deregulated
electricity market. In this bi-level optimization model, ATC evaluation is formulated as the upper
level problem and the ISO’s ED is the lower level problem. The bi-level model is first converted to
a mathematic program with equilibrium constraints (MPEC) by recasting the lower level problem
as its Karush-Kuhn-Tucher (KKT) optimality condition. Then, the MPEC is transformed into
a mixed-integer linear programming (MILP) problem, which can be solved with the help of available
optimization software. In addition, case studies on PJM 5-bus, IEEE 30-bus, and IEEE 118-bus
systems are presented to demonstrate the proposed methodology.

Keywords: available transfer capability (ATC); deregulated electricity market; bi-level optimization;
economic dispatch (ED); mathematic program with equilibrium constraints (MPEC); mixed-integer
linear programming (MILP)

1. Introduction

In the deregulated electricity market, effectively and efficiently coordinating the security
and economic concern in the system operation has become a significant issue for market
participants—especially the system and market operators. Under this circumstance, available transfer
capability (ATC) is required to be posted on Open Access Same-time Information System (OASIS)
to make the competition reasonable and effective. According to the North American Electric
Reliability Corporation (NERC) definition [1], ATC is the transfer capability remaining in the physical
transmission network for further commercial activity over and above already committed uses. It is

Energies 2015, 8, 13344-13360; doi:10.3390/en81212370 www.mdpi.com/journal/energies



Energies 2015, 8, 13344-13360

defined as a total transfer capability (TTC) minus: existing transfer capability (ETC) (including
retail customer service), capacity benefit margin (CBM), and transmission reliability margin (TRM).
ATC indicates the margin from the current operating point to the system security limits and is
becoming an important reference in the electricity transaction for market participants. Therefore, ATC
evaluation plays an indispensable role in the system security operation, the congestion management
and the electricity transaction. Consequently, ATC evaluation is obtaining an increasing attention in
the electricity market [2].

Recently, research concerning ATC has mainly focused on two aspects: (1) ATC quantity
evaluation, in which ATC is calculated between specific sources and sink areas; (2) ATC analysis
and decision, in which the ATC distribution, the corresponding risk to maintain a required ATC,
the relationship between ATC, and system economic dispatch (ED) is analyzed in the actual market
operation. In this paper, we will discuss ATC evaluations in the deregulated electricity market.

Mainly, the approach for ATC evaluations can be categorized as deterministic and probabilistic
methods [3]. The deterministic methods utilize the optimization technique, or some other method,
to directly obtain the ATC value under the specific system operating condition. The most popular
methods are direct current power flow methods using linear programming (LP) [4,5], repeated
power flow (RPF) [6], continuous power flow (CPF) [7,8], optimal power flow (OPF) [9-11], and
the distribution factor (DF) method [12]. The probabilistic approach utilizes probability theory and
statistical analysis to obtain ATC, considering the system uncertainties based on the deterministic
approach. In this approach, system equipment status, possible load variation, and generation
fluctuation are modeled and some probabilistic indices of ATC are obtained (e.g., expectation and
variance or standard deviation [3,13-16]).

In the standard ATC evaluation, TRM and CBM are two components that should be further
studied. The deficiency of calculation consistency on TRM and CBM may obscure the credibility
of ATC quantity [17]. TRM is a margin to mitigate the impact of system topology uncertainty due
to the transmission line outages on transfer capability [18]. CBM is the power interchange margin
reserved for the tie-lines to maintain the sink area generation reliability [19]. CBM and TRM are
necessary margins that take care of the uncertain system conditions. Recently, there are several
approaches for CBM and TRM evaluation. Reference [20] presents a (2m+1) point estimation method
to evaluate the uncertainty of TTC, based on which TRM can be determined. In reference [21], three
methods are proposed to provide more flexibility to market participants, in which CBM assessment is
formulated as an optimization model to reflect different objectives. Three CBM optimization models
are established based on the multi-area generation reliability exponential analytic model through
the iteration of reliability calculation for each area [22]. An ATC calculation framework based
on parametric bootstrap technique that enables generating random samples of system operating
conditions with uncertainty at a predefined confidence interval is proposed in [23].

In these research works, ATC evaluation is formulated based on a given power flow solution
(base case) such that ATC calculation is decomposed into two steps: first solving the base case ED
and obtaining the power flow solution, then utilizing CPF, OPF, or another previously mentioned
method to obtain the ATC value. The system operators need to do numerous simulations to
consider uncertainties within the system conditions, including load variations and N-1 line outages.
This two-step evaluation may be inefficient shown in Figure 1; therefore, an integrated method is
proposed to evaluate ATC that considers the change of base case due to the system demand variation
and N-1 tie-line outages and obtain ATC result with the ED results simultaneously.

Therefore, a bi-level optimization model to calculate ATC has been proposed in this paper. In this
model, ATC evaluation is formulated as an upper-level optimization problem, and the ISO’s ED is
a lower-level problem for generation cost minimization. By solving this bi-level optimization model,
ATC results are obtained with ED results together at a given system condition and the change of the
system condition such as load change and N-1 tie-line outages is modeled in the ATC evaluation
model and ED simultaneously. The framework of the ATC evaluation in the previous studies and
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our proposed model are shown in Figure 1. The rest of this paper is organized as follows: Section 2
proposes the bi-level optimization model for ATC evaluation; Section 3 presents the case studies in
PJM 5-bus, IEEE 30-bus, and IEEE 118-bus systems; Section 4 presents the summary and conclusions
of the paper.

Solve ED problem
and obtain power ATC
flow solution

System
operating point

Previous model

Bi-level optimization:

Upper level: ATC

System > evaluation
operating point Lower level: ED and
power flow

Proposed model

Figure 1. Framework of ATC evaluation of previous and proposed model.

2. Bi-Level Optimization for ATC Evaluation

2.1. ISO’s Economic Dispatch

In ATC evaluation, economic dispatch determines ETC and the base case power flow, and then
ATC is calculated based on this ETC. Therefore, in this subsection, ISO’s ED model is introduced
first. In the deregulated electricity market, ED is carried out by ISOs to clear the market as well
as determining electricity market clearing prices such as locational marginal prices (LMP) and
generation dispatch. Typically, various optimization models built on top of DC optimal power flow
(DCOPF) are utilized by many ISOs [24] to clear the electricity market and simulate or forecast LMP.
While the actual models in practice are more complex, due to the need of computation robustness
and efficiency, the ED based on DCOPF is utilized here to illustrate the main point of the proposed
work. The DCOPF is essentially a linear programming (LP) problem given by:

N
min ) ¢; x G; (1)
i=1
N N
st ) Gi= Y Dj:A )
i=1 i=1
N .
— Limit; < Y GSF_; x (G; — D;) < Limit; : ™™, uj*™,vl = 1,2,..., M (3)
i=1
GMIN < G; < G M M i =1,2,..., N 4)

where N is the number of buses; M is the number of lines; c; is the generation bidding price at bus
i ($/MWh); G; is the generation dispatch at bus i (MWh) in ED model; G;"*¥, G,;™" are the maximum
and minimum generation output at bus i; D; is the demand at bus i (MWh) in ED model; GSF;_; is the
generation shift factor to line [ from bus #; Limit; is the transmission limit of line /; A is the dual variable
associated with the power balance equation in ED; plmi”, ;¥ are the dual variables associated with
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the lower- and upper-limits of transmission line I; w;”", w;"** are the dual variables associated with
the lower- and upper-limits of the generator at bus i. In this level, the decision variables are the
generation output for minimum cost.

After obtaining the optimal solution of the above ED problem, the LMP m; can be calculated with
the Lagrangian function. The function and LMP can be written as:

N N N M [N
P = Z ¢ xGi| —=A Z G; — Z D; | — Z u}mn GSF_; x (Gl — Dz) + Limit,
i i=1 i=1

i=1 =1 1=1

©)

M N N ) ) N
_Izl u}nélx (Lz'mitl — '21 GSF_; x (Gi — Di)) — ‘Zl w;mn (Gi — szm) _ 'Zl w;nax (szax _ Gi)
= 1= 1= 1=
P M »
i = o = A+ D, GSF(u™" — ™) 6)
i

I=1
where 1) is the Lagrangian function of ISO’s ED problem in Model (1)—(4); 7; is the LMP at bus i.

2.2. Bi-Level Optimization Model for ATC Evaluation

According to the definition of ATC, which is the transfer capability remaining in the physical
transmission network for further commercial activity over and above already committed uses, in
the deregulated electricity market, the existing transfer capability (ETC) is determined by ISO’s ED
introduced in the previous subsection. Therefore, ATC evaluation can be formulated as a bi-level
optimization model (proposed below) in which the upper level problem is the maximization of
generation in the Source area or the demand in the Sink area for ATC evaluation; the lower level
problem is the ISO’s ED mentioned in the previous subsection. In this model, the decision variables
are the maximum generation increment in the Source area or demand increment in the Sink area under
the optimal generation dispatch of ISO’s ED:

Upper level: maxATC = Z (Gll — Gi) (7)
ieSource
st Y] (G} - Gi) -3 (D} - Di) ®)
ieSource ieSink

N

— Limit; < )" GSF_; x (G} — D}) < Limit, 9)
i=1

G; < Gil < G"™,i € Source (10)

G} = G;,i ¢ Source (11)

D; < D},i € Sink (12)

D! = D;,i ¢ Sink (13)

Lower Level : ED optimization problem {(1) — (6)} (14)

where G!; and D!; in the Models (7)-(14) are the generation and demand in the ATC evaluation
model, which should increase in the Source and Sink areas, respectively. Equation (8) means that
the total increased demand in the Sink area equals the total increased generation in the Source area.
Equation (9) is the transmission thermal limit; Equation (10) and Equation (11) are the generation
constraints in which the generation in the Source area increases while the other generations maintain
the ED dispatch results. Similarly to the demand in Equation (12) and Equation (13), the demand
in the Sink area increase while the other demand is fixed. Equation (14) identifies the base case ED
and power flow solution, which is determined by ISO’s ED optimization in Equations (1)—(6). When
N-1 transmission line outages are considered, the GSF matrix in the model should be replaced with
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the new one based on the new topology without the outage line. Note that TRM and CBM are not
included in this ATC evaluation model because they are constants under a given operating point.
The calculation of TRM and CBM is another research topic that is beyond the scope of this paper.

2.3. MPEC Formulation of Bi-Level Optimization Model

Given that the lower level ED is a LP problem that has a unique optimal solution satisfying
Karush-Kuhn-Tucher (KKT) optimality conditions, the bi-level models in Equations (7)—(14) can
be transformed into a single level mathematical program with equilibrium constraints (MPEC) by
recasting the lower level problem as its KKT optimality condition [25-32]. These conditions are later
added into the upper-level problem as a set of additional complementarity constraints. The MPEC
model of this bi-level optimization is as below:

maxATC = 3 (G} - Gl-) (15)
ieSource
s.t. Constraintsin (2) and (8) — (13) (16)
M . .
ci = A+ Y GSF_; x (" — u"®) 4 it — e (17)
I=1
) N
0 < pfM"LLimit; + > GSF_; x (G;— D;) = 0 (18)
i=1
N
0 < u"™ LLimit; — >  GSF_; x (G;— D;) = 0 (19)
i=1
0<wMNIG;—GMN >0 (20)
0< WM GM™ _G; >0 (21)

where Equations (17)—(21) are the complementarity constraints from ED problem’s KKT optimality
conditions; the perpendicular sign | denotes a zero cross product of the corresponding variables in
vector form.

2.4. MILP Transformation

The MPEC models in Equations (15)—(21) are nonlinear due to the complementary constraints
in Equations (18)—(21). Utilizing the method presented in [33], the MPEC problem is converted into
a mixed integer linear programming problem (MILP) as:

maxATC= Y (G} - Gi) (22)
ieSource
s.t. Constraintsin (16), and (17) (23)
0< ™™ < MR (24)
N . .

0 < Limit; + Y GSF_; x (G; — D) < Mp™(1 — viT) (25)
i=1

0 < p®™ < MXymax (26)
N

0 < Limit; — ¥ GSF_; x (G; — D;) < ME™ (1 = vIl%¥) (27)
i=1

0 < W™ < ME"YID (28)
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0< G- G < MZ™(1 - v) (29)

0 < W™ < M@» vy (30)

0< G — G < MG (1—vi) (31)

where M umi“, M, ™, Me™0  and M ™2 are large enough constants, and vullmin, Vi M, vw,imm ,

and v, ;" are the auxiliary binary variables [24].

3. Case Studies

In this section, the proposed bi-level optimization-based ATC evaluation is performed on
a modified PIM 5-bus system [24], IEEE 30-bus system [34], and IEEE 118-bus system [35].
The proposed MILP model in Equations (22)—(31) is solved by CPLEX 12.6 under GAMS [36,37].

3.1. PJM 5-Bus System

PJM 5-bus system is depicted in Figure 2 in which the generation maximum power output and
bid cost are included. In this case, ATC from the Generation Center (on the left side of the system)
which is the Source area to the Load center (on right side of the system) which is the Sink area will be
evaluated. Lines E-D and A-B have thermal limits with 240 MW and 400 MW, also shown in Figure 2.
In this system, the system total demand is equally distributed on three load buses: B, C, and D. The
system’s ED and ATC results under different load levels are shown in Table 1 and Figure 3. The bus
LMPs under different load levels are shown in Figure 4.

E

$10
600MW
Brighton

Limit=240MW D Sundance
IoF
200MW

Generation d
Center CLOE:
enter

2Ol
100MW Limit=400MW C $30
574 @_ 520MW
110MW A B

Park Solitude

City
Figure 2. PJM 5-bus system.

Table 1. ATC and ED results of PJM 5-bus system under different demand level.

Total Demand Level (MW)
400 500 600 700 800

ATC (MW)  400.7 300.7 179.8 19.0 0
Cost ($) 4000 500 6000 7400 9996
Gl 0 0 0 100 110
G2 0 0 0 0 100
G3 0 0 0 0 0
G4 0 0 0 0 42.24
G5 400 500 600 600 547.76
A-B 173.8 217.2 260.7 30759  348.1
E-D 141.9 177.4 2129  237.13 240
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Figure 3. ATC and line flow under different demand level.
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Figure 4. LMP on buses with different demand level.

With the proposed method, the ATC results can be obtained with the ED results under different
demand levels simultaneously (shown in Table 1). It is obvious that the ATC value decreases with the
system demand level because the generator’s remaining capacity in the Generation Center decreases,
the tie-line power flows increase with demand level, and consequently ATC decreases. Figure 3 shows
that line E-D becomes congested when the total demand is greater than 711 MW (its power flow is
240 MW). With this line congestion, ATC between the Generation Center to the Load Center decreases
to zero. Because no more generations can be transferred from Generation Center to Load Center.

Figure 4 demonstrates that if there is no congestion between Generation Center and Load Center,
the LMP of all buses are the same as the marginal unit bid cost in the Generation Center due to the
low cost of generation in Generation Center When the total demand is less than 600 MW, the marginal
unit is G5 at bus E and all the buses” LMPs are $10/MWh. When the total demand is between 600 MW
and 711 MW, the marginal unit is G1 at bus A and the LMPs are $14/MWh. If the congestion exists
between these two areas when the total demand is larger than 711 MW, ATC is zero and the buses’
LMPs are different because the congestion costs on every bus are different shown in LMP formulation
of Equation (6).

The results of ATC, generation dispatch, and buses” LMPs with different tie-line outages under
the 700 MW system demand are listed in Tables 2 and 3. It shows that the outages of line E-D will
not change the dispatch results and buses’” LMPs maintain the same as that with no line outage.
Meanwhile, ATC under this circumstance increases from 18.975 MW to 63.736 MW. This result is
counter intuitive because the transfer capability normally should decrease with line outages. In this
system, due to the system and line parameters, line E-D is prone to transfer more power when
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it is in service. However, its power limit is 240 MW, which is easier to be congested than other
tie-lines. When line E-D experiences the outage, more power transfers through lines A-B and A-D,
which have higher limits and are not easily congested. Therefore, the system has a higher ATC from
Generation Center to Load Center with line E-D outage. While with lines A-B and A-D outages,
ATC decreases to zero and the generation cost and the LMPs of Bus A to Bus D increase. Because
when these two lines are out of service, more power will be transferred to line E-D, which is even
more easily to be congested due to this power transfer. Consequently, more expensive power will
being dispatched in the Load Center. This observation demonstrates that the system operators can
optimize the system topology to increase ATC without sacrificing the system generation cost under
some system conditions.

Table 2. ATC and ED results of PJM 5-bus system under different tie-line outages with

700 MW demand.
Tie-Line Outage
No outage E-D A-B A-D
ATC (MW) 18.975 63.736 0 0
Cost ($) 7400 7400 12,326.346  10,664.084
Gl 100 100 0 0
G2 0 0 0 0
G3 0 0 266.317 0
G4 0 0 0 146.563
G5 600 600 433.683 553.437
A-B 307.567 380.427 - 313.437
E-D 237.137 - 240 240

Table 3. Bus LMPs of PJM 5-bus system under different tie-line outages with 700 MW demand.

Tie-Line Outage Bus LMP ($/MWh)

A B C D E
No outage 14 14 14 14 14
E-D 14 14 14 14 14
A-B 13.477 30 30 30 10
A-D 12132 215 25102 35 10

3.2. IEEE 30-Bus System

The configuration of IEEE 30-bus system is shown in Figure 5. There are six generators,
41 transmission lines, and 20 loads in this system; the system data can be found in [34]. The generation
parameters are listed in Table 4. In this system, the base demand is 189.2 MW distributed in three
areas (shown in Figure 5). The transmission line’s thermal limits are also in [34].

Table 4. Generation parameters.

Gen. Unit Bus Cost bid ($/MWh) Pmax (MW)

1 1 10 200
2 2 15 100
3 22 30 50
4 27 35 55
5 23 40 30
6 13 45 40
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Figure 5. IEEE 30-bus system with three areas.

From Table 4, it can be concluded that Area 1 is the main generation center which has larger
generation capacity and lower generation cost and Area 2 and Area 3 are the Load center in which
the generation is more expensive. In this study, ATC from Area 1 to Area 2 and from Area 1 to Area 3
are evaluated. The ATC results under different demand levels are shown in Figure 6 and Table 5.
Figure 7 is the LMP result for Bus 4 (in Area 1), Bus 18 (in Area 2), and Bus 29 (in Area 3).
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20.00
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Figure 6. ATC under different demand level.
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Figure 7. Bus LMPs in IEEE 30-bus system with different demand level.
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Table 5. ATC and ED results of IEEE 30-bus system under different demand level.

Total Demand Level (MW)

180 189.2 200 210
Cost ($) 1800 1892 2033.45 2367.26
Gl 180 189.2 193.31 193.286
G2 0 0 6.69 7.529
G3 0 0 0 0
G4 0 0 0 9.185
G5 0 0 0 0
G6 0 0 0 0
Bus 6-10 15.75 16.56 17.51 17.73
Bus 9-10 27.57 28.98 30.65 31.03
Bus 4-12 37.76 39.69 41.93 42.56
Bus 10-20 9.30 9.78 10.34 10.89
Bus 10-17 6.77 7.12 7.54 8.22
Bus 23-24 0.37 0.39 0.40 —-0.71
Bus 28-27 18.52 19.47 20.59 15.71
ATC From Area 1 to Area 3
ATC (MW) 67.19 59.38 20.67 0
ATC From Area 1 to Area 2
ATC 69.35 61.57 25.61 0

In this case, the transmission line from Bus 1 to Bus 2 is congested when the system’s total
demand level is higher than 192 MW, then another line from Bus 6 to Bus 8 is congested with the
demand higher than 203 MW. With lines congestion, ATC from Area 1 to Area 2 and from Area 1 to
Area 3 decreases sharply.

As it is shown in Figure 6, ATC from Area 1 to Area 2 is larger than that from Area 1 to Area 3
when the demand is less than 203 MW. With a higher demand, both ATCs are zeros. When the
demand is lower than 192 MW, the system has no line congested. Buses’ LMPs are the same as the
marginal unit G1’s bid cost $10/MWh. With a higher demand, line 1-2 will be congested first, then
line 6-8 will be congested with demand larger than 203 MW, buses’ LMPs are different, as shown in
Figure 7.

ATC and ED results reflecting different tie-line outages under-demand level of 189.2 MW from
Area 1 to Area 2 are listed in Table 6. Buses” LMPs with different line outages are shown in Figure 8.
It can be observed that the outages of bus 6-10 and bus 9-10 will not change the ED results and bus
LMPs. But the ATC from Area 1 to Area 2 and from Area 1 to Area 3 will decrease due to these
two tie-line outages. Line outages of bus 4-12 and bus 28-27 will increase the total generation cost
and change bus LMP results, as well as decrease ATC from Area 1 to Area 2 and from Area 1 to
Area 3. The most severe line outage for system economic concern is the tie-line from bus 28 to 27.
The generation cost increases from $1892 to $1985.94 when this line is out of service, and the most
critical line outage for ATC concern is the tie-line from bus 4 to 12. ATC from Area 1 to Area 2 and from
Area 1 to Area 3 decrease from 59.38 MW to 13.85 MW and from 61.57 MW to 12.85 MW, respectively.
Also Buses’ LMPs increase significantly under this line outage shown in Figure 8. The impact of line
outages on the system generation cost and ATC are different. Under some line outages the system
ATC decrease significantly; although, the generation cost may not change, such as an outage in line
from bus 9 to 10 in this case.
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Table 6. ATC and ED results of IEEE 30-bus system under different tie-line outages with

189.2 MW demand.
Tie-line outage
No outage 4-12 6-10 9-10 28-27
Cost ($) 1892 1911.773 1892 1892 1985.937
Gl 189.2 188.549 189.2 189.2 185.443
G2 0 0.1 0 0 0
G3 0 0 0 0 0
G4 0 0 0 0 3.757
G5 0 0 0 0 0
G6 0 0.551 0 0 0
Bus 6-10 16.56 28.08 - 28.35 20.248
Bus 9-10 28.98 49.141 38.012 - 35.434
Bus 4-12 39.69 - 45.008 51.833 45.261
Bus 10-20 9.78 19.694 8.068 5.877 10.001
Bus 10-17 7.12 25 4.294 0.667 6.38
Bus 23-24 0.39 —10.955 1.171 2177 5.443
Bus 28-27 19.47 26.929 31.68 24518 -
ATC From Area1to Area 3
ATC (MW) 59.38 13.85 53.97 14.64 47.66
ATC From Area1to Area 2
ATC 61.57 12.85 49.87 17.78 52.06
Bus LMPs with different tie-line outages
—4#—No outage
« Line 4-12
50 Line 6-10
Line 9-10
= 0 el ine 28-27
-
3 40
Z
2 0
5

20

123456 7 89101112131415161718192021222324252627282930
Bus

Figure 8. Bus LMPs in IEEE 30-bus system with different tie-line outages.

3.3. IEEE 118-Bus System

The IEEE 118-bus system [35] is applied to demonstrate applicability of the proposed method to
larger systems. The system (as shown in Figure 9) has a 4242 MW load and a 9966 MW generation
capacity, which consists of 118-buses, 54 generators, and 186 branches.

The generator bidding data are similar with that in [38]: 20 low-cost generators with bids from
$10 to $19.5 and $0.5 increments; 20 expensive generators with bids from $30 to $49 and $1 increments;
and 14 of the most expensive generators with bidding from $70 to $83 and $1 increments. The thermal
limits for the transmission tie-lines among different areas are 150 MW.

ATC results between different areas and ED results with no line outages, line outages of bus 15
to 33, and bus 77 to 82 are listed in Tables 7-9. Figure 10 is the buses’ LMP results with no line outage,
line outages of bus 15 to 33, and bus 77 to 82, respectively.
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Figure 9. IEEE 118-bus system with three areas.

Table 7. ATC and Gen. Dispatch Results in IEEE 118-bus system.

Gen Disp. Power Gen Disp. Power Gen Disp. Power
1 128.981 19 100 37 0
2 200 20 119 38 0
3 0 21 304 39 0
4 100 22 148 40 0
5 550 23 100 41 0
6 0 24 100 42 0
7 100 25 255 43 0
8 100 26 260 44 0
9 100 27 100 45 0
10 100 28 491 46 0
11 38.04 29 133.979 47 0
12 414 30 0 48 0
13 0 31 0 49 0
14 0 32 0 50 0
15 0 33 0 51 0
16 100 34 0 52 0
17 100 35 0 53 0
18 100 36 0 54 0
Tie-Line Power Flow (MW)
23-24 0.907 30-38 150 80-96 —50.546
15-33 150 77-82 98.545 98-100 64.542
19-34 46.85 97-96 58.216 99-100 47.141
Gen. Cost ($) 98084.119
ATC Area 1 to 2 (MW) 0
ATC Area2 to 1 (MW) 965.5066
ATC Area 2 to 3 (MW) 1052.2074
ATC Area 3 to 2 (MW) 2333.093
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Table 8. ATC and Gen. Dispatch Results in IEEE 118-bus system with line 15-33 outage.

Gen Disp. Power Gen Disp. Power Gen Disp. Power

1 220 19 100 37 0
2 200 20 119 38 0
3 250 21 304 39 0
4 100 22 148 40 0
5 550 23 100 41 0
6 185 24 100 42 0
7 100 25 255 43 0
8 100 26 260 44 0
9 100 27 100 45 0
10 52.503 28 491 46 0
11 0 29 107.497 47 0
12 0 30 0 48 0
13 0 31 0 49 0
14 0 32 0 50 0
15 0 33 0 51 0
16 100 34 0 52 0
17 100 35 0 53 0
18 100 36 0 54 0
Tie-Line Power flow (MW)
23-24 146.971 30-38 150 80-96 —50.857
15-33 - 77-82 97.777 98-100 64.696
19-34 140.853 97-96 58.527 99-100 47.294
Gen. Cost ($) 95374.176
ATC Area 1 to 2 (MW) 14.4699
ATC Area 2 to 1 (MW) 831.282
ATC Area 2 to 3 (MW) 1561.9466
ATC Area 3 to 2 (MW) 2328.8769

Table 9. ATC and Gen. Dispatch Results in IEEE 118-bus system with line 77-82 outage.

Gen Disp. Power Gen Disp. Power Gen Disp. Power

1 129.167 19 100 37 0
2 200 20 119 38 0
3 0 21 304 39 0
4 100 22 148 40 0
5 550 23 100 41 0
6 0 24 100 42 0
7 100 25 255 43 0
8 100 26 260 44 0
9 100 27 100 45 0
10 100 28 491 46 0
11 36.528 29 135.305 47 0
12 414 30 0 48 0
13 0 31 0 49 0
14 0 32 0 50 0
15 0 33 0 51 0
16 100 34 0 52 0
17 100 35 0 53 0
18 100 36 0 54 0
Tie-Line Power Flow (MW)
23-24 0.675 30-38 150 80-96 —69.585
15-33 150 77-82 - 98-100 69.118
19-34 46.851 97-96 77.245 99-100 51.712
Gen. Cost ($) 98113.686
ATC Area 1to 2 (MW) 0
ATC Area 2 to 1 (MW) 965.771
ATC Area 2 to 3 (MW) 1129.7202
ATC Area 3 to 2 (MW) 2309.0415

13356



Energies 2015, 8, 13344-13360

Price ($/MWh)

No outage
777777777777777777777777 —+— Line 15-33 outage - --'--- —
—*— Line 77-82 outage

2]
o
~
o
[o]
o
[<e]
o
-
o
o
-
-
o

Bus

Figure 10. Bus LMPs in IEEE 118-bus system with no outage, line 15-33 and line 77-82 outage.

ATC results in Table 7 shows that Area 1 to Area 2 has a zero ATC under this operating point.
This means that no more power can be transferred from Area 1 to Area 2. The market participants
who are willing to make the electricity transactions from Area 1 to Area 2 should be cautious. ATC in
the opposite direction from Area 2 to Area 1 is large. Therefore, there is a large room for the electricity
transaction from Area 2 to Area 1. ATC on both directions of Area 2 to Area 3 are large. Therefore,
the margin for further electricity transactions between Area 2 and Area 3 is large.

Tables 8 and 9 are the ATC and ED results with line outages of bus 15 to 33 and 77 to 82,
respectively. Figure 10 shows the buses’ LMP results with no line outage, as well as line outages
of 15-33 and 77-82. When line 15-33 is out of service, the generation cost decreases from $98084.12
to $95374.18; it increases to $98113.69 with the outage of line bus 77-82. The outage of the tie-line
from bus 15 to 33 changes the portfolio of buses” LMPs and the buses in Area 1, which are close to this
outage tie-line are mainly impacted. While the outage of the tie-line from bus 77 to 82 does not change
the bus LMPs although there are some small changes in the generation dispatch. It is obvious that
the line outages change ATC between different areas. But the impact of line outage on ATC should
be analyzed case by case. When the outage occurs on the tie-line from bus 15 to 33, which is a tie-line
between Area 1 and Area 2, ATC from Area 1 to Area 2 increases from zero to 14.47 MW while ATC in
the opposite direction (from Area 2 to Area 1) decreases from 965.51 MW to 831.28 MW. This outage
also affects ATC between Area 2 and Area 3. ATC from Area 2 to Area 3 increases from 1052.21 MW
to 1561.95 MW and the opposite direction ATC decreases from 2333.09 MW to 2328.88 MW. ATC
between Area 1 and Area 2 does not change with the outage of tie-line bus 77 to 82 between Area 2
and Area 3. This line outage increases ATC from Area 2 to Area 3 and decreases it from Area 3 to
Area 2.

4. Conclusions

In the deregulated electricity market, operating power system economically and maintaining
its reliability is always a major responsibility for system and market operators. Available transfer
capability (ATC) identifies the available power transfer capability from the specific source to sink
areas which is an index of the system reliability while it is closely related with the system economic
dispatch. Therefore, how to effectively and efficiently evaluate ATC under the deregulated market
environment is becoming an urgent issue. In this paper, a bi-level optimization method for available
transfer capability (ATC) evaluation in the deregulated electricity market is proposed with transfer
power maximization for ATC evaluation as the upper-level and ISO’s economic dispatch as the
lower-level. The main contributions of this paper can be concluded as:
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A Di-level optimization model for ATC evaluation in the deregulated electricity market is
proposed in which the system uncertainty such as demand variation and N-1 transmission
contingencies can be considered in the ATC evaluation and ED endogenously, and the ATC results
can be obtained simultaneously with the ISO’s market economic dispatch (ED) results.

The proposed bi-level optimization model is formulated as a mathematic program with
equilibrium constraints (MPEC) by recasting the lower level problem as its Karush-Kuhn-Tucker
(KKT) optimality conditions. Then this MPEC is transformed to a mixed-integer linear
programming (MILP) problem, which is solved by available software.

The case studies performed in PJM 5-bus, IEEE 30-bus, and IEEE 118-bus systems under different
system demand levels and system topologies validate the proposed method. The simulation
results demonstrate that ATC decreases with the system load level due to remain generation
capacity and tie-line capacity reduction.

The change of the system topology has a different impact on the economic dispatch and ATC.
Under some conditions, line outage can increase ATC without increasing the generation operating
cost. Therefore, there is a tradeoff between the economic and reliability concerns in the system
topology optimization.

Furthermore, it should be noted that although the discussion in this paper focuses on the analysis

of load variation and N-1 transmission topology change, similar mechanism or approach can be
applied to the analysis of renewable generation uncertainty which also has an impact on market
clearing results and ATC. And the modeling of renewable generation will be the future work.
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Abbreviations

ATC Available Transfer Capability
TTC Total Transfer Capability

ETC Existing Transfer Capability
CBM  capacity benefit margin

TRM  transmission reliability margin
ED economic dispatch

OASIS  Open Access Same-time Information System
NERC  North American Electric Reliability Corporation
ISO Independent System Operator

RPF repeated power flow

CPF continuation power flow

OPF optimal power flow

MPEC mathematic program with equilibrium constraints
KKT Karush-Kuhn-Tucher

MILP  mixed-integer linear programming
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