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a  b  s  t  r  a  c  t

To  ensure  the  secure  operation  of a power  market,  transmission  networks  must  maintain  an  appropriate
margin  to  account  for various  uncertainties.  The  uncertainties  have  increased  significantly  by  the  increas-
ing  penetration  of renewable  energy  generation.  A  steady-state  security  distance  (SSD)  is  an  effective
security  margin  that  describes  the  distance  of an  operation  point  (OP)  from  steady-state  security  region
boundaries.  It captures  both  the  available  capacity  and  topological  location  of  each  transmission  line
that  are  important  considerations  for the  ability  of each  line  to  withstand  uncertainties.  The proposed
SSD-based  transmission  capacity  margin  is integrated  into  the  market  clearing  model.  The proposed
SSD-constrained  market  clearing  (SSDC-MC)  model  ensures  that  the SSD between  the  scheduled  OP  and
security boundaries  does  not  fall below  a specified  threshold.  The  SSDC-MC  is  formulated  as  a  bi-level
optimization  problem.  A novel  algorithm  is  developed  by dynamically  identifying  the  binding  constraints
in  the  lower-level  model.  The  SSDs  are  expressed  as  piecewise  analytic  functions  of the  scheduled  OP.
As  a result,  the bi-level  problem  is  transformed  into  a single-level  one.  Two  test  cases  are  used to  com-
pare  the SSDC-MC  method  with  a different  transmission  margin  determination  method,  which  imposes
constraints  on loading  of  all transmission  lines.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In a power market, the transmission network should maintain
an appropriate margin when scheduling future transactions. This is
essential to account for the inherent uncertainty of power system
conditions and desired operation flexibility to ensure system secu-
rity against variable system conditions [1,2]. In recent years, the
level of penetration of renewable energy generation into power
systems has increased significantly [3]. It is volatile and not fully
predictable, increasing the uncertainty and variability of generation
patterns in the market clearing process. As a result, there is a new
challenge in the determination of transmission capacity margins.

A significant amount of work has been reported on the
calculation of the transmission capacity margin for reliable mar-
ket operation. The risk-based approach and chance-constrained
approach represent implicit approaches. These approaches do not
directly investigate and calculate the margin of each transmission
line, but embed it in the market clearing model. The risk-based
approach incorporates the influence of uncertainty by indices such
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as expected energy not served (EENS), line overflow risk, etc. These
indices are integrated into the objective function of the optimiza-
tion problem [4–7]. The chanced-constrained approach models the
power flow on a transmission network as a stochastic variable, and
sets a constraint on the probability that the power flow exceeds
the transmission capacity. Thus, the likelihood of line overloads is
limited [8,9]. Both methods rely on a known probability distribu-
tion function of renewable energy generation, of which a precise
description is problematic in practice. Further, they may  require a
heavy computational burden.

The explicit approach is associated with the multi-scenario and
deterministic techniques that are used to directly target and calcu-
late the transmission capacity margin. The multi-scenario approach
seeks a series of representative possible scenarios and derives a
transmission capacity margin that accommodates all scenarios,
or most scenarios [2,10,11]. The deterministic approach is used
to calculate the transmission capacity margin for each network
facility using a pre-specified percentage, e.g. 5%, of its capacity
(equivalent to a pre-specified loading of 95%), or a fixed MW avail-
able capacity [12–15]. It avoids the computational complexity and
data unavailability issues and is straight-forward and transparent
[13–15]. However, it imposes unified margins for all lines, which is
usually conservative. Neither the location of lines and generation
injections nor the level of uncertainties is utilized.
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Based on the concept of steady-state security regions (SSR) for
power system operation, the allocation of transmission capacity
margins is equivalent to providing the scheduled operation point
(OP) with adequate security margins against operation boundaries.
An OP represents a specific allocation of outputs from various gen-
erators. The SSR is a set of OPs where power flow equations and all
constraints on the operating limits of power system components
are satisfied [16–18]. To describe the security margin of an OP in
the SSR multi-dimensional space, several quantitative indices have
been developed [19–22]. Among them, a steady-state security dis-
tance (SSD) is an intuitive concept that refers to the “Euclidean
distance” of an OP to SSR boundaries [21,22]. An SSR boundary
is determined by the operating limits of a network component.
The SSD between an OP and a boundary is a quantitative measure
of the security margin corresponding to the specific component.
However, the physical meaning of the SSD or its difference with
other security indices, such as a transmission line’s loading or avail-
able capacity, has not been elaborated. In addition, the methods
reported in Refs. [21,22] can only calculate the SSD for a given OP;
they are not capable of deriving an OP satisfying SSD requirements.

This paper interprets the meaning of SSD, integrates the SSD
with the market clearing model, and develops an algorithm for the
SSD-constrained market clearing (SSDC-MC) problem. The contri-
butions are threefold.

1. This paper interprets why the SSD serves as an effective index
of the transmission capacity margin: the SSD captures the
available capacity and topological location of each line that
are important considerations for the line’s ability to withstand
the uncertainties associated with variable generation patterns
(VGP). Fluctuations of renewable energy generation may  cause
the overall generation patterns to vary, i.e., the actual OP may
deviate from the scheduled one. The index of SSD evaluates the
vulnerability of each line in the worst case and, therefore, is
independent of the probability distribution of VGP.

2. This paper establishes a novel SSDC-MC model by substituting
the security constraints in the standard model with SSD con-
straints. The SSD constraints keep the scheduled OP away from
all SSR boundaries at a certain “distance” depending on the level
of uncertainties. In this way, the SSDC-MC model explicitly allo-
cates a line-specific security margin to each transmission line,
enabling the OP to withstand VGP. By deterministic approaches
[12–15], SSDC-MC calculates a unique available MW capacity
for each line: lines that are more vulnerable to VGP (the vulner-
ability of each line relates to its location) are required to have
larger MW available capacities. Compared with risk-based or
chance-constrained approaches, SSDC-MC is more intuitive.

3. This paper proposes an effective algorithm consisting of two
stages:
a) The SSDC-MC model is expected to include a large number

of SSD constraints. This paper introduces an SSR boundary
identification method. It identifies and removes the SSD con-
straints on those boundaries that are unlikely to be violated.

b) The SSDC-MC model is a bi-level optimization problem. The
upper-level finds the optimal scheduled OP within the SSR.
The lower-level calculates the SSD from the OP to each
SSR boundary by finding a “point” on each boundary that
is closest to the scheduled OP. The common practice to
address bi-level problems is to represent the lower-level by
its Karush–Kuhn–Tucker (KKT) conditions, but the resulting
complementary slack conditions are usually a barrier to solu-
tion. To overcome the difficulty, the algorithm dynamically
identifies the binding inequality constraints in the lower-level
model and expresses the SSD as piecewise functions of the
scheduled OP.

The remainder of the paper is organized as follows. Section 2
reviews the SSD model [21]. Section 3 provides a discussion of SSD
and its advantages. Section 4 presents the formulation of the SSDC-
MC  model. Section 5 outlines the algorithm for the solution of SSDC-
MC.  Two  study cases are presented in Section 6. Section 7 gives the
conclusion of the paper.

2. Review of the SSD

The base case (pre-contingency) SSD model is proposed in Ref.
[21]. To facilitate the evaluation of its derivatives, the square of SSD
is used here. The optimization problem of the SSD is formulated as:

�2
i (PG) = min

pg
(pg − PG)T (pg − PG) (1a)

s.t.

1Tpg=1TPD (1b)

eTi Ggpg=Pm
L.i

+ eTi GPD (1c)

Pmin
G ≤ pg ≤ Pmax

G (1d)

where
PG Scheduled OP. PG = [PG1, PG2, ..., PGn]T , n is the number of

generators.
�i SSD of PG to Bi. Bi denotes the SSR boundary that corresponds

to the power flow constraint of line i.
pg Point on Bi. It is the decision variable in (1).
Pmin

G The larger between the minimum active power generation
outputs and the output level constrained by ramping down rates.
Pmax

G The smaller between the maximum active power gen-
eration outputs and the output level constrained by ramping up
rates.

PD Vector of nodal load.
1 = [1,1,. . .,1]T.
G Matrix of power transfer distribution factors (PTDF). The ijth

element of G, Gij , is the contribution of the injected power of bus j
to the power flow on line i.

Gg Matrix consisting of G’s columns that correspond to generator
buses.
Pm

L.i
Positive or adverse transfer limit of line i.

ei M-dimension unit vector [0,  ..., 0, 1
ith
, 0, ..., 0]T .

The post-contingency SSD model is proposed in Ref. [22]. It dif-
fers from (1) because a line outage changes network topology. Let
�l
i
be the SSD of PG to Bi after line l is out of service. �l

i
is formulated

similar to (1) except that Eq. (1c) is replaced by:

eTi G
l
gpg=PmL,i + eTi G

lPD (1e)

where
Gl Matrix of power transfer distribution factors (PTDF) after line

l is out of service.
Glg Matrix consisting of Gl ’s columns that correspond to gener-

ator buses.
From a geometrical point of view, Eqs. (1b)–(1d) represent

pre-contingency Bi, and Eqs. (1b), (1d) and (1e) correspond to post-
contingency Bi. In either case, Bi consists of the OPs that turn the
inequality constraint on line i into an equation, and these OPs
should be within the SSR as well. Eqs. (1b) and (1d) are representa-
tions of the SSR, which is composed of OPs satisfying constraints on
generator outputs and supply-demand balance. The OPs satisfying
Eqs. (1c) or (1e) are conditions under which the power flow on line i
reaches its capacity. Hence the constraints in (1) define a set of OPs
that constitute Bi. Let p∗

g denote the optimal solution to (1), then p∗
g

is a point on Bi that is closest to PG , i.e., the closest boundary point
(CBP) to PG . According to Eq. (1a), �i and �l

i
are the distances from

PG to pre- and post-contingency Bi, respectively.
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