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An Approach to Optimal Dispatch Scheduling Incorporating
Transmission Security Constraints

Koo-Hyung Chung*, Dong-Joo Kang*, Balho H. Kim**, Tai-Hoon Kim§,
| and Tae-Kyoo Oh™

Abstract — The introduction of competition in electricity markets emphasizes the importance of
sufficient transmission capacities to guarantee effective power transactions. Therefore, for the
economic and stable electric power system operation, transmission security constrains should be
incorporated into the dispatch scheduling problem. With the intent to solve this problem, we

‘decompose a dispatch scheduling problem into a master problem (MP) and several subproblems (SPs)

using Benders decomposition. The MP solves a general optimal power flow (OPF) problem while the
SPs inspect the feasibility of OPF solution under respective transmission line contingencies. If a
dispatch scheduling solution given by the MP violates transmission security constraints, then additional
constraints corresponding to the violations are imposed to the MP. Through this iterative process
between the MP and SPs, we derive an optimal dispatch schedule incorporating the post-contingency
corrective rescheduling. In addition, we consider interruptible loads as active control variables since
the interruptible loads can participate as generators in competitive electricity markets. Numerical
examples demonstrate the efficiency of the proposed algorithm.

Keywords: Benders Decomposition, Interruptible Load, OPF Transmission Security Constraints,

Post-contingency Corrective Rescheduling

1. Introduction

Securing transmission capacities is one of the important
issues in competitive electricity markets since competition
might cause transmission-related problems such as the load
flow increase on long-range tic lines between supply and
demand areas, the loop flow appearance, the decrease of
transmission reserve and stability margins, and so on.
Therefore, transmission security constraints should be
incorporated into the dispatch scheduling problem to
guarantee effective power transactions [1].

Several optimal power flow (OPF) algorithms
considering contingency constraints have been proposed
with the intent to solve this problem. In general, adding
contingency constraints yiclds more conservative operation
of the electric power system. Contingency constrained OPF
algorithms proposed by Ref. [2-6] can be preventative
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implements for stable power system operations since they
incorporate additional constraints to allow feasibility under
the contingency condition. However, they have no ability
to control system configurations for adjusting the post-
contingency condition. OPF algorithms which have post-
contingency corrective rescheduling capabilities are
proposed at Ref. [7-10]. When taking into account
corrective capabilities, each post-contingency scenario 1s
modeled as an optimization problem, causing the global
formulation to become a high-dimension optimization
problem. This is the reason that the introduction of
decomposition techniques is required.

However, in the previous studies, the interruptible loads
are thought of as passive elements only in order to ensure
the solution feasibility, especially in relation to the active
power flows. This is not suitable for competitive electricity
markets where participants can use the interruptible loads
as a manner for their profit maximization. With the intent
to solve this problem, we propose a transmission security
constrained dispatch scheduling algorithm that can
guarantee the solution feasibility and incorporate each
interruptible  load capacity. Based on Benders
decomposition, the proposed algorithm separates the
dispatch scheduling problem by a 2-level optimization
problem: a master problem (MP) and a set of subproblems
(SPs). The MP solves the base-case OPF problem while the
SPs inspect the feasibility of OPF solution under respective
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transmission line contingencies. If a dispatch scheduling
solution given by the MP violates transmission security
constrains, then additional constraints, known as Benders
cut, corresponding the violations are imposed to the MP.
This iterative process continues until a least-cost dispatch
schedule with the post-contingency corrective capability is
derived.

2. Problem Formulation

The general contingency constrained dispatch
scheduling problem 1s formulated as follows:

minimize f(x,)
subject to g(x,)=0
g(x)=0 for k=1,--- N,
h(x,) <0 (1)
h(x,)<0 for k=1,--,N,
%y —x,|<Ax, for k=1,--,N,
where
k index of each one of post-contingency scenarios

N set of all post-contingency scenarios

X, control variables under base-case scenario

x,  control variables under post-contingency scenario k
g(x,),h(x,) set of operational constraints under base-case

scenario
g(x,),h(x,) set of operational constraints under post-

contingency scenario k
Ax, allowable rescheduling capabilities for control

variables when the contingency k occurs.

f(x) 1s defined as the sum of the production costs for

all generating units. The objective of the contingency
constrained dispatch scheduling aims to the least-cost
active power generation at the base-case condition.

Ng
f(FS) =) F(F) (2)
i=1
where |
i index of each generating unit

N set of all generating units
F,(s) production cost function of the generating unit ;

P generation of the generating unit ; under base-case

scenario.

Equality constraints g(x,) and g(x,) correspond to

the power flow equations at the base-case scenario and

post-contingency scenario k , respectively.

V(G) cosd) + B;sind;) =0 (3)

J
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P Gi Dz z‘

J

Op, — 08, =VIY V)(G)sindy — B cosf,) =0 (4)
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N
Pl - P — VikZij(G;f cosé’;.‘ + B;f siné’;.‘) =0
j=1
fO?" k___l:_'"ch (5)

N
Qgi - Q;;f - V;kZVJk(G; Sil’lé’{-";T - B; COSQ{;{) =0
F=1

for k=1,--,N, (6)
where,
P, P active power generation at bus ; under base-
case and post-contingency scenario k
0, 0" reactive power generation at bus ; under
Gi Gi
base-case and post-contingency scenario k&
P, Ps active power demand at bus ; under base-
case and post-contingency scenario k
0% ,0f  reactive power demand at bus ; under base-
case and post-contingency scenario k
AN voltage magnitude at bus ; under base-case
and post-contingency scenario k
8, 0r voltage angle at bus ; under base-case and
post-contingency scenario k
0. G* line conductance between bus i and
/e J
under base-case and post-contingency
scenario k
B;? , B;‘ line susceptance between bus i and
under base-case and post-contingency
scenario k.

Inequality constraints j(x,) and h(x,) hmit the

values of system control variables and functions at the
base-case scenario and post-contingency scenario k ,
respectively.

PE" < PG < P (7
Pt < PX < P for k=1, N, ®
e < Of < ' ©)
mn < of <OF= for k=1,--,N, Qo)
19| < 1= | - ay
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|1§|s1;“ for k=1,--,N, | (12)
AR AR A (13)
ymn <y <P™ for k=1, N, (14)

where, [;? and J : are the apparent power flow between

bus i and ; at the base-case and post-contingency

scenario k, respectively.
Ramping constraints between base-case and post-
contingency conditions ‘xo — xk|g Ax, , called coupling

constrains, define the allowable rescheduling capabilities

for the control variables, especially for the generating units.

Therefore, the generating units can adjust their output
within the limits of allowable rescheduling capability when
contingency k occurs.

0 k
IPGI Pth—'

G for c (15)

3. Transmission Security Constrained
Dispatch Scheduling Problem Incorporating
Interruptible Loads

Previous corrective rescheduling OPF algorithms
incorporate the interruptible loads but they are subordinate
only for the solution feasibility [7-10]. In the competitive
electricity markets, practical interruptible capabilities
should be imposed to load demands as generation
capacities since the interruptible loads can be a mean to
maximize the market participant’s profit. In addition, some
of the algorithms based on DC network model only deal
with the interruptible loads in relation to the active power
flows. However, the effectiveness of load interruption by
the reactive power flow as well as the active power flow
should be incorporated in the practical power system
operation since the load interruption might be frequently
occurred to maintain the voltage stability in the system
rather than the thermal limit of transmission lines.
Therefore, we also consider load demands as control
variables for the dispatch scheduling problem. This might
make the computation speed slow. However, as the
interruptible loads are practically small parts of the entire
loads, the defect can be thought to be acceptable.

Interruptible loads are usually paid in proportion to the
amount of active power interruption. This is the reason that
interruptible loads can be regarded as generating units.

Therefore, the objective function (2) can be revised as
follows:

Ng N,
(P, P)y=> F(P3)+ > CP,(Py*—Py) (16)
i=1 j=1

where,
N,  setofall interruptible loads

CP, unit payment for active power interruption at bus ;
Py active load demand at bus

Plg;_ actual active load supply at bus ; under base-case

scenario.

Therefore, the difference between ngq and ng 1S

defined as the actual active power interruption at bus ;.

As the actual load supplies are treated as the control
variables, the active/reactive loads at the equality
constraints (3)-(6), that is the power flow equations, are not
fixed parameters any longer. In addition, the following
limits on the active power interruption should be

incorporated with previous operational constraints
described at (3)-(15).
Pyt — PL™ < Py, < Py (17)

Pyt — PLT™ < Pk <Py for k=1,---,N, (18)

where,
PL™ maximum active power interruption at bus

P! actual active load supply at bus ;i under post-

contingency scenario k.

It is noted that we curtail the same proportion of the
reactive load and the active load to keep the power system
operation at a constant power factor. This assumption
makes the reactive power interruptions as the dependent
variables on the active power interruptions:

0 _ po bi 19) :

=P (

QD: Di PDr;gq

0t =P 2oi for k=1-.N, (20)

B

where,

N reactive load demand at bus
0.0k actual reactive load supply at bus i under

base-case and post-contingency scenario k.

In addition, the interruptible loads can be controlled as
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generating units within the maximum power interruption.
Therefore, they also have coupling constraints as in
Equation (15).

\PS,-—P&]SPS?‘?—PL?“ for k=1,--,N, (21)

However, the centralized scheme for solving this
dispatch scheduling problem under the n-1 contingency
conditions has considerable computational burdens since a
lot of constraints are added according to the number of
contingencies to be considered. In addition, its
convergence property might be graded with the addition
and existence of coupling constraints. This is the reason
that we introduce Benders decomposition to solve the
transmission security constrained dispatch scheduling
problem.

4. Application of Benders Decomposition

If we remove the coupling constraints, then the
transmission security constrained dispatch scheduling
problem can be separated into one MP for the base-case
condition and several SPs for respective N

contingencies. Benders decomposition can be an effective
implementation for this 2-level optimization scheme [13].
However, additional constraints, called Benders cuts,
should be incorporated into the MP for relaxing the
coupling constraints. Benders cuts include information on
the effects of given MP solution on the feasibility of
respective SPs.

4.1 Formulation of Subproblems

SPs for the transmission security constrained dispatch
scheduling are defined for respective contingencies.
Therefore, when we consider N_ contingency condittons,

there are independent N  and SPs. SP for the post-

contingency scenario k is formulated as follows:

minimize ¢'s,

subjectto  g(x,)=0
h(x,)<0 (22)
’x[’;” —xk’—sk < Ax,

s, 20

where, e= [1,---,1]. The parameter x, represents the

control variable values derived from the MP at m -th
iteration and s, is the penalty variables to measure the

incurred violation of the corrective rescheduling at the
post-contingency scenario k. These penalty variables also
act as the slack variables to guarantee the feasibility of a SP.

If the objective function value of (22) is zero, it means
that the power system has sufficient corrective
rescheduling capabilities associated with the post-
contingency scenario k. However, the non-zero value of
the objective function means that the system operation
based on the dispatch schedule derived from the MP does
not deal with the contingency condition. In this case, the
penalty variable values and Lagrange multipliers
associated with the coupling constraints are sent to the MP
in order to improve the base-case solution. This
information as to how much the dispatch schedule derived
from the MP affects the £ -th SP solution making sure of
rescheduling power system operation to minimize the
objective value of the SP.

4.2 Formulation of Master Problem

The objective of the MP is to obtain the optimal dispatch
schedule at the base-case condition. The MP is formulated
as follows:

minimize f(x,)
subjectto  g(x,)=0
h(x,) <0 (23)

s, + A4 (x, —x3)<0 for k=1,---,N,

where, 1 is the Lagrange multipliers associated with the

coupling constraints from the k-th SP solution. The last
constraints of (23) represent the Benders cuts that link the
SP solution to the MP solution in order to improve the
optimal base-case dispatch schedule.

4.3 Solution Procedure

This proposed algorithm for solving the transmission
security constrained dispatch scheduling problem needs
initial points for the control variables. The 1initial points can
be obtained from the base-case OPF without the last
constraints of (23). For a dispatch schedule given by the
MP, we check the feasibility of the SPs. Once a violation is
detected in the SPs, Benders cut associated with the
corresponding constraint is generated and added into the
MP. With this Benders cut, the MP improves the base-case
solution which is provided to re-check the feasibility of the
SPs. This iterative process between MP and SPs continues
until the objective function value for all the SPs becomes
ZEeTo.
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Fig. 1. 48-bus test system
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Table 1. Description of generation units
Unit No. Bus No. P (MW) P (MW) AP(MW)
1 1 32.0 30.0 2.00
2 1 30.0 150.0 7.50
3 2 32.0 40.0 2.00
4 2 30.0 150.0 7.50
5 7 75.0 300.0 15.00
6 13 200.0 600.0 30.00
7 15 12.0 60.0 3.00
8 15 543 155.0 7.75
9 16 54.3 155.0 7.75
10 18 100.0 400.0 20.00
1 21 100.0 400.0 20.00
12 22 300.0 0.0 15.00
3 23 100.0 310.0 15.50
14 23 140.0 350.0 17.50
15 25 320 40.0 2.00
16 25 300 150.0 7.50
17 26 32.0 40.0 2.00
8 26 300 150.0 7.50
19 31 75.0 300.0 15.00
20 37 200.0 600.0 30.00
21 39 12.0 60.0 3.00
22 39 54.3 155.0 7.75
23 40 543 155.0 7.75
24 42 100.0 400.0 20.00
25 45 100.0 400.0 20.00
26 46 300.0 0.0 15.00
27 47 100.0 310.0 15.50
28 47 140.0 350.0 17.50
Table 2. Description of load demands
Bus No. P, (MW) 0, (MVar) PL™ (MW)

1 76.0 36.8 3.80

2 63.0 32.9 3.40

3 126.0 61.0 6.30
4 52.0 252 2.60

5 50.0 242 2.50

6 96.0 46.5 4.80

7 88.0 2.6 440
8 120.0 58.1 6.00
9 122.0 59.1 6.10
10 136.0 65.9 6.80
3 186.0 90.1 9.30
14 136.0 65.9 6.80
15 222.0 1075 1120
16 70.0 33.9 3.50
18 234.0 1133 11.70
19 128.0 62.0 6.40
20 90.0 3.6 4.50
25 114.0 55.2 5.70
26 102.0 49.4 5.10
27 189.0 915 9.45
28 780 378 3.90
29 75.0 36.3 3.75
30 144.0 69.7 7.20
31 132.0 63.9 6.60
32 180.0 87.2 9.00
33 183.0 88.6 9.15
34 204.0 98.8 10.20
37 279.0 135.1 13.95
38 204.0 98 8 10.20
39 333.0 1613 16.65
40 105.0 50.9 5.25
Y 351.0 170.0 17.55
43 192.0 93.0 9.60
44 135.0 65.4 6.75
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Table 3. Generation output by OPF and transmission security constrained dispatch scheduling

Transmission security constrained dispatch scheduling
: OPF Contingenc Contingenc Contingenc Contingency
Unit No. MW) Ba(‘;;":;se s 0206 2527 02-26
(MW) (MW) (MW) (MW)
1 40.00 40.00 38.00 38.00 40.00 38.00
2 150.00 15000 142.50 14250 142,50 14250

3 40.00 40.00 38.00 40.00 | 40.00 38.00
4 150.00 150.00 142.50 150.00 150.00 142.50
5 137.37 148.39 133.39 142.86 152.37 133.39
6 267.76 318.99 288.99 288.99 288.99 288.99
7 43.10 15.00 18.00 12.00 18.00 18.00
8 155.00 80.77 88.52 73.04 88.52 88.52
9 155.00 155.00 147.25 147.25 147.25 152.40
10 331.27 331.27 311.27 311.27 311.27 311.27
11 315.30 315.30 296.51 295.30 295.30 295.30
12 300.00 300.00 285.00 285.00 300.00 285.00
13 310.00 310.00 294.50 294.50 294.50 294.50
14 350.00 350.00 332.50 332.50 332.50 332.50
15 32.00 32.00 32.00 32.00 34.00 34.00
16 48.53 48.53 56.03 41.03 41.03 56.03
17 32.00 32.00 32.00 34.00 34.00 34.00
18 43.06 49.38 52.83 56.61 41.88 50.54
19 147.12 149.98 164.74 164.76 155.87 134,98
20 200.00 206.74 200.02 235.69 200.00 236.26
21 40.25 40.25 37.25 37.25 43.25 43.25
22 155.00 155.00 147.25 147.25 153.76 155.00
23 155.00 155.00 147.25 155.00 153.76 155.00
24 316.46 321.91 341.46 341.45 329.96 -336.44
25 299.39 304.80 32435 284.80 284.80 284.80
26 300.00 300.00 285.02 300.00 295.31 285.00
27 310.00 310.00 310.00 310.00 303.46 310.00
28 350.00 350.00 350.00 350.00 343.46 332.50

5. Computational Results

The proposed algorithm is tested on a 48-bus system
modifying the IEEE RTS 24-bus test system. The 48-bus
test system has 28 generating units, 34 loads and 78
transmission lines. Tables 1 and 2 show detailed
characteristics for the generating units and loads. Post-
contingency scenarios used in this study are 4 major line
outages: line 1-25, line 2-6, line 2-26, and line 25-27. It is
noted that we can freely select post-contingency scenarios
regardless of the number and/or the location of
contingencies.

Tables 3 and 4 compare the solution from the proposed
algorithm to the conventional OPF with the rescheduling
results of the generating units and interruptible loads at
respective post-contingency scenarios. These results show
that the levels of post-contingency corrective rescheduling
for generating units and interruptible loads are differently
associated with respective contingencies. Fig. 2 also shows
the convergence property through the iterative process
between MP and SPs. In this study, the optimal solution
needs 3 iterations.

6. Conclusions

The introduction of competition in electricity markets

emphasizes the importance of sufficient transmission
capacities to guarantee effective power transactions.
Therefore, for the economic and stable electric power
system operation, transmission security constrains should
be incorporated into the dispatch scheduling problem.
However, the centralized scheme for solving this dispatch
scheduling problem under the n-1 contingency conditions
has considerable computational burdens since a lot of
constraints are added according to the number of
contingencies to be considered. In addition, its solution
convergence might decline due to the addition and
existence of coupling constraints. This is the reason that we
introduce Benders decomposition to solve the transmission
security constrained dispatch scheduling problem because
Benders decomposition is a natural way to transform the
complicated optimization problem into the 2-level structure
between a MP and SPs.

In addition, interruptible loads should be incorporated
into the post-contingency corrective rescheduling as active
control variables since market participants can use their
mterruptible loads as a manner for their profit
maximization. With the intent to solve this problem, we
also propose a transmission security constrained dispatch
scheduling algorithm that can guarantee the solution
feasibility and incorporate each interruptible load capacity.
We will implement a dispatch scheduling model that is
more delicate and applicable to real power system
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operations by considering dynamic stability constraints as
well as these static security constraints.

1.204

1,203

- 1.202

- 1.201

— 1.200

Infeasibility (p.u.)
($,01) 1500 uononpold

- 1.199

- 1.198

3
—o— |nfeasibility
-—#-— Production cost

Fig. 2. Infeasibility between MP and SPs and its objective
function value by iterations.

Iteration
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