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ABSTRACT The N-1 criterion is universally taken as the security constrains in the security-constrained
unit commitment (SCUC) problem. The line outage distribution factors (LODF) is widely used in the N-1
continency for its state independence and computational efficiency. However, the LODF based model fails
to consider reactive power and voltage magnitude. This paper closes this gap by deriving modified line
outage distribution factors (MLODF) based on a linear power flow model. The proposed model, though
state-independent, provides high-quality approximation of voltage magnitudes. Then, we apply this model to
formulate the SCUC problem and propose an iterative solution process based on MLODF post-contingency
filter to set up the contingency constraints. The simulation results of the benchmark test systems verify the
accuracy of proposed MLODEF. The six-bus and IEEE 118-bus systems show that the MLODF based model
can provide a more accurate and secure generation schedule comparing with the traditional LODF based
model while ensuring the AC feasibility for most N-1 continency.

INDEX TERMS Modified line outage distribution factor, state-independent, linear power flow model,
mixed-integer linear programming, security constrained unit commitment.

I. INTRODUCTION

Security-constrained unit commitment (SCUC) refers to the
economic dispatching of generating units for supplying the
system load and satisfying the transmission network secu-
rity at the normal state [1], which has been widely applied
in both vertically integrated utilities and restructured power
systems. The efficient solution framework for this problem
is to implement iterative procedure between a master prob-
lem (unit commitment) and subproblems (network security
evaluation). Reference [2] summarized some mainstream
methodologies for solving the SCUC master problem and
sub-problems in terms of modeling ability, feasibility and
optimality, solution stability, computer resource consump-
tion, post-contingency actions and CPU time.

Prevalent SCUC problems are based on the DC power flow
formulation owe to its reasonable accuracy and computa-
tional efficiency [3], [4]. Reactive power constraints and bus
voltage limits are not considered. However, during the actual
operation of power system, a significant voltage drops across
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long-distance transmission is more likely to occur, which may
cause the bus voltage to exceed its limit, especially at load
center buses [5]. Besides, the reactive power flow may have a
great influence on line current, particularly in power networks
with strong coupling between active and reactive power [6],
which may yield uneconomic or insecure solutions. Based on
the two reasons above, SCUC problem considering AC power
flow constraints is a necessity to improve grid operations.
Reference [7] established a SCUC problem with AC con-
straint and applied the Benders decomposition for separating
the unit commitment in the master problem from the net-
work security check in subproblems. The authors of [8] pro-
posed a solution technique based on the outer approximation
method to co-optimize real and reactive power scheduling
and dispatch subject to both unit commitment constraints and
ACOPF constraints. In [9], a novel decomposition method
is also proposed for the AC-SCUC problem. By solving the
MISOCP model of the master problem, the active power and
reactive power are co-optimized based on the conic approxi-
mations of the AC power flow equations.

However, the solution cannot guarantee the global opti-
mum because of the non-convexity [10], [11]. To bridge this
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gap, several linear power flow models considering the reac-
tive power and voltage profiles are proposed. Reference [12]
proposed the decoupled linearized power flow (DLPF) model
with respect to voltage magnitude and phase angle. The
model is state independent and the accuracy and robust-
ness are proved in several cases, including radial distribution
systems, meshed large-scale transmission systems and ill-
conditioned systems. The authors of [13] derived a general
linearized power flow model considering tap changers and
phase shifters using the logarithmic transform of voltage
magnitudes (LTVM). An improved linearized network model
based on the Taylor series expansion was derived in [14].
The piece-wise linearization technique method with integer
variables is applied to handle the nonconvexity introduced
by the quadratic losses. A linearized power flow model that
preserves the effect of reactive power was developed in [15].
Reference [16] proposed an approximate power flow solu-
tion for a distribution network, in which the voltage pha-
sor was approximated as a linear function of load demands
at PQ buses with guaranteed error bounds. Reference [17]
employed curve fitting to linearize the nonlinear terms of
voltages in the power flow model. These models provide
high-quality approximation of AC power model while main-
taining the computation efficiency, having been applied to
the optimal power flows [18], [19], transmission expansion
planning [20].

In the contingency security assessment, the line outages
are often considered because of their universality. The most
classical method is to use the line outage distribution fac-
tors (LODF) [21, [22], which can be directly calculated
according to the power transfer distribution factors (PTDF)
of the pre-contingency network [23]. PTDF de-scribes how
the real power flows change if power injection is shifted from
one node to another. Correspondingly, LODF describes how
the flows change when one line fails. Awe to its computa-
tional efficiency, LODF has been widely used in generation
capacity expansion planning problem [24], optimal power
flow calculation [25], real-time operation [26] and SCUC
problem [3]. Though LODF can straightly determine the
post-contingency active power flow, it cannot predict post-
outage reactive power flows and voltage. To solve this prob-
lem, many researchers also proposed the methods based on
the sensitivity coefficients to calculate the post-contingency
states [27], [28]. However, they are related to the system base
points, which is difficult to apply in the SCUC problem.

The major contributions claimed in this paper are as
follows:

o This paper proposes the modified line outage distri-
bution factors (MLODF), which is derived from a
state-independent linear power flow model and only
related to the network parameters. The proposed factors
are distinguished by their high-quality approximation of
post-contingency active power flows and voltage mag-
nitudes.

o A formulation for SCUC problems based on MLODF for
post-contingency states is established and a linearization
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method is applied to approximate the quadratic branch
flow limits.

« To improve the computational efficiency, an iterative
solution process based on MLODF post-contingency
filter is proposed to set up the contingency constraints.

o The simulation results on several different scales of
power system verify the accuracy of the proposed
MLODF model. The SCUC problem based on MLODF
can provide a more secure generation schedule than the
traditional LODF based model.

The remainder of this paper is organized as follows. Section II
describes the derivation of MLODF. Section III introduces
the formulation for the SCUC. Section IV presents the solu-
tion method based on the MLODF post-contingency filter.
Section V contains the case study to verify the proposed
model. Finally, Section VI draws the conclusions and sugges-
tions in the future work.

Il. DERIVATION OF MLODF

The line outage model through the incremental injections of
buses is simulated in [29]. Figure 1 illustrates the simulation
when the line nm is off. The incremental injecting power
(AP, + jAQ,, AP, + jAQ,) at the end bus n and bus m
can be expressed by the flowing in the line nm in the final
simulated state (an + anm, Pm,, + ij,,) as follow:

APn +jAQn = (P: +]Q:) - (Pn +an) =13nm +anm

APy + jAQn = (Phy +j0h) = (P +0n) =P + jOmn

ey
Bus n Bus m
Buses- o P * ). Buses-
RO, PO A
—> Y Q* . <«
<+ nm j m Pmn + JQnm —
na + ana Rn/} + ij[f
(a)Initial system state
L
R,* +an Ru +]Qm
<« >
By + O Bop+ Qs
(b)Final system state
Rl + ]Qn P/N + J m |
| |
T |
> = . <+
- I — nm +J nm Rnu + /QIN" '
R)a + ]Qna I)mﬁ + 1Qm,6
(c)Simulated final system state
FIGURE 1. Line outage modeling using injections.
25259



IEEE Access

H. Zhou et al.: Security Constrained Unit Commitment Based on Modified Line Outage Distribution Factors

To make the AC power flow model non-convex, the follow-
ing linear approximations [12] can be applied to decouple the
voltage magnitudes and the phase angles in the power flow
equations:

n n
Pi=> giVi— > bt ©)
j=1 j=1

n n
=D bV =) g €)
j=1 j=1

where P; and Q;denote the net power injection of active and
reactive power at bus i, respectively; g;;and b;; denote the real
and imaginary part of nodal admittance; V; and 6;denote the
voltage magnitude and phase angle of bus j.

Based on (2) and (3), we can obtain the linear expression
for branch flow as follow:

0i

Pyj = gij(Vi = V)) = bij(6 — 6) + g3'Vi @
Qi = —by(Vi = V) = gj6i =) = b3'Vi.  (5)

where yffjh = gfjh + jbf'jh are the line shunt admittance includ-
ing the line-charging susceptance and equivalent admittance
of transformers and phase shifters. According to [12], for

branches with transformers and phase shifters, yfjh = }t—’{ —
Yii ,—jfs \sh Yii j6s
Ty =i — e

We can calculate perturbations for a given operating state

by the first-order Taylor expansion of (4) and (5):

AP| | G =B ||AV ©)
AQ| T | -B -G AO |°
Then, the changes in voltage magnitude and the phase

angle (AV, A#), for given changes in the bus power injec-
tions (AP, AQ) can be written as:

[ ]=[5 =) [e]-[F 0]

@)
where
ap=| 2P A= |29 | )
| APy, AQp
So that

A Vm — mn le’l Hmm Nmm A Qn (9)

Agn Knn Lnn Knm an A[’Wl

A 0"" | Kmn Lmn Kmm me A Qm

Collating (4), (5) and (9), we can establish the relationship
among the post-outage flowing in the line nm, the incremental
injections into buses n, mand the pre-outage flowing in the
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line nm(P* * . P*

* .
s Onns P> Q) as follow:

P P, [ HKy1 NLy2 HKj3 NLjy
Owm | _ | Oom n HK>1 NLyy HK»3 NLyg
Ijmn P;,km HK31 NL3p HK33 NL3g
Omn ;knn _HK41 NLy HK43 NLgy

AP, ]

AQ,

<| apt |- (10)
AQp |

Substituting (1) into (10) yields:

Py - AP,
Qnm | AQ,
P | | AP,
Omn L AQn

HKy1 NLi» HK;3 NLiy
HK31 NLy HK»3 NLog
HK31 NL3» HK33 NL3g
HK41 NLyp HK43 NLygy
P
Sk
e 11
“| B "
Q:m
Through (7) and (11), we can get the increment of bus
voltage:

=|E -

AP,
|:AVii| _ -Hin Nin Him Nimi| AQn
Ab; - _Kin Lin Kin Lim APy,
AQm
Pom

I RN R B,
LKn Ly Kiy Ly || Pow

*
mn

We define several factors (o um, Binms €i.nm» Vinm) as
the sensitivity coefficients of pre-outage power flows in the
line nm to the incremental voltage at bus i. Therefore, the
post-outage voltage can be written as:

‘7,' = Vi* + AV;

= Vi*‘i‘ai,nmpzm +,3i,anZm+05i‘mnP:m +,3i,an::m7 (13)
é,' = 91'* + A0;

= ei*'i'yi,nmpzm +5i,anZm+Vi,mnP:m +5i,an;,km- (14)

While the power flowing over the line #jis equal to

Pj =P} + AP;

Q5 =2y + A0, (15)
Oji = in + AQji,
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where
AP;
= gif (AVi = AV)) = byj (A0 = AG)+g} AV;
= [gij (i.nm—j,nm) = big (Viom — Vj,nm)—i-gf-,hai,nm] P,
o+ (85 (Buom—Bim) =i (8im—10) 5 Bioun | O
+ [gij (Oli,mn _O{j,mn) —bj; (J/i,mn— )/j,mn)] P
+ [ (Binn—Bj.nn) — bij (i.mn = .mn) | Qpun
= LPP}"P,,, +LPQ};" 0, +LPP;"P,, +LPQi" 0,
(16)

Similar to (16), APj;, AQ;j, AQj; can be expressed by the
pre-outage flowing in line nm.

The coefficients of LPP!", LPQZ’”, LPP", LPQZ?" in (16)
are the MLODFs we proposed, e.g. LPP,.j’" represents the
change in active power transfer on line ij (AP;;), with respect
to the pre-outage active power flow on line nm (P},,), as a
result of the outage of line nm.

1Il. FORMULATION OF SCUC BASED ON MLODF
This section provides the detailed formulation of the objective
function and constraints relevant to the SCUC model.

A. OBJECTIVE FUNCTION

The total production cost of all units is to be minimized. The
operation cost of a thermal unit is defined as a linear function
of variables:

22 (ngU(Pé’J) +eg g+ Ve + C?L“g’f)’
teT geZ™

7)

where T, ZTU are the index for periods and thermal units;
ngU(~) is the piecewise linear cost of the thermal unit;
cg’U, C;D, C?L are the startup, shutdown and no-load cost of
the unit, respectively; xg s, Y¢.1, Ug,, are the startup, shutdown
and commitment decisions of the unit, respectively; p, ; is the
active power output above the minimum output.

B. CONSTRAINTS
1) ELECTRIC POWER BALANCE CONSTRAINTS

Z GijVi: — Z ngej,,

jezbus jEIb“S
= Y (pg.t+ug tPg)— PDi.t, (18)
geSiTU
- Z BV — Z Gij0),1
jerus jEIbuS
= Y (qg.t+ug 10g) — ODi.t, (19)
geSiTU

where 7" are the index for buses in the electricity network;
SIT U are the index of thermal units connecting to the bus i;
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P,, Qg are the minimum generation active and reactive out-
put; PD;;, OD;; are the active and reactive demand; g, is
the reactive power output above the minimum output.

2) Spinning reserve constraints:

DPg.t + g s E(Pg - Pg)”g,t_(i’g —SUg)xg s,

MU, =1,
(20
DPg.t + g S(Pg - Pg)ug,l_(i)g —SDg)yg.1+1,
MU, = 1,
(2D
Dot + ritg s <(Pg — Pug; —(Py — SUg)xg s
— (Pg = SDg)ygi+1, MUg=2  (22)
rdg; — pg,r <0, (23)
> rug, =SR®, > rdg, > SR, (24)

geZ™U geZ™

where MU, is the minimum uptime of the unit; I_Jg is the
maximum generation active output; SU,, SD, are the startup
and shutdown ramping capability of the unit; SR'P, SRIO"
are system-wide upward and downward spinning reserve
capacity requirement; rug ;, rd, ; are upward and downward
spinning reserve of the unit.

3) Ramping constraints:

—RDg < pg,t — Pg.i—1 < RU,, (25)

where RUg, RD, are upward and downward ramping capabil-
ity of the unit.
4) Logic constraints of unit commitment states:

Ugr — Ugt—1 = Xg,t — 8g,t> (26)
t
Y Ter S, @7)
r=max{1,:—MU,+1}
t
> Ver <1 =g, (28)

r=max{1,:—MD,+1}
ug,t € {09 1}1 O = -xg,l = 17 O = yg,t = 17 (29)

where MDy ; is the minimum downtime of the unit.
5) Reactive generation limit constraints:

qg.t + ug,tgg =< ug,th’ (30)

where Qg is the maximum generation reactive output.
6) Pre-Outage network constraints:

Pyji = (Vi — Vi) = byj(0is — 0.0) + g Vi
Qij. = —byi(Vit — Vi) = 86 — 6j.0) — b Vir,

31)
Py 405, < Sy’
Pi+ 05, < Sy
V,<=Vi, < ‘_/i, (32)
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where E,jis_ the apparent power capacity of the transmission
lines; V;, V; are the minimum and maximum voltage magni-
tude of buses.
7) Post-Outage network constraints:
Pj" = P+ LPP}" P}, + LPQ}" Q% + LPP}" P},
+LPOY"0,
+L0Q}" 0,
Vinm S Vl'* + O‘i,nmpzm + lgi,an:m + Oti,mnp;';m
+ Bi.mn Qi (33)

(34)

where ?ij is the emergency apparent power capacity of the
transmission lines; V', V/ are the emergency voltage magni-
tude limit of buses.

IV. SOLUTION METHOD

A. FLOWCHART OF THE SCUC PROBLEM

Most of the N-1 contingency constraints are inactive and
can be discarded [30]. To reduce the number of N-1 contin-
gency constraints, we propose an iterative filtering process
based on the MLODF to set up the contingency constraints.
The flowchart of the MLODF post-contingency filter for the
SCUC problem is shown in Figure 2.

Solve the pre-contingency
network constrained UC for the
base case:

Equations (18)-(32)

Estimation of the post-
contingency active/reactive flow
and bus voltage using Equation
(33)

Solve the SCUC master problem
with the binding
combinations of (33)-(34)

f

N Add the specific security
constraints (33)-(34) to SCUC
master problem (18)-(32)

Judge the violations of a
post-contingency power flows and
voltage magnitudes (34)?

Obtain the final solution

FIGURE 2. Flowchart of the MLODF post-contingency filter for the SCUC
problem.

The solution procedure starts by calculating the pre-
contingency network constrained UC, in which (18)-(32) will
be included. The network constrained UC obtains the pre-
contingency line flows (P;;/Q;;) and bus voltage (V;). Then,
the post-contingency filter uses (33) to compute all the post-
contingency line ij power flows (133”’;, Qg’"t) and bus voltage
(I7ifl,’") when the line nm fails according to (33). If all post-
contingency power flows and voltage magnitudes are within
their limiting values (A < ‘A), the final solution is obtained.
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If the above condition is not satisfied, then the correspond-
ing constraints in (33)-(34) are added to the SCUC master
problem (18)-(32). After solving the SCUC with the binding
combinations of (33)-(34), the pre-contingency flows and
bus voltage are updated and analyzed again. This iterative
approach provides an efficient way to find out the active
contingencies to include in the SCUC.

B. LINEAR APPROXIMATION OF THE QUADRATIC
CONSTRAINTS

Note that the transmission capacity constraints (32) and (34)
are both quadratic items, which makes the scheduling prob-
lem nonlinear. To improve the computational efficiency, a lin-
earization method is applied to approximate the quadratic
branch flow limits [31]. The feasible region defined by these
constraints can be represented by the area enclosed by a
circle, which can be approximated by its inscribed n-side
polygon, as shown in Figure 3.

FIGURE 3. Linearization of the quadratic branch flow limits.

For a circle of radius r, each secant is related to an arc of
2mr/n length. The area inside the circle, typically defined by
x% 4+ y? < r2, can be approximated by n linear represented
by:

k-1 . 2km k-1
cot —x +y—rsin — —rcot————
n n
2k
xcos— <0, Vk=1,2,...,n (35
n

Then, the transmission capacity constraints (32) and (34) can
be approximatively replaced with a series of linear constraints
as follows:

V(@) (36)

where a;, B, vijcorrespond to the coefficients of x, y and the
constant term in Equation (36), respectively.

a;jPij + BijQij + vij = 0,

V. CASE STUDY

Case studies are conducted to demonstrate the performance
of the proposed MLODF model. In the first test, several
benchmark power systems are applied to analyze the active
power flows and voltage magnitudes under N-1 contingencies
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to verify the accuracy of the proposed MLODF model. In the
second experiment, the six-bus system and the IEEE 118-bus
system are used to analyze the security performance of the
proposed model. All the optimization problems are solved
with the commercial solver Gurobi 8.1.1 using MATLAB
R2016a.

A. ACCURACY VERIFICATION

A total of 5 benchmark power systems are employed as test
examples, the sizes of which range from 6 to 2,383 buses
with different loading conditions. All of the test data can be
accessed online in the package of MATPOWER without any
modification [32].

The following two models are compared: (1) the proposed
MLODF, (2) the traditional LODF. Two important results,
i.e., branch MW flows and voltage magnitudes are obtained
for comparison. With the results of the AC power flow
model (ACPF) as the benchmark, the root-mean-square errors
of branch MW flows and voltage magnitudes are calculated,
as shown in Figure 4 and Figure 5.

Errors of MW Flows (p.u.)
(=]
&

L

O “ Sul L g 1
IEEE118 IEEE300 Polish2383

Bus6 IEEE5S7

FIGURE 4. Root-mean-square errors of MW flows.

0.05
7 MLODF

% 0.04 + = LODF

S 003 ¢

v

&g

£ 8002 o ¥

z

3 001 T

iz 0 . ‘ A A ﬂ

IEEES7 IEEE118 IEEE300 Polish2383

FIGURE 5. Root-mean-square errors of voltage magnitudes.

Obviously, MLODF model performs better than LODF
model not only in active power flows but also in voltage
magnitudes. Especially for the voltage magnitudes, the root-
mean-square errors of MLODF are far smaller than those
of LODF. This is because the proposed MLODF considers
the influence of voltage and reactive power on the basis of
LODF, resulting in a better approximate effect on ACPF. The
simulation result also verifies the correctness of the MLODF
derivation process.
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D2 D3 G3

FIGURE 6. Diagram of the six-bus system.

B. SECURITY VERIFICATION

To illustrate the security of day-ahead scheduling solution
obtained by the proposed MLODF model, we carry out a
test in a six-bus electric power system. The six-bus system
includes 3 generators and 7 transmission lines.

Table 1 shows the commitment schedules of SCUC based
on MLODF model and LODF model, respectively. G3 is
not committed at hours 9-24 when using traditional LODF
based model due to the following reasons: (1) the traditional
LODF based model fails to consider reactive power balance
constraints. For hours 9-24, the total reactive load cannot be
supplied by G1 alone. (2) the traditional LODF based model
ignores the voltage constraints. For hours 9-24, if G1 is the
only committed unit, the voltage of bus 2 will drop below its
lower limit when the line 1-2 is tripped off. For this reason,
the MLODF based model starts up G3 to improve the voltage
of bus 2 in this condition. Therefore, the proposed MLODF
based model considers the constraints of voltage and reactive
power, which can provide a more secure generation schedule.

TABLE 1. Unit commitments obtained by two different models.

Model Unit1 234567 89101112131415161718192021222324
Gloooooo0or1r111rr1r1rr1ri1riririiti
MIODF G2 111111110000000000000000
G3000000001 11 1111111111111
Gloooooo0or1r11rrri1rriririririitil
LODF G2111111110000000000000000
G3000000000000000000000000

To further demonstrate the accuracy and security of the
proposed MLODF model in the large-scale power systems,
the IEEE 118-bus system is applied here. The IEEE 118-bus
system includes 52 generators as well as 186 transmission
lines. Figure 7 shows the commitment schedules of SCUC
based on MLODF model and LODF model, respectively.

As shown in Figure 7, four more units are committed when
using the proposed MLODF based model compared with the
traditional LODF based model. They are G16 (connected
to bus 36), G21 (connected to bus 54), G46 (connected to
bus 103) and G50 (connected to bus 110), respectively. The
MLODF based model starts up G16 to avoid the voltage of
bus 39, 40 and 41 dropping below their lower limit under N-1
contingency, for its relatively lower operational cost than the
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FIGURE 7. Unit commitments of IEEE 118-bus system.

other near units. Similarly, G46 and G50 are committed to
improve the overall voltage of a local area, especially the bus
109, 110, 111 and 112 when the line 103-110 is tripped off.
Additionally, to supply the reactive load of bus 54 at hours
10-22, G21 needs to run for a few more hours.

To investigate the AC feasibility of proposed model,
we study the violation (where post-contingency power flows
or voltage magnitudes are beyond their emergency limits)
of AC power flow equations with the solutions. There still
exist 108 voltage violations and 48 line flowing violations,
which account for 1.36% in the whole set of N-1 contingency.
Those voltage violations mainly from bus 39, 40 and 41 when
the line 37-39 fails, as well as from bus 109, 110, 111 and
112 when the line 103-110 fails. Those line flowing violations
mainly from line 47-69 and line 49-69 when line 65-68 fails.
But for the other more than 98% contingencies, the line
flowing and bus voltage are secure within their limits.

To analyze the influence of serious contingency to accu-
racy, Figures 8-10 visualize the solutions for the worst situa-
tion in terms of the maximum voltage magnitude and MW
flow errors at hour 17. As shown in Figure 8, the voltage
magnitudes of bus 39, 40 and 41 drop below their lower
limit. This is because when line 37-39 fails, the reactive

o
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o
o
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FIGURE 8. Voltage magnitudes at hour 17 when the line 37-39 is off.
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FIGURE 9. Branch MW flow at hour 17 when the line 65-68 is off.
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FIGURE 10. Branch MVA flow at hour 17 when the line 65-68 is off.

load of bus 39, 40 and 41 can’t be supplied by the near
unit directly. The voltage magnitudes of these buses drop to
some extent, which deviates from the assumption on the state-
independent linear power flow in [12], thus resulting in a
great error. From Figure 9, we can see that the MLODF based
model is still accurate in approximating MW flows even in a
scenario with a maximum error. Note that the complex flows
of line 47-69 (branch number 105) and line 49-69 (branch
number 106) are beyond their emergency limits when line
65-68 fails, as shown in Figure 10. This is because line 47-69
and line 49-69 both have a high reactance, which results in
a large reactive power loss. However, the linearized power
flow model used in this paper neglects the branch losses.
Therefore, at this time, the MLODF based model has poor
approximation effect on the reactive power of these two
transmission lines, which produces larger errors to branch
complex flows.

In summary, for few N-1 contingencies, if the bus voltage
deviates from the rated value or the reactive power loss of
the transmission line increases, the post-contingency voltage
magnitudes or power flows may beyond their emergency
limits. Under these N-1 contingency scenarios, the actual
network power flow deviates from two basic assumptions.
One is that all bus voltages of the state-independent linearized
power flow model are assumed near to their rated values. The
other is that the branch losses are neglected.

The total operational cost of the MLODF based model
is 797,683.7$ while the traditional LODF based model is
794,533.0$. Though the MLODF based model incurs higher
cost, it addresses the potential risks of voltage violation and
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FIGURE 11. Iteration convergence.

complex flow violation for most N-1 contingency and thus
provides a more secure generation schedule.

Figure 11 denotes the convergence performance of the
proposed solution method. The solution time is 643.3s. The
number of iterations in IEEE 118-bus system is 4 with a
relative rap of 0.5%. The total number of limit violations
of post-contingency power flows and voltage magnitudes
is counted in each iteration. It is clear that the number of
violations declines rapidly and the convergence performance
of the solution method is acceptable.

Therefore, case studies above verify the accuracy and secu-
rity of the proposed MLODF model and the effectiveness
of the solution method based on MLODF post-contingency
filter.

VI. CONCLUSION

In this paper, we propose the MLODF derived from a state-
independent linear power flow model and apply this model to
formulate the SCUC problem. The simulation results show
that:

1) The proposed MLODF model can calculate post-outage
voltage and active power flow through pre-outage line flow-
ing and has a better approximate effect on ACPF than DCPF
model. It holds the accuracy as the original state-independent
linear power flow model, which also verifies the correctness
of the MLODF derivation process.

2) The SCUC problem based on MLODF considers the
constraints of voltage and reactive power, which provides a
more secure generation schedule than the traditional LODF
based model.

3) For most N-1 continencies, the generation schedule
obtained by the MLODF based model can make sure that the
line flowing and bus voltage are secure within their limits.
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