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Abstract—This paper provides a methodology to restore 6
transient stability. It relies on a well-behaved optimal power
flow model with embedded transient stability constraints. The

proposed methodology can be used for both dispatching and gl
redispatching. In addition to power flow constraints and limits, n
the resulting optimal power flow model includes discrete time w

equations describing the time evolution of all machines in the  w;
system. Transient stability constraints are formulated by reducirg
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the initial multi-machine model to a one-machine infinite-bus C. Constants:

equivalent. This equivalent allows imposing angle bounds that
ensure transient stability. The proposed optimal power flow a;
model is tested and analyzed using an illustrative 9-bus system, p,
the well-known New England 39-bus, 10-machine system and a

Cs
real-world 1228-bus system with 292 synchronous machines. Izmax
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The main notation used throughout the paper is stated below®&?,
for quick reference. Other symbols are defined as needecﬁﬁi@x
throughout the paper. n

v
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A. Functions:
f) Cost function.
Lum () Current magnitude from bus to busm as a B;;
function of state variables. Gij
P,n(-) Active power flow from busn to busm as a Mg

function of state variables.

Qnm(-) Reactive power flow from bus to busm as a M;
function of state variables. Mpyc
B. Variables: ibus
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P, Electrical power of generatar Atz
Pg; Active power production of generator 5,
Pg, Total active power production in bus 5.
Qi Reactive power production of generator o
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Vi Voltage magnitude at bus. E. Sets:
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|. INTRODUCTION dynamic model and consists in checking that inter-machine
A. Motivation rotor angle deviations lie within a specific range of values.
anortunately, this range is system, if not operating point
dependent and, in general, is not easy to establish. The- meth
unit dispatching or redispatching actions) needed to ensaor ods based on th? transjent energy function are qblg tq highly
reduce computational times. However, the main limitation o

appropriate security level prior to real-time operation. he applicability of these methods lies in the construction

ne-lt;rc]ii duiieng&;;?gfgs;:;s;rggﬁg e(rjlePrF 'S'S Igtzrrizslcv%tjo\f: i@ suitable Lyapounov function and in the definition of
Y gy sy » WIS stability domain. Hybrid methods allow combining the

operate under market rules. Thus, there exists a Signiﬁc%nvanta es of time domain simulation and transient ener
need to develop OPF models that incorporate diverse type gf g 9y

. . ) . function methods and avoiding some drawbacks. This paper

security constraints to guarantee an appropriate sedervigy. uses the hybrid method proposed in [9]

On the other hand, to study the transient stability under-a '
major disturbance requires generally cumbersome time 'niomé' Model Eeatures
simulations. And to incorporate transient stability coaistts
within an OPF model poses the challenge of marrying time
simulation and optimization. We propose an efficacious pr
cedure to achieve this marriage.

The Optimal Power Flow (OPF) is an appropriate and wel
established tool to identify the control actions (e.g.,eyating

_We strive to simplify the constraints related to the time
omain simulation while retaining the essential featurtesr
acterizing this time simulation, which allows ruling ouar
sients instabilities. To do this, we reduce the original tmul
. _ machine model to a two-machine model using the concept of
B. Literature Review Single Machine Equivalent (SIME), well documented in [20].
The Transient Stability Constrained OPF (TSC-OPF) is Fhis two-machine model is further reduced to a One-Machine
non-linear semi-infinite optimization problem that inoksd Infinite-Bus (OMIB) equivalent, following well-establisd
algebraic constraints and differential equations. Fos tie- procedures, [17] and [20]. A bound calculated off-line tigh
son, standard mathematical programming techniques céenotppropriate time domain simulations, is imposed on theeang|
directly applied and a variety aid hocalgorithms has been of the single equivalent machine to ensure transient #abil
proposed. A critical review of several approaches propésed The considered TSC-OPF includes, among others, the pre-
solving the TSC-OPF problem can be found in [1]. fault power flow equations, technical bounds on generators,
Two main aspects differentiate the TSC-OPF models thatises and lines, discrete-time swing equations for all the
have been proposed in the literature, namely, (i) how the tramachines of the system (reproducing the actual time domain
sient stability constraints are embedded in the OPF problesimulation), as well as the transient stability bound on the
and (ii) how the transient stability assessment is appm@@dichangle of the single equivalent machine. The objective fonct
A brief literature review of these two aspects follows. to be minimized is the cost incurred as a result of dispatghin
1) Inclusion of transient stability constraints in the OPFt  or redispatching available generating units.
[2], [3] and [4], the authors convert the original TSC-OPBIn  The SIME approach is also used in [9], where the authors
an optimization problem via a constraint transcriptiondehs perform a separate analysis based on the OMIB only to
on functional transformation techniques. This approa@mse estimate the power to shift from critical to non-critical ma
to be a promising method to solve large systems. In [5] amthines [20]. In this paper, we use the OMIB to determine the
[6], the authors convert the power system transient stgbilimaximum angle excursion and this information is embedded in
model into an algebraic set of equations for each time stepthé OPF problem to dispatch or redispatch generator powers.
the time domain simulation. This set of algebraic equatisnsThus, the proposed methodology is expected to be more
introduced in the OPF as transient stability constraintse Taccurate and more transparent to the market than the one
size of the resulting problem is typically large. Also, in,[7 presented in [9].
this model is extended to consider multiple contingencies.Most methods proposed in the literature use an heuristic
The number of constraints is significantly reduced by usirdgnit on the rotor angle deviation for identifying a transie
the reduced admittance matrix in [7] and [8]. In [9], [10jnstability. Table | shows some of such limits. The SIME-
and [11], the transient stability assessment is solvedirdf- based stability constraint proposed in this paper detdes t
and the results are used to determine a bound on the actreey instability mechanisms instead of observing the ¢éfédc
power generation of a group of “critical machines” withireth the latter and thus allows adaptively determining an approp
OPF problem. The main advantages of this approach are tie value of the maximum rotor angle deviation to avoid a
compatibility with any dynamic model of the system and &ansient instability.
low computational burden, while the main drawback is that Solving an OPF model requires the use of a non-linear
obtaining an optimal solution cannot be guaranteed. solver and accounting for non-convexity. Currently avaia
2) Transient stability assessmenthe transient stability solvers (CONOPT [21], MINOS [22]) are robust and suffi-
assessment can be done through time domain simulation [@gntly efficient in terms of computing time to tackle OPFs.
[6]-[8], [10] and [12]; transient energy function (TEF) andThese solvers fully exploit sparse matrix techniques amd ca
potential energy boundary surface (PEBS) [5], [13], [14)e started from different initial points so local minima are
and [15]; or hybrid methods [9] and [16]-[19]. The timeavoided. Alternatively to optimization solvers, heukspro-
domain simulation allows taking into account the full syste cedures (e.g., [18] or [19]) can be used but at the cost of not
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TABLE |

SOME ANGLE LIMITS FOR STABILITY ANALYSIS USED IN THE If the loads are approximated as constant impedances, the
LITERATURE equivalent load admittance at busis
Stability limit Pp, Qpn
Reference Yp, = — 3
(512 or similar) Dn V2 J vz’ 3)

[3], [5], [13] change of sign of PEBS and the original network can be transformed into an equitale
[61, [7], [8], [12] 100° reduced network whose nodes are only the internal generator
[10] - nodes [23]. The admittance matrix of the reduced network is
4] 2/3 called reducedadmittance matrix and can be used to define
2] an/5 the electrical power of the generators. Hence, the elattric
(1] o power P.; in (2) can be written as:

P, = E: Z E; [B” sin(d; — (5J) + Giyj cos(d; — 5])] (4)

J
being able to characterize precisely the quality of thetamiu ~ The proposed formulation allows reducing the number of
attained. Thus, we advocate the use of state-of-the-arérsol variables and constraints of the OPF model, because bus volt
such as CONOPT or MINOS and multiple runs using differege magnitudes and phases as well as the equations of current

initial solutions to solve OPFs. injections at network buses are not needed in (4). Furthermo
considering the results of the case studies presented s$n thi
D. Contributions paper, we conclude that the computing time of the OPF model

based on the full admittance matrix is generally signifiant
hjgher than the one required by the proposed OPF problem.

fective hvbrid hod f X bil his increase in computing time can be due to the higher
ective hybrid method for transient stability assessment, er of constraints and variables and difficulties in fagdi

2) To provide a novel dispatching/redispatching OPF-bas;:1 initial feasible solution.
iterative methodology to ensure transient stability by tpe requced admittance matrix can be used also with a
identifying the minimal corrective actions to avoid firstyeaileq generator model, as far as the loads are represente
and multi-swing instability. as constant impedances and the admittance matrix redustion
o stopped at the machine buses and not extended to the fistitiou
E. Paper Organization internal node of the classical machine model.
The remaining of the paper is organized as follows. Section
Il presents the dynamic model used for the machines of tBe Transient Stability Criterion
system and the transient stability criterion. Section ttyides The transient stability criterion used in this paper is base
the detailed mathematical formulation of the proposed TS h the SIME method [9], [20]. SIME is a transient stability
OPF model, while Section IV describes the proposed dispat alysis technique baseé on a simple but effective and well-
ibng/readispatrc]hir:/g\;;/Epcr:?e;Ltj)re. I; Sec:]i_on V. three casei:gu,fil roved technique. For each step of the time domain simulatio
ased on the -bus 3-machine system, on the e : : - ;
England 39-bus 10-machine system, and on a 1228-bus, E divides the multi-machine system into two groups, (i)

hi ¢ vzed and di din detailo > group of machines that are likely to lose synchronism
machine system, are analyzed and discussed in detallo ecE'c:ritical machine} and (ii) all other machinesnpn-critical
VI gives some conclusions.

machiney The maximum difference between two adjacent
rotor angles, say; — J;, indicates the frontier between the
two machine groups, as follows. All generators whose rotor
angles are greater thaf) are part of the critical machine
A. Synchronous Machine Model group, while all generators whose rotor angles are lower tha
An advantage of the proposed technique is that any detail&dare part of the non-critical machine group. These two groups
models of the synchronous machine and its controls can & replaced by an OMIB equivalent system, whose transient
considered. In this paper, we use the classical model of tsi@bility is determined by means of the Equal-Area Criterio
synchronous machine since it allows reducing the compuf@&AC). Finally, SIME establishes a set of stability conaiits
tional burden of the proposed approach while maintainifgased on the equivalent OMIB parameters and on the EAC.
reliable results. Thus, the swing equations for the machidedetailed description of the SIME method is given in [20],
are represented by a constant emf behind a transient reactamhereas a brief summary can be found in [24]. In the sequel,
[23] the SIME method is illustrated through some examples.
If the simulation is unstable, SIME provides information

The main contributions of this paper are:
1) To develop transient stability constraints based on an

Il. SYSTEM MODEL AND TRANSIENT STABILITY
CRITERION

0 =Mp(w; = 1), Vieg @) about which are the critical machines, the timge and the
W = L(pGi —P;), Vieg. (2) rotor unstaplegngle@ for_which_ the_ ins_tability conditions are
M; reached. Similarly, if a simulation is first-swing stabléM&

In (2), the mechanical powePs; is considered constant, i.e.,provides the time.,. and the rotorreturn angle é,. for witch
fast valving or generator power shedding are not considerettie OMIB equivalent meets the first-swing stability corumtits.
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We use SIME criteria to define transient stability limits et C. Technical Limits

OPF problem, as described in Section IV. L )
The power production is limited by the capacity of the

generators,
II. TSC-OPF MoDEL DESCRIPTION .
PEM < Pgi < PEX*, Yieg (13)
A. Objective Function QBN < Qe < QB Yieg. (14)

I the TSC-OPFis used as a dlspatchmg tool, the ObJeCt'ﬁe bus voltages magnitudes must be within the operating
function z = f(-) represents the operating cost of poweﬁmlts

production:
ymin <y, < ymexsoyp e N (15)
F(Pai) =) ai+bPai + i PG, (®)

ieg The current flow through all series elements of the network

where Pg; is the active power generation of generatand Must be below thermal limits:
a;, b; andc; are its cost coefficients. s

If the TSC-OPF is used as a redispatching tool, the objective L (+) < L™ (16)
function f(-) represents the cost of power adjustments as

f(APED, APdown Z riPAPIP | downApdown (6) D. Initial values of machine rotor angles and emf magnitudes

€6 The initial values of generator rotor angl& and emfE;

where APY and AP are the power adjustments Of:;efé)lllaés\;ged from the system pre-fault steady-state dondit
generatorz and rdown and ra, are the prices offered by '

the generator to decrease and increase its day-ahead powerE/V sin(89 — 6,,)
dispatch for security purposes, respectively. In this cse o : ~ —Pgi=0, Vieg, (7)
active generation powerBg; are defined by di )
E!V, cos(8Y — 0,) — V? .
, —Qe; =0, Vieg,  (18)
Pai = PG + AP — APE™, Vieg, @) Lai

\ﬁg‘rthermore since the pre-fault is a steady-state camdliti

where P2, represents the base case active generation poé)ne has:

of generatori. The power adjustments need the followin
additional constraints:
Ww=1, Vieg. (19)

?

AP >0, AP™ >0, Vieg. ®)

Note that equation (6) establishes that any change from the Discrete Swing Equations

base case implies a payment to the agents involved [25]. The swing equations (1) and (2) are discretized using the

trapezoidal rule. Hence, generator rotor angles and speeds

generic time stept¢-1) are defined by the following equations:
B. Power flow equations

At
The power flow equations are defined by the active and /' — o — ?Qb(oﬁ“ +wf—2)=0,
reactive power balances at all buses: Ve T Vieg (20)
~Ppn= Y Pum(-), VneN 9) Wit — f — EL(P@ P4 Pg; — PL) =0,
meo, 2 M
YVt e T,Vieg, 21
QGn - QDn = Z Qnm(')7 Vn € N7 (10) ( )
meo, where
where the powers on the left-hand side of each equation are , R P . P
defined as: = E] ZE [Bj;sin(0; — 6;) + Gy cos(d; — 97)]. (22)
= Eg: Pai, VneN (1) Note that the reduced admittance matrix depends on the
1€Un

network topology. Hence, in (22), the values Bf; and G},
Qan = Z Qai, YneN. (12) are different for the during-fault and post-fault statesd a
i€Gn consequently depend on time.
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F. Transient Stability Limit
For each time step, the equivalent OMIB rotor angle must

be below the instability limit provided by SIME.
. o The above formulation can be easily extended to the multi-
0 < oMVt e T, (23) contingency case by including constraints (20)-(21) ar) (2
where 7 is as small as possible to reduce computing tinf€" €ach considered contingency.
but larger than the instability timg, as defined by the SIME
method. The inequality (23) is the main constraint thatderc  1V. PROCEDURETO ENSURE TRANSIENT STABILITY

redispatching and is always binding. The dual variaple  converting the whole time domain simulation of the system
associated with (23) indicates the sensibility of the dftfec transient stability model into a set of algebraic equations
function z with respect toj™**: results in a very large number of equations to be included in

dz an OPF. Solving such non-linear OPF problem may require
= Jomax prohibitive computing times and prohibitive memory size,

and is thus a measure of the impact of the stability congwraifNd May lead to convergence issues. To reduce the number

on the total dispatching or redispatching cost. The egeial of constramts, we use.the redu_ced admntancg matnx_and
OMIB rotor angle is computed as: constrain the OMIB equivalent trajectory only during thestfir

| ) swing of the system. The latter allows including the diszest
t

5) Transient stability limit (23)

6) Other constraints (27)-(28).

I (24)

st = M;st — Z M;st, (25) transient stability equations (20)-(21) and (23) only fdew
Mc = Mnc to= seconds after the fault occurrence.
here The proposed procedure is as follows.
W 1) Base Case SolutionThe base case solution can be
Mo = Z M; and Myc = Z M;.  (26) obtained from an OPF problem that consists of mini-

i€Ge i€GNC

It is worth observing that (23) is a stability constraint
compatible with most solution methods that have been pro-
posed in the literature. Thus, (23) can be used in conjumctio
with reduced or full admittance matrix, detailed or simpiifi
generator model, etc. The TSC-OPF formulation that is used?

in this paper is just one possible way of implementing (23).

G. Other Constraints
The proposed OPF problem is completed with the following
additional constraints,

—7<0,<m, VYneWN, 27

aref =0.

Equation (27) is included to reduce the feasibility regithus
speeding generally up the convergence of the OPF problem.

(28) 3)

mizing (5) subjected to power flow equations (9)-(10),
technical limits (13)-(16) and constraints (27)-(28). If
the procedure is used as a redispatching tool, the base
case corresponds to a dispatching solution obtained by
any suitable technique.

) Contingency analysisThe contingency analysis consists

in identifying, from a set of credible contingencies,
the ones that lead the system to instability. This iden-
tification is carried out by means of a time domain
simulation complemented by SIME using a technique
similar to the one in [24]. For first-swing unstable con-
tingencies, SIME provides the sets of critical and non-
critical machines and the instability limit,,) for the
OMIB equivalent. Equations (23) and (25) incorporate
this information.

Solve the TSC-OPF problenThe OPF problem de-
scribed in Section Ill-H is solved and the new generating
powers and bus voltages are computed.

4) Check the new solutiorA time domain simulation that

H. Problem Formulation
The formulation of the OPF problem is summarized below:

Minimize (5) or (6)

subject to
1) Power flow equations (9)-(10)
2) Technical limits (13)-(16)

3) Initial values of machine
magnitudes (17)-(19)

rotor angles and emf

4) Discrete swing equations (20)-(21)

includes SIME is solved for the new operating point
obtained at step 3. This simulation is necessary to check
the transient stability of the new operating point. Three
different cases can be encountered:

a) The system is stable and the procedure stops.

b) The system is first-swing unstable. This is due to
the fact that the reduced admittan¥g,s used in
the optimization problem has been calculated for
the initial solution that exhibits different voltage
values than the solution obtained at step 3 (see
equation (3)). Thus, the reduced admittance matrix
is updated and the transient stability limit*a*
is fixed to the new value ob,,. The procedure
continues at step 3.

c) The system is multi-swing unstable. In this case,
the OMIB equivalent has a return anglg in the
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first swing. However, after some cycles, the systesingle-contingency scenarios.

loses synchronism. The return angle valyeis There could be situations where the power shifts determined
used to define the new transient stability ligiit**. by the proposed procedure could modify the instability mode
In order to avoid multi-swing phenomen@?** is i.e., change the set of critical/non-critical machinesisTite-

set tod, — A4, i.e., ™= is fixed to a value smaller quires to include equations (23) and (25) for both the previo
thand,.. The value of the decremer$ is defined and the new instability mode.

based on a heuristic criterion. Finally, the reduced

admittance matrixYy,s is updated. The procedure V. CASE STUDIES

continues at step 3. In this section we present the result of a variety of case
The flowchart depicted in Fig. 1 illustrates the proposegfudies based on the WECC 9-bus, 3-machine system; the
procedure. New England 39-bus, 10-machine system; and a 1228-bus,

Note that in the first iteration, the TSC-OPF problem ig92-machine system. While the 9-bus and 39-bus systems are
initialized with the base case solution while in the follagi Presented for the sake of comparison with existing liteeatu
iterations the TSC-OPF problem is initialized with the sioin  [10] and [19], the 1228-bus system is used for testing the
of the previous iteration. Since the OPF problem is nofroposed transient stability criterion in a real-worldgiscale
convex, the solution for each iteration can be double-obeécksystem. All simulations were carried out using Matlab 7.6][2
by starting from several different initial guesses. Stayti and GAMS 22.7 [27]. For solving time domain simulations, we
points are obtained by randomly perturbing (using a normaged PSAT [28] that has been modified to include an embedded
distribution within a20% range) the base-case solution or th8IME algorithm. Finally, the proposed TSC-OPF problem has
solution of the previous OPF solved. In our simulations, ween solved using CONOPT [21].

did not observe convexity problems, mainly due to the fact The whole simulation time i§ s for time domain simula-
that the initial guess is close to the optimum. tions whereas the discretized dynamic equations are iadlud
for the first two seconds in the TSC-OPF problem. Setting

7 = [0,2] s is sufficient to reveal first swing transient
instabilities. However, performing time domain simulatio

over 5 seconds guarantees that the system system does not

T,COH‘ggCH?Y ?mlﬁéi undergoes multi-swing instability.
SIME
A. WECC 9-Bus, 3-Machine System
5= _3 Figure 2 shows the WECC 3-machine, 9-bus system. The
- full dynamic data of this system can be found in [29], while
generator cost data and limits are defined in [10] and [19].
N ‘ In order to compare results with [10] and [19], we use the

l TSC-OPF

proposed technique as a dispatching TSC-OPF, thus (5)ds use
as objective function.
Time Domain Simalation In this case study, we consider the following two cases:
SIME Case A: A three-phase-to-ground fault occurs at bus 7 and
is cleared after0.35 s by tripping line 7-5. This case
corresponds to Case A of [10] and [19].

Case B: A three-phase-to-ground fault occurs at bus 9 and
is cleared after).30 s by tripping line 9-6. This case
corresponds to Case B of [10] and [19].

The base case solution is first-swing unstable for the con-
tingencies of both casesi and B. In case of multi-swing
instability, we useA§ = 1 degree for computing the new

Update Y,

Update Y, Fi“ft‘sljl'i{ig value of 0™#*. The time step used in these case studies is
e At = 0.01 s.
| o ! |® 1°OC |
@ )C OC @

Fig. 1. Flow chart of the proposed procedure. Gen 2

We consider that one single harmful contingency is found
at step 2. However, as discussed in Subsection Ill-H, maltip
contingencies can be readily taken into account by incydin

equations (20)-(21) and (23) for each contingency in the_TSgg. 2. One-line diagram of the WECC 3-machine, 9-bus system.
OPF problem. In what follows, we are concerned only with
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3-machine, 9-bus system: unstable base case.
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shows first-swing instability.

CaseA. OMIB plot and rotor angle trajectories for the WECCFig. 5.
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CaseA. OMIB plot and rotor angle trajectories for the WECC

3-machine, 9-bus system: second iteration of the TSC-OPFegue. The
system shows multi-swing instability.

CaseA. OMIB plot and rotor angle trajectories for the WECC 3-
machine, 9-bus system: first iteration of the TSC-OPF proeedtire system fig g,
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CaseA. OMIB plot and rotor angle trajectories for the WECC 3-

machine, 9-bus system: third and final iteration of the TSC-@Ri€edure.
The system is stable.

1) Case A:The equivalent OMIB for the base case solution

is unstable since the rotor angke increases beyond the
admissible angle’, = 160.44 degrees aftet,, = 0.49 s.

2)

Figure 3 shows the unstable behavior of the base case OMIB

equivalent and of rotor angle trajectories after the o@nae

of the contingency and the subsequent fault clearing. After
carrying out the steps of the procedure described in Section

IV, the system becomes stable. The procedure requires threg)

iterations to converge, as follows.

1) In the first iteration, the TSC-OPF solution is first-swing
unstable, as shown in Fig. 4. The equivalent OMIB

trajectory reaches the instability conditionstat= 0.79

s with an unstable anglé, = 152.28 degrees.

In the second iteration, the TSC-OPF solution is multi-
swing unstable: the equivalent OMIB trajectory shows
a return angle),, = 150.55 degrees in the first swing at
t, = 0.74 s but the system loses synchronismtat=
2.63 s. Figure 5 confirms that this is a multi-swing case.
Finally, in the third iteration, the TSC-OPF solution is
stable. Figure 6 shows that the equivalent OMIB and
rotor angle trajectories remain stable during the whole
time domain simulation. The OMIB return angledis=
149.51 degrees in the first-swing &t = 0.72 s.
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OPTIMAL SOLUTIONS Fo-;ATiLEEQ—IEUS, 3-MACHINE SYSTEM @Gszn 137 ceend
Generator | Base Case| CaseA | CaseB — 25 26 | ‘ 28 || 29
(MW) (MW) (MW) 2 l L l
G1 105.94 | 117.85 | 120.01 £, T 38—
G2 113.04 | 103.50 | 121.13 Gen 10 s 18 17 Geno (~
G3 99.24 96.66 76.84 . l | | l | 16 | ”n
Cost ($/h) 1132.18 | 1134.01| 1137.82 l — i

15 —
Gen 6
TABLE Il @

COMPARISON OFTOTAL COSTS FOR9-BUS, 3-MACHINE SYSTEM T—[ 4 14 l 21 —1— 36

Case TSC-OPF | Ref. [19] | Ref. [10]
13 23
($/h) ($/h) ($/h) . ° \
- 6 12|
Base Case| 1132.18 1132.30 | 1132.59
| < J—— 11
CaseA 1134.01 1140.06 | 1191.56
CaseB 1137.82 1147.77 | 1179.95
8 @ l 31 32 35
Gen 2 Gen3 Gen5 Gen4 Gen7

2) Case B:The OMIB equivalent for the base case solution
is unstable after the occurrence of the contingency and thg 7. One-line diagram of the New England 10-machine, 394ystem.
subsequent fault clearing. Af, = 0.32 s, the rotor angle
increases beyond the admissible anglle= 171.16 degrees
and thus the system loses synchronism. By applying the p

2], while generator cost data and limits are defined in [10
cedure described in Section 1V, the resulting system rasov: b ¢ [10]

tabilitv. In thi th q ires two iteratit nd [19]. As in the case of the WECC system, (5) is used as
stability. In this case, the procedure requires two iteretito objective function in order to compare results with [10] and

converge, as follows. [19]

1) In the first iteration, the TSC-OPF solution is multi- | this case study, we consider the following two cases:
swing unstable. The equivalent OMIB trajectory reaches .
the first-swing stability conditions at = 0.48 s with a Qase C:A three—phase—to-grqunq fau_lt oceurs at _bus 4and
’ is cleared after).25 s by tripping line 4-5. This case

return angled, = 166.19 degrees but the system loses corresponds to Case C of [19] and Case E of [10].

synchronism at,, = 1.45 s. i
. ; . Case D: A three-phase-to-ground fault occurs at bus 21
2) In the second iteration, the TSC-OPF solution is stable. and is cleared afted.16 s by tripping line 21-22. This

The equivalent OMIB trajectory remains stable during case corresponds to Case D of [19]

the whole time domain simulation with a return angle i )
5, = 165.14 degrees in the first swing at = 0.49 s. Both casesC' and D lead to a first-swing unstable base

The results of the case studies solved for the WECC syst(g e sol.ution and_i_t Is thus necessary.to modify thel ) initial
are summarized in Table Il. This table shows the generat gpatcthlgig tcz;tf?llozglthe system. The time step use h
active powers for the base case and for cadesnd B caseéu eé'Th o IS OMIB for the b luti
as obtained by implementing the proposed TSC-OPF-base(}) taEF .ft etiquwa ent fozr: € a\:,'e case so ugotr;
procedure. Table Il also shows the resulting total cost ef t p unstabie atter the occurrence of the contingency an ©
base case and casdsand B. As expected, the solutions of ollowing fault cIe_ar!ng, since the rotor angle increases
casesA and B are more expensive than the one pertaining &)eyond the admissible anglé, = 145.26 degrees_gfter
the base case. t, = 1.07 s. The_ proposed _TSC—OPF procedure stabilizes the

For the sake of comparison, Table Il provides the resultyStem. as cgnﬁrrned by Flg._8._ .
obtained by means of the proposed TSC-OPF and the resultg) Case D: This case IS S|m|Iar_ to the previous cask
obtained in [10] and [19]. In particular Table Il shows the' Ne ba;e case OMIB equivalent 'S gnstable since the rotor
total costs for the base case and for cagesnd B. The angle o Increases beyond the admissible angle= 123'1_0
proposed technique provides overall better or similar ltesud€97€es which is reached & = 1.05 s. After processing
than the other ones. The differences in the base case swiutit'e System through the proposed TSC-OPF methodology the

are mainly due to truncation errors of the solvers and ra@diSyStem recovers stability. The regultmg_ ste}ble trajéesoof
of input data. the machine rotor angles are depicted in Fig. 9.

In both caseg&” and D, after some iterations of the proposed
) technique, a multi-swing instability occurs. This instéypiis
B. New England 39-Bus, 10-Machine System detected by the time domain simulation. To avoid the multi-
Figure 7 shows the New England 10-machine, 39-bus syswing instability further iterations are needed.
tem. The full dynamic data of this system can be found in Table IV shows the generated active powers as well as the
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TABLE V
COMPARISON OFCOSTS FOR39-BuUS, 10-MACHINE SYSTEM

Case TSC-OPF | Ref. [19] | Ref. [10]

($/h) ($/n) ($/n)

Base Case| 60918.66 | 60936.51| 60992.88
CaseC 60934.82 | 61021.04 | 61826.53
CaseD 60937.85 | 60988.25

0 0.5 1 15 2 25 3 35 4 4.5 5
Time [s]

Fig. 8. CaseC. Stable trajectories of generator rotor angles for the New 20
England 39-bus system.

0 0.2 0.4 0.6 0.8 1
Fig. 9. CaseD. Stable trajectories of generator rotor angles for the New Time [s]
England 39-bus system.

Fig. 10. Unstable trajectories of generator rotor anglesttfie 1228-bus
system.

resulting total costs for the base case and for casesd D as
obtained by solving the proposed TSC-OPF-based procedure.
The results confirm that the adjustments of the generatéd 1228-Bus, 292-Machine System

powers needed to stabilize the system make the solutions ofy 1228-bus, 1903-line/transformer and 292-machine system
casesC' and D more expensive than that of the base case. 5 considered in this subsection to show that the proposed
For comparison and completeness, Table V shows the to§@hnique can be applied to a real-world power system. All
costs for the base case and caSeand D as obtained by using machines are modeled using a second order model. We assume
the proposed TSC-OPF procedure and the ones presente¢hifi the initial power flow solution is the result of a market
[10] and [19]. Also in this case study, the proposed techmiqig|earing procedure that does not include transient stgbili
prOVideS overall better or similar results than the othezson constraints. Figure 10 shows the loss of Synchronism of 11
As in the case of the WECC system, the differences in thgachines following a three-phase short circuit cleareer afe
base case solutions are due to numerical approximations. s. The base case OMIB equivalent is unstable since the rotor
angle$ increases beyond the admissible angle= 157.75
TABLE IV degrees which is reached @t = 0.4375 s.
OPTIMAL SOLUTIONS FOR39-BUS, 10-MACHINE SYSTEM We use the proposed technique as a redispatching tool,

i.e., we use (6) as objective function. This way, the TSC-
Generator | Base Case| CaseC CaseD L . . .
OPF problem minimizes the cost of shifting generation with
(MW) (MW) (MW) respect to the initial operating point. The time step used in
G1 242.39 | 24538 | 245.94 this case isAt = 0.1 s. The whole procedure converges in
G2 566.94 554.57 | 572.56 just one iteration (no multi-swing shows up in this case).
G3 642.73 630.71 648.11 Assuming as a CPU time base the time necessary to solve
G4 629.50 626.14 | 627.56 one OPF problem without stability constraints (i.e., pesbl
G5 507.90 | 506.08 | 505.91 (6), (9)-(10), (13)-(16) and (27)-(28)) plus one time domai
G6 650.38 646.92 | 62812 sm(;ﬂa’qon, the pir unit CIPU tlme_ requ_lred tfo solve this case
o7 557 99 554.49 539,01 study is 11.4. T e resu ting trajector_les 0 generator rroto
angles after redispatching are shown in Fig. 11.
G8 534.76 537.93 | 539.94
G9 829.37 829.28 | 833.38 _
G10 977.56 | 1007.89 | 998.56 D. Concluding Remarks
Cost ($/h) | 60918.66 | 60934.82| 60937.85 As any stability constrained OPF procedure, the proposed

TSC-OPF problem includes a variety of parameters that can



SUBMITTED TO IEEE TRANSACTIONS ON POWER SYSTEMS 10

TABLE VII
EFFECT OFAt PARAMETER ON SIMULATION TIMES AND COSTS FOR THE
39-Bus, 10-MACHINE SYSTEM

CaseC CaseD
At Iter. | CPU Cost Iter. | CPU Cost
(s) # | (pu) ($/h) # | (pu) ($/h)
0.01 | 31 | 41.84 | 60934.82| 37 | 57.39 | 60937.85
0.025 | 27 | 21.19 | 60935.40| 32 | 24.01 | 60936.93
0.05 | 20 | 11.38 | 60935.72| 23 | 13.38 | 60938.68
0.1 9 5.19 | 60937.73| 11 6.34 | 60938.48

Y S TS Sy stability constraints. These constraints are based on SIME
Time [5] method and ensure transient stability of the system against
major disturbances, e.g., faults and/or line outages. diitiad
Fig. 11. Stable trajectories of generator rotor anglesterlt228-bus system. to power flow constraints and bounds, the resulting OPF model
includes discrete time equations describing the time éariu
TABLE VI of all machines in the system and a stability constraint @n th
EFFECT OFAS PARAMETER ON SIMULATION TIMES AND COSTS FOR THE  OMIB defined by SIME. The proposed technique is suited for

39-BUs, 10-MACHINE SYsTEM both dispatching or redispatching procedures. The timeadom

CaseC CaseD integration is solved for a limited time interval, whichadls
A§ | lter. | CPU Cost lter. | CPU Cost ensuring a high accuracy of the solution.
(deg)| # | (p.u) ($/h) # | (p.u) ($/h) The variety of case studies that are discussed in the paper

show that the proposed TSC-OPF procedure is reliable and
generally provides more economical results than othetiegis
techniques.

An advantage of the proposed technique is the fact that
additional details can be incorporated by taking into aotou
alternative device models and/or adding different tramsie

be adjusted to improve computational performance, especisstability constraints. These modifications and their éffemn

in terms of computing time. In this subsection we focus offie accuracy of the results will be investigated in futurekwo

two parameters, i.e., the variatiod that is used at each on this topic.

iteration in case of multi-swing instability, and the times

At used for the numerical time integration embedded in the VII. A CKNOWLEDGEMENTS
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