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Application of a Stability-constrained Optimal
Power Flow to Tuning of Oscillation Controls in
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Abstract— A novel technique based on a stability-constrained a voltage instability point. The problem with the inclusion
Optimum Power Flow (OPF) algorithm that properly captures of voltage security constraints alone is that, in some power
important rotor angle and voltage stability conditions is proposed systems, oscillatory instabilities (inter-area or plastitiation

and described. The application of this technique to the optnal L . T
tuning of both Power System Stabilizers (PSS) and Thyristor modes) are one of the limiting factors in maintaining system

Controlled Series Compensators (TCSC) to damp power system Security [5] (e.g. WSCC, now WECC, August 96 blackout).
oscillations within the context of competitive electriciy marketsis In [6], a stability-constrained OPF is proposed, consiugri

proposed and discussed as well. The proposed technique istied some of the generator dynamic equations, but it does not
on the IEEE 14-bus benchmark system and compared with a g.cqunt for other important variables in stability studiesh

“standard” OPF algorithm. The results obtained demonstrate the it lat The techni di din 171 add
advantages of the proposed technique over existent dispaing S Voltage regulators. The technique discussed in [7] adelse

techniques from the point of view of power dispatch and systa SO0me of these shortcomings by using a stability index pregos
stability conditions, and especially locational marginalprices. in [5] to develop a small-perturbation-stability-consted

Index Terms— Electricity markets, locational marginal prices, QPF @S_C'OPF)' Wh'ch considers POth voltage and OscMatqr
optimal power flow, power system stabilizer, FACTS, tuning, instabilities using detailed dynamlC models. Althoughsthl
voltage stability, angle stability, power system oscillabns. technique offers a new methodology for pricing of the dyrami
services provided by Power System Stabilizers (PSS) or othe
controllers such as FACTS, these controllers should be first
tuned to “optimize” market operating conditions, i.e. powe

HE operation of power systems has been significanttiispatch and price levels, as well as guaranteeing an atiequa

affected by the deregulation process. Nowadays, ilevel of system security. Thus, the current paper discubses
creased load demand and the need to operate the systmm of the SSC-OPF for optimally tuning these controllers
based mainly on economic considerations have led to manithin the context of an electricity market clearing mecisam
concerns regarding the secure operation of power systemscdmparing it against a more “classical” approach based en th
this environment, Independent System Operators (ISOshareesulting market and system operating conditions.
charge of guaranteeing stable, secure and reliable operaiti  The tuning of PSS and TCSC is discussed in [8], [9],
the power grid, which includes proper tuning of the différerconcentrating on better coordination to enhance oscitati
available controllers to enhance system security. Hemezet damping by using an optimization-based tuning algorithm.
is a need for tuning techniques that guarantee systemistabiln [10], the optimal tuning of PSS and FACTS controllers
within the context of a market operating environment. This accomplished using a simple parameter-constrained non-
paper tries to address some of these issues by focusinglinoear optimization algorithm to minimize an implicit olgje
a better representation of oscillatory and voltage in$teds tive function that accounts for oscillatory instabilitie&n-
within current market clearing and dispatch mechanisms. other approach is presented in [11], [12] by formulating an

Various algorithms have been proposed to include stabiligggenvalue-based objective function to insure system dzgnp
constraints in the OPF. In [1] and [2], the authors propose tenhancement during the tuning process. Similarly, in [13],
use of the minimum singular value of the power flow Jacobighe authors discuss PSS design based on a multi-objective
as an index to detect proximity to voltage instability, whic optimization algorithm to enhance system damping. All ¢hes
is then used as a stability constraint to develop a voltagagpproaches concentrate on system damping enhancement and
stability-constrained OPF (VSC-OPF) in [3]. In [4], a diféet the effect of the interaction between PSS and TCSC on
strategy is proposed based on the use of a multi-objectife Offe oscillatory instability. The effect of controller tung on
technique to maximize both social benefit and the distancertarket and system operating conditions within the contéxt o

deregulated operating environments is somewhat dealtiwith
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Accepted for publication March 2007. ) [14], where the effect of PSS on power system stability is

This work was supported by the National Science and Engimg&esearch iced b d h - besid hi K th .
Council (NSERC) of Canada. priced based on game theory; besides this work, there is very

S. Kodsi is with AMEC Americas, 2020 Winston Park Drive, 8ut00, little research reported in the literature on this paracussue.
Oakville, ON, L6H 6X7, Canada. Email: sameh.kodsi@ames.co Thus, the present paper concentrates on discussing the effe

C. Caiiizares is with the Department of Electrical and Caepi&ngi- f th . f I h .
neering, University of Waterloo, Waterloo, ON, N2L 3G1, @da. Email: of the tuning process of system controllers on the operation

ccanizar@uwaterloo.ca of electricity markets and their associated power systems,



IEEE TRANSACTIONS ON POWER SYSTEMS 2

using a novel SSC-OPF algorithm that better representsraystis typically referred to as a security-constrained OPFebtas
security. auction,P;; limits are typically obtained by means of off-line

It is important to highlight the fact that the current papeangle and/or voltage stability studies [18]. These limitsnt
concentrates on discussing a particular application ofveelnopresent the actual stability conditions of the resultinigtons,
SSC-OPF technique, utilizing a better representationstiesy  since these are not the actual operating conditions canesp
dynamics on the proposed optimization model to study tlmg to the solution of the OPF-based auction. Hence, this
effect of controller tuning on the electric system and markenodel may lead in some cases to insecure solutions and/or
conditions, particularly LMPs. This is only a part of whainappropriate price signals, as demonstrated here.
would be required to properly manage and price system
stability a_nd security in cqmpetitive glgctricity markegsia_/en B. Small-Perturbation-Stability Constrained OPF [7]
the technical and economic complexities associated wihkeh - B
issues, which lead to decouple some of the ancillary service/M general, power system stability problems can be clagsifie
markets that are used to purchase the services required™§ three main categories, namely, angle, frequency, and
ensure proper security margins from energy markets. P@tage stability problems [19]. Stability problems maguk
example, in [15], a decoupled reactive power market modcé@m_ _Iarge or small disturbances. For ex_ample, first swing
is proposed and discussed in detail, and in [16], the auth®@bility problems occur due to large disturbances in the
propose a generic model of an ancillary service market tH¥Stem; these problems can be monitored using time domain
would run concurrently with the energy market. simulation tools. Oscillatory instabilities and .voltag@.IIapse

The paper is organized as follow: Section Il discusses tREblems, on the other hand, may be associated with large or
basic concepts of a standard-OPF-based market auction mé¢Rall disturbances; these phenomena are usually studiegl us
anism, and presents a novel SSC-OPF-based market cleafiffgdy State analysis tools. Thus, voltage stability mis!
technique on which the proposed optimal tuning method %€ typ!cally as§00|ated with saddle-node or limit induced
based. In Section Ill, the application of the SSC-OPF Rifurcations, which lead to voltage collapse [20]. Lack of
illustrated using the IEEE 14-bus benchmark system, and tfdficient damping torque leads to oscillatory instalgisi
results are compared with the results obtained from a stdnd@hich may be associated with Hopf bifurcations (e.g. [3],
market clearing mechanism. The inclusion of PSS and TC$&L)- . . )
controllers to enhance the overall stability of the testeays ~ Based on the equations of the various components and their
and the use of the SSC-OPF for the optimal tuning of t@ntrol models, the power system mod_ellng u_sed in thls_ paper
controllers’ gain are discussed in Section IV. Finally, Bec IS represented by the following set of differential and aigec

V discusses the main contributions of this paper and passisauations (DAE) [22]:

future research directions. @ fla
'Y,p)
= :F PR 2
[0} {g(x,y,p)} (®3.2) @)
Il. BACKGROUND REVIEW where:
A. Standard OPF Auction o z=[6% W7 EQT BT EL, VE RY oL, )" e R is a

The OPF-based auction is basically defined as a non-linear vector of state variables that represents the dynamicsstate
constrained optimization problem, and consists of a scalar of generators, loads, and other system controllers. Thus,

objective function §;), and a set of equality and inequality
constraints. The following optimization problem repretsea dg represents the generator torque anglestands for the

typical OPF-based auction model [4], [17]: rotor speed variationdy; stands for the quadrature com-
ponents of the generator internal voltage¥; represents
Min.  Sy(x,p,)) = —(Ci Pa— CJ P:) ) the direct components of the generator internal voltages;
S.t. Fpr(6,V,Qa, Ps,Pa) =0 E,4 stands for the exciter output voltagég; represents
0< P < Py the voltage regulator output voltage8; stands for the
0< Pi< Py rate of feed-back of the exciter output voltages; angh:
| P (8, V) |< Pijpas represents all the dynamic variables of PSS and FACTS
L;(6,V) < Lijoo controllers, such as the PSS voltage signal or the TCSC
< On < controlled variable reactance.
QG‘;";?/G <712 j:ax ey = [6T VT QLT € ®™ is a vector of steady-state

algebraic variables that typically result from neglecting
whereC, and C; are vectors of supply and demand bids in  fast dynamics (e.g. load voltage phasor magnitudes and
$/MWh, respectively;P; and P; are the supply and demand angles). Thus§ stands for the bus voltage phasor angles;
power bids respectively, which can not exceed their maximum V' represents the bus voltage phasor magnitudes{and
values;Fpr(-) represent the “classical” power flow equations;  stands for the bus generated reactive powers.

Q¢ stands for the generator reactive powdrsandé define o« p = [PL PF QT VI PI __K]T € R* is a set
the bus phasor voltages;;; stand for the power flowing of the controllable and uncontrollable parameters such
through the lines, which are used to represent system $gcuri  as Automatic Voltage Regulator (AVR) settings or load
by imposing limits on them, in addition to line currehy; levels. Thus P represents the total generator power;

thermal limits and bus voltage limits. In this model, which  and@ stand for active and reactive power total demand,
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respectivelyV, . represents the reference voltage settingsnooth and quasi-linear [5], [23], given that it is only aisth

of the generatorsp,,... represents the active powerpoint where this security constraint becomes binding.

settings of the TCSC; and stands for the PSS and Therefore, the following OPF-based auction [7], which

TCSC controller Pl gains. includes this index as a constraint, is proposed here as a
« The vector fieldf(-) = [f&() fivr() fX,..()]7 : better alternative to properly represent these types bfliya

cont

R x R x RF — R" stands for the system non-lineaproblems:

differential (state) equations [22]. Thugs(-) stands . . T T

for the generator state equations (gener;n’)iﬁf order Min. Sy = =(Cq Pa = C F) (7)
transient model)f4y r(-) represent the voltage regulator st F(z,y,p) =0

state equations (IEEE Type 1); alfig,...(-) stands for the Omin(JIm) > 0c

state equations of the PSS and TCSC. Prmin < P < Prmax

« The vector fieldy(-) = [g&(-) gE ()T : RP xR x R*
R™ represents the system algebraic constraints [22].
Thus, g¢(-) stands for the generators’ stator algebraic Ymin S Y < Ymax
equations, and(-) represents the power flow equationgvherez, y, p andF(-) are defined in (2)¢,.», is the minimum
of the transmission network. singular value of the modified state matudly,, which becomes
o FO)=1["() 9" O] zero at a Hopf or saddle-node bifurcation poimt;stands for
In small-perturbation stability analysis, (2) is lineaiz the minimum stability index value as defined by the user; and
around an equilibrium or operating poigt,,y,) for given P; andP; are contained irP;, and Pg in p, respectively. The

Lij(z,y) < I;

Jmax

values of the parametefs. Thus, value ofo,. depends on the system characteristics, and thus has
. to be determined based on off-line stability studies, so itha
[ Ag ] = [ J1 2 } [ Az ] (3) reflects appropriate system security margins (e.g. apjatepr
0 Js a Ay damping ratios) under an N-1 contingency criterion. This
J particular issue is discussed in more detail in Section Ill.

where, J is the system Jacobian, i.g; = 9f/0z|y, Jo = .
af /0ylo, J3 = 83/8:110, Jy = 8g/8y1|0. Thﬂé, a|0cor121plex C. Solution Procedure
pair of eigenvalues of can be represented as: The SSC-OPF (7) is basically a nonlinear optimization
I v1n 4 jon ' o1 £ jon pro_bler_‘n, with an implic!t constraint; hencg,_“standard"—op
[ Js Ja ] [ 1)22 ijvgj } = [a=£ 0] { RN } (4) timization solution techniques must be modified to be able to
solve this problem. In this paper, an Interior Point methed i
By separating the real and imaginary parts and rearranginged as the base to solve the proposed optimization problem.

these equations, one has: Thus, from (7), the OPF auction can be rewritten in the
J sB]_[B 0 i, following form:
BB J 0 B el oo (5) Min.  S(x) (8)
1
T mi st. F(x) =0,

0 0 where y € RV is the vector of the optimization variables
0, the matrix.J,, becomes singular, and the same holds atia. y = [z7 47 p”]7, andN = n + m + k, with lower

saddle-node bifurcation point whetie= 3 = 0. Therefore, the boundsy and upper boundg; S : RY — R is the scalar
minimum singular value of the modified full Jacobian matriyptimization functionF : RN — R"*™ s the vector function
Jm can be used as an index to indicate proximity to a Hopf ordfined in (2); and” : RV — %! is a vector function, with
saddle-node bifurcation. Consequently, the followind#ity  |ower boundsH and upper bound#l, used to represent all
index is proposed in [5]: operating limits of the system, including limits in and the

HBI = oy (o) ©6) stapili_ty qonstraint rep.resented by them_(Jm) index..This _

optimization problem is solved here using an Interior Point

This index is shown in [5] to have a fairly linear behaviomethod, which first transforms all inequality constraims8)
with respect to changes on system loading, with no significdfto equalities by adding non-negative slack vectormnd g,
discontinuities due to control limits for a series of preati and thus incorporates them into logarithmic barrier terms a
examples; this particular behavior is also observed in tf@lows [24], [25]:

I 0 H<H(x)<H,
where B :J[ . Since at a Hopf bifurcationy =

current paper for the test system used (see Section IV).MNeve Min.  S(x) — s Z(ln s +1ng;) (9)
theless, even in the presence of possible discontinuttiese ;
would not be a significant factor for the proposed SSC-OPF st. F(y) =0,

technique, where this index is used as a security constraint
as explained below; this is due to the fact that one is only
concerned about the value of this index “near” a bifurcation —H(x) —q+
point, where it can be formally demonstrated that the index i s>0, ¢g>0

—s—q+H -

H =0,
H=0,
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Solve the classical OPF problem
to initialize SSC-OPF optimization
variables.

where us, € R, us > 0, is the barrier parameter. To solve
the equality-constrained problem (9), the Lagrange-Nawto
method is used. Thus, the Lagrangian functibp(«) asso-

ciated with (9) is given by:
_ _ N !
Ll‘ (u) - S(X) — Hs Z(ln si+ In Ch) - P F(X) (10) Obtain the equilibrium point of DAE
[ system (1), i.e. solve F=0.
~"(=s—q+H~H)~7"(~H(x) —q+H)
Compute the DAE Jacobian J and HBI index (GP.
where p € R"t™, ¢ ¢ R, and T € RN are vec- i
tors of Lagrange multipliers, or dual variables, and = dc-alcrwate t?tehﬁrzt;nd_tshecond t
.. . erivatives o e with respeci
T s g pT T 77T Alocal minimum of (10) is to the oplimization variables using
expressed in terms of a stationary pointlgf(u), which must (15), A7) and (18).
satisfy the Karush-Kuhn-Tucker (KKT) optimality conditi® :
. . . . . Calculate the first and second
VL, (u) = 0. Although this system is nonlinear, its solution derivatives of the other constraints with respect
is usually approximated by a single iteration of Newton's o the optimization variables.
method; hence, the _Hessi&‘f(LH(u) _is requir_ed in the a_llgo- =i+l i
rithm. The computation of this Hessian requires the evadnat Solve thle Karu;h-Kuhn-Tucker rSKKT)
. . . . . i i iti i M g
of the objective function HessiaW2S(y) and the constraint O e etorcorreetor toapmicte

HessiansV2 F'(x) and V2 H(x), since:
VaLu(u) = ViS() = p VAF(O) + 7 ViH(x)  (11)

To obtain a solution to this problem, a good estimate of No
Viamin(c]m) is needed. This requires certain approximations,
since o.,in (Ji) is an implicit function of the optimization
variablesy, which is accomplished here by first obtaining
an estimate ofV, o, (J), based on [1]. Thus, ify, is
perturbed such that. + Ax = [z + AzT pT' + Ap™T7,
wherez = [z yT]7, using a Taylor series expansion:

Fig. 1. SSC-OPF solution procedure.

I, in. = J. +GAz (12)
whereG = 6;7}; . Hence, from (5) one can evaluate the changef, (J,,) with respect to the
2 parameter$ as follows:
J| 16} B -1
I ~ ze+ Az z.+Az :| ) | —GJ JpAp 0
ZbAz |: - |z*+Az B J|z*+Az AUmZn(Jm) ~ Ui 0 —GJilJpAp Vi (17)
~ { I, +GAz B ] (13) Thus, to evaluateV2o,,,(Jm,), the following numerical
—pB JI.. +GAz approximation is used [26]:
assuming thats|, | ., ~ 0|, = f, i.e. the frequency of the | 09 min(Im) | _ 9%min(Jm)
critical eigenvalues (the eigenvalues that eventuallghehe 9 min(Jm) O X« O xx+AX
imaginary axis for a saddle-node or Hopf bifurcation) does n OXiX; Xx+AX AXi (18)
h ignificantly, which is typically th 5]. Then, , . . L
change significantly, which is typically the case [5] en where the—a‘g;’g?" are obtained using the approximations (15)
-~ GAz 0 or (17) as needed.
Jm zetAz ™ Jm|z* + |: 0 GAz :| (14)
Following [1], and based on (14), one can then approximate Implementation of SSC-OPF
the changes omyi, (/i) using the following formula: Figure 1 depicts the computational procedure used to solve
[ GAz 0 the proposed SSC-OPF using a primal-dual-IP method based
Admin(Jm) = Uy 0 GAz Vi (15)  on a Mehrotra’s predictor-corrector technique programimed

. . . MATLAB [25]. Observe that the equilibrium equations of the
whereU; andV; are respectively the left and right singular . . . .

) e . dynamic DAE model as well as their corresponding Jacobian
vectors corresponding to the minimum singular value/gf

Furthermore, since at a solution poig: and eigenvalues closer to the imaginary axis are computed
' poal: at every iteration:;. This procedure can be summarized as

F(x«) = F(24,04) =0 follows:
OF | gy 4 B_F‘ dp = 0 1) The proposed SSC-OPF is initialized using the results
0z |z P p. obtained from applying the standard OPF (1) to the
-1
éAz:—[%—fh} %—5 Ap system. A : Came N
Px 2) The equilibrium equations of (2), i.&'(-) = 0, are

=—J 1J,Ap (16) solved.
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TABLE |

3) The first and the second derivatives of the equality and GENCOS AND ESCOS BIDDING DATA

inequality constraints are calculated, including the first

and second derivatives of the stability constraint with Pi,un O Ps . “(MW) | Cy or C, ($/MWh)
respect to the optimization variables using (15), (17) and | GENCO1 615 9.50
18) GENCO2 60 10.20
(18). o N GENCO3 60 11.30
4) The Karush-Kuhn-Tucker (KKT) optimality conditions ESCO2 30.38 13.00
are then formulated and solved using Mehrotra’s | ESCO3 131.9 13.20
. . . ESCO4 66.92 12.10
predictor-corrector technique, and the barrier parameter | £qcos 10.64 1233
1s is updated using the techniques described in [24], | EScos 15.68 12.24
[25]. ESCO9 41.3 13.55
5) If the barrier parameter, the objective function and Egggﬂ 142.'96 ig:g?
the optimization variables converge within the given ESCO12 8.54 14.62
tolerance limits {0~%), the process stops, otherwise it | ESCO13 18.9 14.22
ESCO14 20.86 14.45

is repeated from Step 2.

To evaluate the computational burden of the proposed SSC-
OPF technique, the CPU times for the standard OPF (1) and 00 min(JIm)
the SSC-OPF (7) were compared for the test system discussed FTomin ( OPy, ) =0
in Section Ill. It took about 5 to 20 CPU minutes to obtain

SSC-OPF solution, depending on the loading level, with cPUE"Ce: the LMPs for can be defined as follows:

times increasing as the_ system was more loaded and _hence LMP,, = pp, = Cs, +<p, (20)
closer to theos. value in (7). The standard OPF required ’ I
in general about 5% of the CPU time needed by the SSC- tr, (M)
OPF to obtain a solution, while both need about 40 to 50 - IP,
iterations to converge to an optimal solution. The appiicat LMPy; = PPy, = Ca; — SPimas,
of the proposed technique to the more realistic 50-machine, 00 min (Jm)
145-bus IEEE benchmark system described in [27] resulted Omin (W)
J

in CPU times of a few minutes to a few hours to obtain
solutions at different loading conditions. Even thoughsthe Consequently, from (20), the LMPs are affected by the costs
CPU times may be significantly reduced by optimizing th€’s and Cy as well as the system constraints, particularly
code (e.g. using sparse matrix techniques), additionapetan the stability constraint associated with, . (J,), and are a
tional costs are to be expected, since the number of contstrabyproduct of the solution process. These LMPs can be used to
and the sizes of the associated Jacobians and Hessiangnialyze the effect of system constraints, such as secimi)
larger in the proposed SSC-OPF method that in the standérdhe market's prices, and are hence used here to evaluate th
OPF, and the linearization of the required derivativesgf,,  effect of the controller tuning on these market signals.
certainly affect the convergence characteristics. Henoél

more efficient and robust numerical techniques are devdlope |||, STANDARD OPFAND SSC-OPF AICTION

to solve the optimization model with implicit constraint)(7 COMPARISON

the proposed methodology seems more suitable for off-line
types of applications, such as the optimal tuning appbeati
proposed and discussed in Section IV.

In this section, the results of applying the Standard OPF-
based auction (1) and the SSC-OPF auction (7) to the IEEE
14-bus test system are presented and discussed.

A single-line diagram of the IEEE 14-bus test system is
E. Locational Marginal Prices shown in Fig. 2. It consists of five synchronous machines

OPF-based market models produce the optimal operatiff§h IEEE type-1 exciters, two of which are synchronous
point and a variety of sensitivities through the Lagrangian-  cOmpensators used only for reactive power support. There
tipliers. These multipliers are associated with the Lawsi are 11 loads in the system totaling 259 MW and 81.3 Mvar.
Marginal Prices (LMPs) at each node [4], which can providEn€ static and dynamic data for the system can be found in
reliable pricing indicators [17]. The Lagrangian multgst of [28], and the market bidding data is illustrated in Tablehle(t
the power flow equations, which are a subsep afi (10), are GENCO and ESCO numbers in this table correspond to the

used to define the LMPs for all participants in the auction &S number in Fig. 2). _ _
follows: The selection of the test system is based on the following

OL,.(2) criteria:
9P (19) 1) The stability of the selected system has been modeled
% and analyzed, including FACTS, in detail in several
+T (M) -0 technical documents based on results obtained using a
mm variety of software packages (e.g. [28], [29]). This sam-
ple system contains enough dynamic and static elements
to allow for meaningful stability and security studies.

= CS]‘ - pst + SP.

Smaz

ILy(z)
0P,

J

= —Cdj + dej + CPdman
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Fig. 3.

Fig. 2. |IEEE 14-bus test system.

2) The selected system represents a portion of the Amer-
ican Power System in the US Midwest, and hence can
be considered a “realistic” example.

The system has enough generation and load to simu-
late an electricity market and thus produce meaningful
results that allow to analyze the proposed techniques.
The use of a larger system would not allow to readily
analyze and thus illustrate the differences between the
SSC-OPF technique and a standard OPF auction, since
large number of data and computations would be re-
quired to arrive to conclusions that can also be attained
with this reduced size system.

The loads in the system are typically represented in stedfly.
state as constant PQ loads with constant power factor, and ar
assumed to increase for the purpose of stressing the system a
follows:

3)

4)

P, = P, +Fy
Py < Py,.. =P, (22)
QL = Pptang

wherePy, is the “base” real and power that represents inelas-
tic loads,¢ stands for the constant power factor angle, and

is a p.u. loading factor. Hence, in the standard OPF and SSC-
OPF studies, the change in generated power is represented as

Pg=PFPg, + Ps (22)

where P, stands for must run generation that is not included
in the market bidding.

Figure 3 shows the HBI stability index (6) as the ESCOs’
demand power is increased from its nominal value according t
(21) with P; = APy,. The HBI index is calculated assuming
that the total demand is shared between GENCO1, GENCO2
and GENCO3 in proportion to their inertias, i.e. OPF tech-
nigues are not applied in this case to determine optimal
schedules. This figure shows that there is a Hopf bifurcation
point when the ESCOs loading factor reaches 0.45 p.u., which
is associated with an oscillatory instability linked to GEQ1.

On the other hand, Fig. 4 shows the HBI stability index
with different contingencies applied to the system. In this
case, a line 1-5 outage is determined to be the most severe

HBI and minimum singular value of power flow
loading factor.

. . . .
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contingency from an oscillatory stability point of view, igh 20 ‘ ‘
is the main concern in this paper, and thus this outage is used 19|~~~ fecors tandard op)
to illustrate the differences between a standard OPF and the 18} | —— £oco1s aciopry )
SSC-OPF under an N-1 security criterion. v T oo o

Based on [30], a 2% damping ratio is used here as the
minimum value of system damping required to maintain the
system secure. Without contingencies, this limit is redcaie
an ESCOs’ loading factor of 0.37 p.u., which corresponds in

ESCOs’ LMP ($/MWh)
-
5
4

Fig. 3 to an HBI value of 0.00018; thus, the value®fin 12} N
(7) would be chosen in this case to be 0.0002. Applying an nhs.
N-1 contingency criterion, the value of in (7) obtained from 10} ~J
Fig. 4 is 0.00025. o ‘ ‘ ‘ ‘
. 0.05 0.1 0.15 0.2 0.25
The SSC-OPF (7) results witty. = 0.00025 are compared ESCOs’ Loading Factor ()

here with a standard OPF (1) results. The power limits on

the lines used in (1) are obtained from eigenvalue studi€g. 6. Some ESCOs’ LMPs with respect to loading levels.
and considering a damping ratio of 2% for the worst single ‘ ‘ ‘
contingency (line 1-5 outage), as typically done in most

systems (e.g. Ontario). For both the standard OPF and the
SSC-OPF problems, the bus voltage limits used in the opti-
mization process are 0.9 p.u. and 1.1 p.u. The current therma
limits are set to 1.5 to 2 times the currents for the worst

system contingency (N-1 contingency criterion), and hence
only become an issue at high loading conditions when the
system voltage stability limits are reached.

The supplied power by GENCOs and their LMPs obtained
by solving (1) and (7) with respect to the ESCOs’ loading ‘ ‘ ‘ -
factor \ are illustrated in Fig. 5. Notice that both GENCO2 and £5C0R Loading Factr )

GENCO3 supply all the demand needs, while GENCOL1 is not _ _

dispatched P, = 0). Furthermore, notice that the GENCOsT9- 7. HBI results obtained with the standard OPF and the-SB€E.

LMPs are higher for the standard OPF (1) than those obtained

with the SSC-OPF (7), as the system is less congested  in _ . .

the latter case than the former due to the different securﬁy Optimal Tuning of PSS

constraints used in these OPFs to represent system stabilit A PSS can be viewed as an additional control block used
Similar results are obtained for the ESCOs’ LMPs, as sho@ enhance the system stability [31]. This controller uses
in Fig. 6 for a selection of “remote” load buses. stabilizing feedback signals such as shaft speed, terminal

These results clearly show the more restrictive nature Bequency and/or power to change the input signal of the
the “classical” security constraints used in the standaldr,O AVR. A PSS contains basically three blocks: The first block
as opposed to the,,;, (J,,) constraint used in the SSC-OPFis the stabilizer Gain block with the constant galifirss,
Thus, the bus prices for the standard OPF are higher thaa the#ich determines the amount of damping. The second is the
for the SSC-OPF, in spite of both solutions being very simildVashout block, which serves as a high-pass filter, with a time

from the dispatch and stability point of view, as demonstiat constant that allows the signal associated with osciltetim
by the o,,in (J,n) plots depicted in Fig. 7. rotor speed to pass unchanged, and does not allow the steady

state changes to modify the terminal voltages. The laskitoc
the Phase-compensation block, and provides the desiragpha
lead characteristic to compensate for the phase lag between
the AVR input and the generator electrical (air-gap) torgne

The test system is analyzed in this section with the inclusigractice, two or more first-order blocks may be used to aehiev
of a PSS and a TCSC. These controllers are added to the desired phase compensation.
system, as shown in Fig. 8, to study their effect on systemFigure 9 shows the effect of the P$S 55 gain on the HBI
stability and LMPs using the proposed SSC-OPF techniques the ESCOs’ demand power is increased from its nominal
as this was shown to be superior to a standard OPF-basatue according to (21) withP; = APr,. The HBI index
approach. The results in this section were obtained withastcalculated assuming again that the total demand is shared
considering system contingencies, given their ratherictise between GENCO1, GENCO2 and GENCO3 in proportion to
nature, since these significantly limit the loading range fdheir inertias, i.e. OPF techniques are not applied in thisec
stability studies. There is no reason to expect that corisigle to determine optimal schedules. Notice the significantogfié
contingencies would affect the main conclusions of the-andlpgs on system stability, as expected, illustrating the need
ysis presented here, other than affecting the actual vahsesto properly choose the PSS gain that best enhances system
illustrated in the previous section. stability. In general, as this gain is increased, the system

IV. OPTIMAL TUNING OF OSCILLATION DAMPING
CONTROLLERS
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(G) GENERATORS 13

(C) SYNCHRONOUS 12 14
COMPENSATORS

GENCO2

Fig. 8. IEEE 14-bus test system with PSS and TCSC.

x10°
25 T T T T T T

Fig. 9. Effect of the PSS gain on the HBI.

becomes more stable, with the loadability margin incregasin

Figures 10 and 11 show the results of solving the SSC-
OPF problem (7) with and without optimal tuning for supply
and demand, respectively. The PSS gain is chosen to be
Kpgs = 2.5 for the fixed-gain studies (no tuning), as it
yields a 2% damping ratio at the original Hopf bifurcation
point A = 0.45 p.u. Observe that for the optimal tuning of the
PSS, the overall system and market conditions improve as the
system changes due to demand increases; thus, the operating
margin of the system expands beyond a loading factor of 0.5
p.u., which is the limit for the SSC-OPF with fixel pggs.

The Kpgs optimal values obtained from the SSC-OPF with
respect to load increases are illustrated in Fig. 12; thessthe
values used in the optimally tuned SSC-OPF solution results
illustrated in Fig.10 and 11. Notice that the PSS gain ineesa

as the demand increases, as expected from the results shown
in Fig. 9.

In order to illustrate the value of the optimal tuning of the
PSS gain for the market, the effect of the tuning of the PSS
on the “congestion costs”, i.¢._; LMP.; Pr; — LMPg; Pg;,
when solving the SSC-OPF problem (7) with and without
tuning is depicted in Fig. 13. The results show that with

the optimal tuning of the PSS gain, the system becomes I%sgs 1

congested when the controller is properly tuned.
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B. Optimal Tuning of TCSC

The general block diagram of the TCSC model and external
control structure used in this research is discussed in. [32]
In this model, as depicted in Fig. 14, is a modulation
reactance which is determined by a stability or dynamic
control loop, andX., stands for the TCSC steady state
reactance or set point, whose value is provided by the steady «
state control loop. The sum of these two values results in
X/, which is the net reactance order from the external control
block. As the natural response of the device internal contro
is characterized by a delayed action, this signal is pututtino
a first-order lag that yields the equivalent capacitive teace
X, of the TCSC [33]. The steady state control loop may have a o1 oz o3 _ o4 05 06
large time constant or be adjusted manually; hence, foelarg roading Facter )
disturbance transientX., is assumed here to be constanﬁ:i
The general structure of the stability controller is dismadsin 9

. 18. The optimal value of TCSC gain with respect to logdiactor.

[32], and it consists of a washout filter with a constant gain 200 - = — s

. .. Congestion Cost without tuning 1 N _ A
Kreosce, a dynamic compensator, and a limiter. The washout 180} | = = = Congestion Cost with tuning \ K
filter is used to avoid a controller response to the dc offset 160l et

of the input signal. The dynamic compensator consists of two
(or more) lead-lag blocks to provide the necessary phase-le
characteristics. Finally, the limiter is used to improvetoller
response to large deviations in the input signal.

Figure 15 shows the effect of the TCSC gdifrcsc on
the HBI as the ESCOs’ demand power is increased from 60(
its nominal value according to (21) wit; = AP, . The Py
HBI index is calculated assuming once more that the total
demand is shared between GENCO1, GENCO2 and GENCO3 T ‘ ‘ ‘ ‘
in proportion to their inertias, i.e. OPF techniques are not 0.1 0.2 Lgfdmgpacm?'?x) 05 06
applied in this case to determine optimal schedules. Observ
the effect of changes iiKrcsc on the system stability, as Fig. 19.
expected; in general, as this gain is increased, the system
becomes more stable, with the loadability margin incregasin

The power outputs and LMPs of all GENCOs are shown ifhe proposed technique is based on a SSC-OPF which in-
Fig. 16 for SSC-OPF problem (7), with and without optimatludes a stability constraint to predict oscillatory andtage
tuning, with the inclusion of the TCSC controller. The TCSanstabilities in the system. The SSC-OPF is compared to a
gain for the SSC-OPF problem with fixelircsc is set to standard OPF auction, and the results show that the SSC-OPF
1.3, which corresponds to a 2% damping ratio at the originaffers better market and system operating conditions based
Hopf bifurcation pointA = 0.45 p.u. Notice that the powersa more accurate representation of system security. The SSC-
and LMPs of GENCOs behave similarly as observed for tf@PF technique is then applied to the optimal tuning of a PSS
PSS example as the loading factor increases. Similar ses@nd a TCSC, and the results show that by properly tuning these
are obtained for the ESCOs’ powers and LMPs, as depicteghtrollers, more secure operating conditions (e.g. ewmxd
in Fig. 17. Figure 18 depicts the optimal TCSC gain deadability margins) and better market signals (e.g. lower
the demand increases; as expected, the optimal TCSC gziiices) are obtained.
increases more rapidly when the loading factor gets claser t The proposed technique is computationally expensive, and
the original Hopf bifurcation pointX ~ 0.45). hence more work to improve the techniques to solve the SSC-

As in the case of the PSS controller, Fig. 19 shows tiePF model is needed to make it more useful fro practical
difference between the congestion costs obtained with a@@plications. The authors are currently working on the Heve
without the optimal tuning technique. Notice that the diffe opment of new solution methodologies based on matrix semi-
ence in congestion cost can be significant without the optin@efiniteness concepts associated with the implicit comstod
tuning technique, especially near the Hopf bifurcationnpoithe proposed optimization model.
(A = 0.6). These results highlight again the need for optimally
tuning the controllers as the ESCOs’ demand changes.

140

120

100

80

Congestion Cost ($/h)
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Price of TCSC tuning.
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