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Abstract

This paper proposes a two-time scale simulatiomaguh of both short-term and long-term dynamiggdwer systems.
The short-term transient period is analyzed bylaifue scale simulation while a quasi-steady statalel of the power
system is used to simulate long-term dynamics. fiogposed method is inspired of Singular Perturlpatieeory to
model the interaction between the short-term ang-term dynamics. Based on this interaction, aabist criterion to
determine when the quasi-steady state model ofneipeystem can be considered as a uniform apprdximaf the
full-time scale model is proposed, which also deires the appropriate switching time between modéis proposed
method is demonstrated on the 10-machine, 39-bus Eegland system and a 46-machine, 190-bus equivale

Mexican system.

Keywords: Long-term dynamics, quasi-steady statgragpmation, singular perturbation theory, time lsca

decomposition.

1. Introduction

Generally speaking, modern power systems are lszgke systems composed by the interconnectioneatra
components whose dynamics are interacting at widatying speeds [1]. Following a disturbance whéies not
cause short-term instability, the so-called longrtelynamics can persist over several minutes (aed enore in some
cases). Consequently, long-term dynamic simulationst be carried out considering both fast and slgmamics of

the system to accurately analyze the effects gelaxcursions of voltage, frequency, and power dltivat may invoke



the action of slow processes, controls and pratestiThis analysis requires the step-by-step nwaldritegration of a
large-scale nonlinear stiff set of differential-@lbgaic equations (DAEs). As a consequence, long-t@mulations
require very large computational efforts if appiaf@ techniques are not used.

There are two main approaches to using time sdalesduce the computational burden of long-termaahyic
simulations: i) full time scale (FTS) simulatiorckamique using a variable time step size of intégmnain conjunction
with explicit or implicit integration methods [28]; ii) model reduction-simplification techniques ¢onjunction with
implicit integration methods [1], [7]-[11].

Approaches that automatically adjust the time stépntegration in accordance with the system’s dwant
transients are used to study both short and lomg-thynamic phenomena in integrated simulation t¢@]44]. The
main idea behind these approaches is to automgtieaduce the time step to capture fast transieisgsfast modes
decay during the solutions process, the time stegradually increased to reduce the computatioe tieguired to
capture slow transients. The time step size (arssiply the order) of the integration method areusidid, usually
according to a truncation error defined as theediffice between predicted and corrected solutiohq4R or the
weighted root square mean norm of all correctedesbf dynamic and algebraic variables [3]. Thegration steps
have to be further adjusted in order to fall ontthee instants where discrete state events (suehrébles hitting their
limits) take place. In case where the long-termaaigits are driven by many discrete controls — sgcthe widely used
Load Tap Changers (LTCs) — this may prevent thp siee from being increased to the extent allowgdhe slow
continuous-time dynamics.

Alternatively, the multiple time scales inherentth® dynamics of a power system can be exploitedbtain
reduced order models relevant to a particular teede [1], [12], [13] with the objective of simulag those reduced
models much more efficiently [13], [14].

A first step toward model simplification was propdsin [5] with a unified approach to short and ldagn
dynamic simulation using fixed-step trapezoidaégration. The simulation mode is determined byitlegration step
size, and the switching from one mode to the othelefined by the degree of damping of synchrogiziscillations.
An artificial damping term is included in the rotwing equations of each generator to allow synubiog oscillations
to be artificially suppressed, and to allow larggegration time step when simulating the long-tenade.

More recently a decoupled time-domain based onrianisubspace partition and fixed step integrasiomulation
was proposed in [6]. The original set of nonlin€éardinary Differential Equations (ODEs) are groupi@dtwo

decoupled sets of stiff and non-stiff equationspestively, based on eigenvalue analysis of tiealized set of ODEs.



The set of stiff ODESs, together with the set ofedligiic equations, are solved using the trapezaitisgration method,
while the forward Euler method is used to solvertst of non-stiff ODEs.

Opposite to the approaches [2]-[6] where the oalset of ODESs is handled throughout the whole &tmn, the
Quasi-Steady State (QSS) approximation of the tengr dynamics handles a reduced and simplifiedketjuations
[1], [7], [13].

The QSS approach was devised in the context of rdgnaecurity assessment where the response toitéal in
disturbance is studied until either the systemrnstio steady-state operation or some variables values outside an
acceptable range (for instance, voltages becomecaptably low in the case of long-term voltageabsity, a problem
for which the QSS technique has been extensivedg)usThe analysis of real-life scenarios reveats fiillowing
characteristic behavior, common to almost all posystems. Over a period of up to — say -sZfter the initiating
disturbance, the system response is dominated éshibrt-term dynamics of the synchronous generatodstheir
regulators, induction motors, static var comperrssand STATCOMs, HVDC links and other power elegits-based
devices. One possible outcome is a short-term bilgjathat may take on the form of angular instiyi(loss of
synchronism), frequency instability or short-teroitage instability. If the system responds in dlstavay, it enters the
long-term period where it is driven by slower phemma, controllers and protections such as: loadhapgers, field
current limiters, automatic shunt compensation @viitg, secondary frequency and voltage controlad Ipower
restoration, etc. The system may also evolve tdsvarstability over this time interval of — typla— several minutes,
for instance due to long-term voltage instabili@ver the short-term period, the various synchrongeserators
oscillate with respect to each other while during long-term interval, in most cases, those intacinine oscillations
are negligible and the common speed of all machdefsies the system angular frequency. One canxatide,
however, a badly damped slow, interarea mode tw $tsoeffect over a time interval that exceedsaheve cited short-
term period; there is no clear-cut border betwéershort and long-term intervals.

The QSS approximation of long-term dynamics is imleiéh by considering a time-scale decompositionhaf t
dynamic state variables into fast and slow time/veay variables, respectively, and assuming thatftimmer set of
variables changes instantaneously with respectarations of slow state variables, replacing theresponding
differential equations by their equilibrium conditis.

Although this approach tremendously reduces thepedational burden for long-term dynamic simulatioindhas
the following limitations [8], [9]: i) it assumedable short-term dynamics, while the system mag ktsbility in this

time interval and hence not enter in the long-tgeriod; ii) a large disturbance may trigger corgragsociated with



discrete events in the short-term period, andsbgquience of fast controls may not be correctlytiied from the QSS
model.

These limitations can be overcome by using the Bifiulation to analyze the short-term time period &men
switching to the QSS approximation to compute thiegiterm dynamics. In [8], the switching from FT& ®SS
simulation is done once the frequency changesamba specified value. At the switching timyg the QSS model is
initialized from the last system’s short-term stated is used for the rest of the simulation negigcfrequency
dynamics. On the other hand, a different couptihoth approaches, based on the discrete eveitg talace during
the detailed simulation was proposed in [9]. TheSFimulation is executed until the switching timgg and the
sequence of discrete events that have occurredtbigeimterval is identified. The QSS simulationtiien performed
from the initial time with those discrete eventposed as external disturbances, without allowirgdiscrete devices
to act by themselves until the simulation time \agsi atts,, From there on, the study proceeds with the uQ&$
approximation.

Following the idea of combining FTS and QSS modiiis, paper proposes a two-time scale simulatigpraach
for a unified solution of both fast and slow dynamiThe proposed method is inspired of SingulatuPaition theory
to model the interaction between short and longitédynamics [10], [11]. Based on this interactiosuéable criterion
is proposed to accurately determine when the QS8emof a power system can be considered as a umifor
approximation of the FTS model, which also detegsitthe appropriate switching time between theseetsod he
main contributions of the proposed approach arddhewing: i) simulation efficiency is achieved Woth time step
size adjustment and model reduction, which are émginted in a single simulation tool instead of gsimly the
former [2]-[5] or only the latter [7]; ii) the prased criterion to automatically switch from the FIBSQSS models
preserves a uniform approximation of state andbalije variables, such that a process to initialiagables for the
QSS simulation is not necessary; iii) finally, theoposed switching criterion is easily computednfrthe FTS

simulation by monitoring the rate of change of th& time-varying state variables.

2. Statement of the problem

2.1 Singular perturbations and two-time scales

Power system dynamics can be described by a miredfsparameter-dependent differential and algebrai

equations (DAES), as given by the FTS model (1)
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wherety, andte,q are the initial and final times, respectively,tbé study time period is an-dimensional vector of

dynamic state variables with initial conditiomét;) = x,, y is am-dimensional vector of instantaneous state (algepra
variables, (usually the real and imaginary partthermagnitudes and phase angles of the complex valthges) with
initial conditions y(t,) = y,, andzis a set op discrete states which undergoes step changes {¢mto z(t;) at some

instantt, [13]. Because transmission network dynamics aretniaster than dynamics of the equipment or lotus,
variablesy are understood to change instantaneously wittatians of thex states under the quasi-sinusoidal (or phasor)
approximation. Hence, only the dynamics of the popgint, e.g. generators, controls, and loads atsbase explicitly

modeled by the set of nonlinear ordinary differengquationsx = f(). The set of nonlinear algebraic equations
0=g(l) represents the stator algebraic equations and atisnpower flow equations at each node. Lastly,stteof
discrete-time equations(t; ) = h((lcapture the discrete controls and protections @atinthe system.

The set of differential equations= f([)) can be partitioned according to the time scalethefstate dynamics. In

particular, in a two-time scale system, (1) cakgressed as a standard form of the singular fpation problem [11],
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wherexsqis ansrdimensional vector with predominantly slow dynaspiand initial conditions_(t)) = X2, while Xy is
a n-dimensional vector of states that have fast dynarsuperimposed on slow varying quasi-steady sésjgonses
with initial conditions x,, (t,) = x?d. When functionsf_,(JJand f,, (]} are scaled to have the same order of magnitude,

the perturbation parameterepresents the ratio of time scales associatduxyieindxsy: ratios of small and large time

constants, sub-transient and transient inductalcegeak and strong connections [10], [11].



One simple technique to reduce the order of theain(®), thereby reducing the stiffness of the aystés to
formally sete=0. In this case, dynamics of; become infinitely faster thamsy and instantaneously reach their

equilibriumfi(-)=0, such that the system approaches the solufitreos-dimensional slow-reduced or QSS model (3)

if the Jacobianaffd([)]/axfd is nonsingular [11],

osm _ sm , sm—,
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In this case, the solutiorS'(t) represents an approximation to the actual slovsysibm dynamicx,(t), and
X3, (t) represents an approximation of the slow modes ¢hére upperscripgn) of the fast subsystem dynamigg (t) .
This approximation is accurate fDD[tSW,tend] , Wherets, is the time instant at which it is appropriatestuitch from

model (2) to model (3) . The values of algebraigaldes associated with the slow dynamics are ssmted byy .

The discrepancy between the responses computedtfr@®SS model (3) and from the FTS model (1) is wu

the fast dynamic response. However, the equival®eteeen both responses can be established bytigatasg the

dynamics of the fast-reduced model, which can beveld from (2) by considering the fast time scaleand the fast

modesx™(r) and x{'(), such that [11]:
t m m S
r :E’ Xq (1) = X5 () + X;d(r)! XD = XD+ XHJT(T) (4)

The fast reduced model (5) is then obtained bytigubing (4) into (2), applying the chain rule, aledtinge -0
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The first equation of (5) implies that" is frozen at its initial valuex7(t,) . Furthermore, ag, is predominantly
slow, we can constrain the quasi-steady skfeto start from the prescribed initial conditiod}'(t,) = x.,(t,) = X,
which implies thatx"(t,) = 0. Based on this assumption, the approximatiors@by xZ'is uniform for alltO[to, tend
with errors on the order ef i.e. x,, = X7+ Q(¢), and x[7'(r) =0 for all 7 O[ty, tsy [11], [15].

The fast modexT of x4 are the states of the fast reduced model (5) whithdamp out to their equilibrium
xi™(r =t,,) = 0if they are asymptotically stable. In this casengorm approximation of the fast dynamics is givsn
Xy = X+ X'+ Q(¢) overtO[ty, ts], and once the fast modes become small enoxijlft) is a uniform approximation
of Xg(t), X, = X7 + Q&) , for tO[tsy tend-

Based on the theory described above, the Tikhorntigerem [15] guarantees that the solution givertheyQSS
model (3) uniformly approximates the true solutmomputed from (1) after a time intervél[t,, ts,] has elapsed.
Hence, our proposal to tackle the complexity ofaiyit long-term simulations consists of using thesFmodel (1) to
simulate the dynamics associated with the shor-fderiod following a disturbance with a small sté&ge, and once the
fast dynamics are small enough, switching to tleevgieduced model (3) to perform the long-term satioh with a
larger step size. Owing to the fact that at the@ving time there exists a uniform approximatiotmEen models, the
state and algebraic variables of the slow reducedeinare automatically initialized from the fingystem state
provided by the full simulation. Lastly, the infoation required to determine the evolution of thecthte stateg is

directly transferred from the FTS simulation to @8S model.

2.2 Switching criterion

An appropriate criterion to determine when the fastlesx;T are small enough, which is the necessary condition

to switch from the FTS model to the QSS model, bandetermined using the singular perturbation tegtnas
detailed hereafter.

The sets of ODEs in (2) associated with the dynamuclels of power system components can be repessémt

their linearized form, such that the singular peration model can be reformulated by considexiffg= 0 as,
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whereA; are constant matrices of appropriate dimensions.
Similarity, the QSS model (3) consists of neglegtiff;' while settinge = 0, which yields:
X = AnXi't A Xt Ay Bu
0=AXd+ A X'+ Asy+ Bu @)
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The second equation of (7) can be solvedxXjjl, and the resulting expression can be substitutedthe second

equation of (6) to obtain (8) that permits the catation of the fast modes

Xffcrjn = Al_ll(gxfd - '613( y- _») (8)

Since the change ofy will lag far behind the instantaneous change géhtaic variables, and considering that the

difference(y—?) tends to zero faster thaX, , as numerically shown in § 2.4, one can assume dahgood

approximation to compute" can be obtained by

X = ALE X ©)

where %, is computed by the integration of the full modekach time step. Therefore, (9) can be evaluaidtbut

additional computational cost.

Since the dynamics ok[' are associated with different fast state varigbtee normalized value of each

component ofx{!' must be considered:
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Therefore, the time of switching, from the full model to the slow reduced model isedmined when the maximum

absolute value ok, is always smaller than a specified toleraficd,,, maxix’f‘(j" <Tol

for the whole pre-specified

sw?

period of timetyo, Or its equivalent number of time stefps/h.
2.3 Proposed long-term dynamic simulation

The proposed procedure for long-term dynamic aislysing the switching criterion is as follows.

Step 1.-For a given initial disturban¢select the fast and slow-state variablegx: , Xsg), t0 ensure that the system
is state separable.

Step 2.-Solve the full model (1) with a small time step infegration, and check the switching criterion. For
instance, the trapezoidal rule can be applied ¢elakize the differential equations, such that sbeof DAEs are

expressed as a set of algebraic-difference equation

Fl([)]:xk+l_xk_g(fk+l+ fk):0 (11)

F(J=g“'=0 (12)

whereh is the integration time step, and the supersd¢ifg an index for the time instaft at which variables and
functions are evaluated = x(t ) and f* = f (xk, yk) . The Newton-Raphson (NR) algorithm is used toes¢11,

12), where at theth iteration the following linear system is solved

h k+1 __h k+1 L i
= > {Ax}:{ﬁ([)]} 13)

gk gl;+1 i\

For given valuepx* ykT, the method starts from an initial gudsg™ =x‘ y"= yk]T and updates the

solution at each iteration i.e. [x'“l: XCHAXS Y= YHA )/T until a convergence criterion is satisfied. A



possible short-term instability associated wittslo§ synchronism or voltage instability is checkadd if it takes place,

the simulation stops. The switching criterion iscathecked at each time instanto determine the switching time.

When this criterion is satisfied continuously dgri, as indicated ir§ 2.2 the algorithm proceeds with Step 3;

otherwise, Step 2 is repeated.

Step 3.-The simulation switches to the QSS model (3), whgholved as explained in Step 2 with a largeetim

step of integration. At the switching time, initigbnditions of QSS variablesl;, x;/, andy are set to values

Xz, Xz, andy' respectively.

2.4 Application example

In this section the well-known one-machine infifites system is used to illustrate the applicatibthe proposed
methodology. The system is shown with single-lirgthm in Figure 1. The system data are given ipefudlix A.

The generator is represented by a two-axis modéltie following set of equations [16]:

T'WE', = KE' + Ky, + KVcog(d-6) + Ey (14)
T" g = KE' + Kgp g+ KV cos(d-6) (15)
T' g = Kty + Kl o+ Ky sin(0-6) (16)
T Waq = Kidlg + Kofff 5+ K Y sin(S-6) (17)
d=w-w, (18)
= 2“|’_| [P, -P,- D(w-w)] (19)

where K; are constantsk,, is excitation voltage (assumed constant in thesxgXde),H is the inertia constan is the
damping constantPy is the generator's electrical power outp®, is the turbine mechanical powed, is the
generator’s rotor angle in radiang is the synchronous speed, amds the actual rotor speed&’; is the e.m.f. behind
transient reactance. Flux linkages of rotor windiredong direct and quadrature axes are giveghy ¢,, andy,, .

Ty T4 and T, T",, are the time constants associated withctaeis and the-axis windings, respectively. Lastly,

qo’

V and @ are the magnitude and phase angle of the voitabes 1.
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The network equations are written in terms of actnd reactive power mismatch equations [13],

0=PR, -[V*G,+VV,( G. cog6)+ B, sir(6))] (20)

0=Q,~[V*B,+V\,( G, sin(6) - §, cog))] (21)
where

P, = K, Vcos(0-6) - K g,V cogd-6) + K E,V siid-6)+ Ky 4V sifo-6)

+K,,V?sin(2(5-6)) @2

Q, =K, Vsin(d-68)+ Ky ,Vsin(d-6) + K E,V cogd-0) + Ky ,V cofd - 6)

-Vv2(c, cos(a-6)" + G, sin(3-6)’) 23)

The time constant3”,,, T',,, andT" , are generally small. Henag,,, ,, and¢,, can be considered fast-time

"
qo’

varying variables, whileE';, & and wcan be assumed to be slow-time varying variablesréfore, the FTS model has

the following state vectors:

y=[6 V]’ (24)
X = X + szn = I:l/jld /9 lr//qu (25)
x.=[E, & @] (26)

while the slow-reduced model is represented by

y=[6V] 27)
X =[ed vl vl (28)
xr=[E, & o (29)

11



The proposed switching criterion relies on compwitici," given by

T

Xig = Ks-r“doﬂ K7T'qowlq Ky, T" ﬁ (30)

Wy Wy Y,

nor

de

such that the switching time is obtained when thed@ion max < Tol,, has been satisfied continuously for a

pre-specified fixed number of time steRg.

In order to numerically validate the proposed shiitg criterion, a single contingency scenario ifirgkl by
removing one transmission line at tinels. Following the disturbance, an FTS simulation an@SS simulation are

performed with an integration time stephsf0.01s. Figure 2 shows the evolution of the voltage maglaV and flux

linkage ¢, as a function of time computed by both simulatiothen the disturbance takes place, the equivalent

impedance between buses 1 and 2 increases, cdlsingltage magnitude at bus 1 to also increaser(swch a short
period of time the machine behaves as a constaibenind subtransient reactance). After the distnde, the dynamic
evolution of these two state variables dependshersimulation method. Since the voltage magnitgdani algebraic
variable in both the FTS and the QSS simulatiasschange is instantaneous. In the FTS simulatf@nflux linkage

evolves due to short-term electromagnetic transidntthe QSS simulation, on the other hand, ttterlare neglected
and the flux linkage becomes an algebraic varialileh can thus change instantaneously. In theallg instants of
the QSS simulation, the flux evolves under the@féé the variables whose dynamics are not negledievertheless,
the QSS response of this variable is quite accéptaire the fast dynamics have been damped out.

A comparison of these evolutions shows that thetiexj difference of the algebraic variable’s valuieomputed

by both FTS and QSS simulatim{s[ —\7], is much smaller than the difference between tilees of the fast-state

variable ¢, , [(//lq —(//f(;“], computed by each simulation. Therefore, the pgedariterion can be considered a suitable

method to determine the switching time. The sysgemvives the short-term period, and the switchirnigeigon is

satisfied at=2.2s with TOL,, = 0.1 andtro,=0.1s. At this timets,, the values of state and algebraic variables céedpu

by FTS and QSS simulations are very close to e#lodroindicating that fast dynamics have died oud bbng-term

responses can be assessed by the simpler QSS model.

3. Study Cases

12



The suitability of the proposed approach to anafzert- and long-term dynamics is tested on thena@hine, 39-
bus New England system and the 49-machine, 190vmael of the Mexican power system. The design efdtudy
cases is given below. All simulations were run damop computer with the following characteristitrstel processor

dual core at 1.728 GHz, total RAM Memory of 2.00,@GBd operating system Windows XP.

3.1 10- Machine, 39-Bus New England System

For the purpose of this test case, the generatere selected to be steam power plants. Generakamgspwere
assumed to be equipped with an exciter, an autormatiage regulator, a speed governor and a steaome. All
exciters include derivative feedback compensatiofi.[The data of this system were taken from [b@\wever gains
and time constants were adjusted to make rotolatsmns last longer. Likewise, three Load Tap Giens (LTC) were
installed on transformers to keep the voltage magdes at buses 12 and 20 at 1 p.u. with a halfisleatiof+ 0.01 pu,
as shown in Figure 3. All loads are representett Wit exponential model [13]. For the specifieduttsance, long-
term dynamics come from the LTCs’ control actiob8][whose data are given in Appendix B. In thise¢cdke LTC's
delay is 20 seconds on the first tap change andet®nds on subsequent tap changes, resulting eat0.i0l pu
change of the ratios. Additionally, steam turbiresl governors act in the long-term to avoid largeuesions of
frequency.

At time t =1s, the system is suddenly perturbed by completedgatinecting the loads at buses 4, 20 and 29. A

long-term simulation is performed with the full nedd the combined FTS-QSS model, and the QSS model,
respectively. The FTS simulation assumes that gaokrator has its own frequency of oscillation.tmother hand, a
perfect coherency between all generators is assumet QSS simulations [7]. This assumption isdval the long-
term period as shown when comparing the resporsesded by FTS and FTS-QSS simulations. Integrasi@p sizes
are defined according to the model being usedénatialysis: the FTS model is integrated using & step of 0.04
while the QSS simulation is accomplished with ategmnation time step ofsl Hence, the combined FTS-QSS
simulation allows increasing the step size fronll®10 1s at the switching time. The fast-state variablesitooed to
carry out the switching from the FTS to QSS model those associated with the exciteEg)( generators (g, (g
i»g), and turbines R, Pyy). Considering a switching tolerance of 0.1 &apgl=0.1s, the fast variables of exciters,
generators, and turbines satisfy the switchingddh at 1.6% 12.3, and 12.63, respectively, such that the switching
of models takes place &t12.6%.

The electromechanical oscillations that follow tlbad shedding are damped out, indicating stabletgtom

13



dynamics. Figure 4 shows the rotor speed assocwitbdthe most critical generator, which is coneecat node 34.
Note that all the simulations tend to the same ldgjuim point after the fast dynamics have been pagnout. This
demonstrates the suitability of the switching crite in the sense that the switching between moidetone once the
short-term dynamics are small enough, as showigur& 5 for the field voltagEy behavior of the generator at bus 34.

The evolution of the angular speed of all genesatmmputed by the FTS, FTS-QSS and QSS simulatoms
shown in Figures 6, 7 and 8, respectively. Althotigl former two simulations are performed with egemerator
having its own rotor speed, while perfect cohereiscgssumed for the latter simulation, the samadstestate value of
frequency is arrived at.

The angular speed).,, of the Center of Inertia (COI) is shown in Fig@eAs expected, the frequency transient

behavior computed by the QSS model quickly tendheoequilibrium value reached by the other two eledFigure
10 shows the Relative Error Magnitude (REM) betwinresults obtained by the FTS-QSS and QSS diimudawith
respect to that obtained by the FTS simulation.itAis expected, the error afco, associated with the proposed
approach is null during the short-time period antbunts to very small values after the switchinggtis,=12.6%.

The evolutions of voltage magnitudes at nodes 2fhover a longer time interval are depicted guFés 11 and
12, respectively, clearly demonstrating that theppsed approach provides similar results to thbsairmed by the FTS
simulation. After the load shedding, large osdiias of voltage magnitudes take place during thertglerm period,
which are not present in the QSS response, andolteege magnitude increases due to the reductioadntive power
demand. Since the LTC-controlled voltages are degiidrom scheduled values, the tap changers aneated with
delays. Times at which the LTCs’ control takes place reported in Table 1 for each simulation. @tetrol actions
occur almost at the same time for the FTS and FBS-@imulations. In these cases, controlled voltagemter the
selected deadbands transiently due to voltagelatswils and delays the LTCs control actions. Ondtmer hand, since
the sequence of controls depends on the systenmigsiathe LTC's responses computed by the QSS atioul differ
because the short-term dynamics are not consideréte formulation, such that the LTCs move eartt@an in the
former two simulations.

The REM of the dynamic evolutions of voltage magghés computed by the FTS-QSS and QSS simulations at
buses 12 and 20 are reported in Figures 13 antedgectively, with respect to that computed byRA& simulation.
Note that the REMs obtained by the proposed appraae smaller than those obtained by the QSS siioulduring

the whole period of study, which demonstrate thtability of the FTS-QSS simulation.

14



3.2 46- Machine, 190-Bus Mexican power system

The proposed approach has been applied to a redoeodel of the Mexican Interconnected System incigdhe
northern, north-eastern, western, central and seagtern areas, as shown in Figure 15 [18]. Thisvabtpnt consists of
190 buses, 46 generators, 90 loads and 265 trasiemiknes operating at voltage levels ranging fré®® kV to 115
kV. Voltage problems are acute and of prime impar¢éadue to the longitudinal structure of the systeunch that the
load buses 182, 183, and 184 have been equipp&dLWi€s to maintain voltage magnitude at 1 pu withedf-
deadband of +0.01 pu. The operation of the LTCH sifter a first delay of 2@ from the detection of a controlled
magnitude voltage outside the deadband, and substygweach 1G until the voltage target or the tap ratio limit is
achieved. All system data are taken form [19], e/fiile LTCs data are given in Appendix B.

The study scope is to compute the system’s dynaesjgonses to the following two sequences of dianuebs: i) A
solid three-phase fault applied at bus 186-ats and cleared by tripping the line that connectebus85-189 at-1.1%;
and ii) the tripping at=6s of the generator connected at bus 18. The anay/pisrformed over the intervak[0, 280]s

with both FTS and FTS-QSS simulations considerig@s the rotating frame of reference and assumingeheh

generator preserves its own rotating speed. Thedobuses an integration step size of 6.0dhile the proposed FTS-
QSS simulation permits the use of a time step ©fafter the switching criterion has been satisfied=43.36

considering a switching tolerance 0f1 andt;, =0.1s. The fast-state variables monitored to carry batdwitching
from the FTS to QSS model are those associatedthétiexciters E, ), generatorsiiq, ¢4q (), and turbines B, ,

R, ), which satisfy the switching criterion at 398.4%, and 13.36, respectively.

As a result of the first perturbation, the angudpeedw.,, presents large oscillations due to the imbalarfce o
mechanical and electrical powers; but the time latkthe fault is cleared allows preserving shertrt stability. The
second disturbance causes a deviationgf from the nominal speedy,, such that the speed governors act to restore
the frequency close to its nominal value as showrigure 16. For clarity, they.,, evolution is plotted for a period of

30s showing that the FTS and combined simulationsrarg close and tend to the same equilibrium point.

Despite the controlled voltage magnitudes at ba82s 183 and 184 re-enter the deadbands transigutiyg the
first perturbation, the generator’s tripping cautiest these magnitudes drop from their schedulddesadue to the
reduced voltage support, such that the LTCs aeactieve their control action. Table Il reports tined LTC discrete
events computed by the FTS and the proposed methedLTCs installed at buses 182 and 183 deteatc¢batrolled

voltage magnitudes outside deadbands atsta@tl 5.36, respectively, such that taps move after the fieday of 26
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and have discrete changes as itflervals. However, the voltage magnitudes cabeatestored, as shown in Figures 17
and 18, due to the LTC lower limit of 0.8 pu bemegiched at 276.04dand 265.36, respectively. On the other hand,
the LTC installed at bus 184 detect the low voltaggnitude at 6.&land its operation starts after a delay of antil

its controlled voltage magnitude returns to thedieamd at 136.6L A new degradation of this voltage magnitude
occurs due to the actions of LTCs at buses 1821834 so that the LTC at bus 184 is activated agaih the target
voltage is achieved #&£275.37s with the tap ratio almost at its lower limit. . Theolution of the voltage magnitude at
bus 184 is shown in Figure 19 while the changeshentap ratio of the LTC connected at this nodedsmgicted in
Figure 20.

The discrepancy of the results obtained for théagal magnitude at bus 184 by the FTS and FTS-Q8dations
is shown in Figure 21 in terms of the relative em@gnitude: This error appears after the switctifogh the FTS to
QSS simulation takes place but is very small as@vblution presents peaks of small magnitude dulet changes on
the tap ratio of each LTC. Based on these sinariatiit is numerically confirmed that the FTS-QS&8letion is a very
good approximation of the FTS one, such that frompractical viewpoint, the proposed method is sudtebr the
simulation of long-term dynamics including discretents.

Lastly, the computing times required by the FTS BR&-QSS simulations were 200s88hd 17.94, respectively,
being the proposed method 12.31 times faster thanFTS simulationFor these cases, the number of iterations
required by the Newton-Raphson method to get tosthation of the linearized set of equations (13¢ach time step
of both type dynamic simulations is shown in Fig@e The convergence criterion was®iflu. These results indicate
that the algorithms retain the quadratic convergeriche full Newton-Raphson method and that aftewitching takes
place, the maximum number of iterations for botmwugations is 3. This clearly demonstrates the bilita of the

proposed approach to carry out long-term dynanuidiss.

4. Conclusions

A new and simple criterion to accurately determiviien a QSS model of a power system can be condidera
uniform approximation of the system’s FTS model baen proposed in the paper inspired of SingulauBRmtion and
two-time scales theories.

On the basis of the suitability of this criteri@m integrated simulation method that combines ¢fiahility of FTS
simulation and the efficiency of the QSS simulati@s been proposed to speed up the long-term dgabamalysis of

power systems considering the presence of disenatats. The method is capable of assessing insgapibblems

16



during the short-term period through the FTS sitioita If the fast modes are damped out, a modeliciah is
automatically carried out to analyze the long-tetymamics by the QSS simulation with larger inteigratime step
sizes.

Simulation results were presented that show thectfieness of the proposed method and its appligalbd
efficiently analyze long-term dynamics of a reéd-lpower system. Lastly, an extension of the predasethod would
consist in considering different switching times étifferent components. By so doing, remote pafthe system with
little response to the disturbance, could switafieraunder the QSS approximation, which can be seean automatic

equivalencing.

Appendix

A. One-Machine Infinite-bus system

This Appendix presents data for the simple systBach transmission line is considered ideal withedes

reactance oK =0.055 pu. Prior to any perturbation, the systempisrating at the equilibrium poin, =100° pu and
V, =1.0475] 3.76pu. The machine parameters are the followBg;=110MVA, P,o,=935MW, w~37Fad/s H=4.2,
D=5, X~1.125pu, X4=1pu, X'; =0.31pu, X", =0.256pu, T';, =10.%5, T", =0.024%, X=0.69pu, X', =0.356pu,

X",=0.08pu,T",,=0.65, T",,=0.054%

B. LTC data

The LTC model data are as follow&"=0.8,r™¥=1.1,4r=0.01, Ty+T=20s, Tr+T=10s, d=0.01pu.
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Tables:

Table 1. Activation of LTCS control in New EnglaBgstem

LTC1 and LTC2 LTC3
FTS QSS| Combined FTS QS5 Combined
26.79s| 23§ 26.79s 28.29)s 22s 28.29 s
36.791s| 339 36.79s 38.29s 32s 38.29 s
100.80s| 96§ 102295 48.29s 42s 48.29 s
58.29s| 52s 58.29 s
80.79s| 75s| 81.29s

Table 2. Activation of LTC control in Mexican systgin seconds)

FTS

23.7

43.71  53.

T

63.

3.7

FTS-QSS

25.6

455 55,

5

65

85.5

5.7
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Figure 15. Schematic diagram of the Mexican powstesn.
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