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Abstract—This paper uses hybrid dynamical systems as a Il. CASCADING OUTAGE IN THE SEPTEMBER2003
mathematical model for cascading outages in a power system. BLACKOUT IN ITALY
Hybrid dynamical systems can combine families of flows describ-
ing swing dynamics of generators with switching rules describing
protection control mechanisms. We refer to data observed in a
cascading outage in the September 2003 blackout in Italy and ~ Before model development in Secs. Il and IV, this section
show a hybrid dynamical system by which propagation of outages reviews data observed in a cascading outage in the September
reproduced is consistent with the data. 2003 Blackout in Italy. The following review is based on
[7]. The Iltalian power system experienced a large blackout
on September 28, 2003. The blackout affected an area with
Complex dynamics have recently emerged as a major issy¢ estimated 60 million people and load variation in the
in electric power systems [1], [2]. Cascading outage is o®ntinental grid from abou24000 MW at the early hours of
important example of complex dynamics and is the genetige day, up t650000 MW in the mid-day. This is regarded as
mechanism by which outages propagate to cause widesprg@sllargest blackout ever to happen in Italy.
blackouts of power systems [3], for example, the August 2003Figure 1 shows (a)l00kV and (b)220kV power trans-

bIaCkO'.“'t n North_ America [4]. U_nderstand_mg su_ch Comp_le?ﬁission networks interconnecting Italy (ITALIE thereinjtiv
dyn_amms Is required for preventing them, in part|c_ulam|m| France and Switzerland (SUISSE). A cascading outage or trip
mizing damage caused by blackouts, and for making a rObltﬂ?ttransmission lines is indicated according to the timey/the

mf_rrastru.cture Wg? ele;:tncny supply. is closelv related tripped, starting from #1 at 3:01.42 up to #9 at 3:25.33. The
ransient stability of power systems is closely relatedde 0cascading trip resulted in the separation of Italian nekwor

currence of cascading outages. Transient stability is execl from Switzerland and French ones and, after further casgadi

with the ability of power system to maintain synchronism. s of generators in Italv. finally led to the blackout
when subjected to a severe disturbance [5], [6]. The smbiil.?”p g ! y, finaly ut

is mainly governed by swing dynamics of synchronous ma- Figure 1(c) shows frequency traces in North Italy at
chines. The swing dynamics usually cause overcurrents dn@Ssasco, S. Rocco, and Musignano EHV substations from
heavy power flows. This often results in outages of transmi3-29-12 up to 3:26.12. Three pulsing behaviors are observed
sion and generation facilities by relay operation to protet? Fig- 1(c) during the period from line trip #2 at 3:25.21 ap t
them. This cascading trend continues in the worst cas#9,at3:25.27. Itis indicated in [7] that the observed betwavi
The interaction between swing dynamics governing transi¢® caused by the interaction between transient stabitity g
stability and protection operation is hence one mechanism&Mned by swing dynamics and protection operation. The swing
cascading outages, for example, the September 2003 blacl{fé)‘ﬂ‘am'cs cause heavy power flows that trigger the protection
in Italy [7], [4]. As indicated by [8], [9], [10], cascadingitage operatlon. Th(ﬂT operation is norma_lly based on overcurrent o
contains hybrid nature, implying that it is modeled with footdistance relaying. We treat the swing dynamics related ¢o th
continuous- and discrete-valued variables. cascading trip of transmission lines.

The purpose of this paper is to report a mathematicallt should be noted that various frequency dynamics are
model for cascading outage in a power system. Followirapserved in Fig. 1(c). For example, the line trip # 8 at
the importance of transient stability, we treat the intdaac 3:25.33 in Figs. 1(a) and (b) triggered continuous decreése
between swing dynamics and protection operation. The modelquency below8.5 Hz in Fig. 1(c). The associated dynamics
reported here is a hybrid dynamical system [11], [12], [13sult in the isolation of Italian network and the blackout.
and consists of families of flows describing swing dynamiddere, from phenomenological point of view, they are modeled
and their switching rules that are based on protection obntthrough an interacting system with swing dynamics, voltage
mechanisms. We refer to data on a cascading outage in tlymamics, and protection operation. However, this modelin
September 2003 blackout in Italy [7] and show a hybridnd analytical study are not easy. As a first step of analytica
dynamical model by which propagation of outages reproducstlidy on cascading outage, in this paper we focus on the
is consistent with the data. Note that the contents of thigpa relatively simple cascading outage, and the detailed nhaglel
have been submitted to archival journal [14]. is in future work.

I. INTRODUCTION
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Fig. 2. Six-machine power system model that is based on Fig}.ahd (b)
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French power systems to the Italian one. This is consistent
with the data in [7].G6 is assumed to be the infinite bus
[5]. The transmission lines with overcurrent relays andugir
breakersCB1-CB4 connects the ltalian system with others.

3:25.27 [4 |\ ;‘
(9 © | K

e CB1 is related to the line trip #5 in Fig. 1(b;B2 to #2
50.0Hz it < (RN A R AN [ | B in Fig. 1(a), CB3 to #3 in Fig. 1(b), andCB4 to #4 in
rlﬂ (C) Fig. 1(b). Hence the propagation of line trips in the data is
49.5 Hz{ b \ SORER: RN : TR - - M- CB2 — CB3 — CB4 — CB1 under swing dynamics o&1—
G5 in Fig. 2. The following subsections treat the interaction
49,0 Hat=—e et e ‘l"v\\ SHUSE TS, R | between the swing dynamics and protection operation in
N Fig. 2.
48.5 Hz \-""HH.,_‘.MM
48.0 Ha B. Continuous-Time Model for Swing Dynamics
3:25:12 3:25:42 3:26:12

. . _ We use the so-called classical model [15], [16] of swing
Fig. 1. Data of the September 2003 Blackout in Italy. Adapted @printed . . .
with permission from [7]©2004 IEEE. dynamics of synchronous machines. The classical model de-

scribes swing dynamics of machit& (i = 1,...,5) by the
following ordinary differential equations:

Ill. HYBRID MODEL FOR THECASCADING OUTAGE

This section derives a hybrid dynamical system as a math- P H
ematical model for the cascading outage in Sec. Il. ?mﬁfz
b s

A. Sx-Machine Power System Model

Figure 2 shows six-machine power system model. The inték- is the time ) differentiation of ;. &; is the rotor angle
connected power system in Figs. 1(a) and (b) is decompog®sition of Gi with respect to the infinite bug6, w; the rotor
into several subsystems that are represented by equivalgmed deviation ofsi relative to system angular frequency
synchronous machines and constant power loads. Note thaf,. §s for G6 is assumed to be zerd®,, Py, H;, fsy Puis
the decomposition is not unique and depends on modeliagd d; are parameters of the classical model (B). is the
purpose. The six equivalent machin€8—G6 represent the base powerp,; the machine rating o6, and H; its per-unit
Switzerland and French power systems, and the loads, deertia constantp,,; is the mechanical input power t&i, and
noted by the arrows, represents the Italian power system. T its damping coefficientp.; stands for the electrical output
direction of power flows is hence from the Switzerland angower ofGi and is given by the following function of all rotor

Si = Wi,
: 1)

Wi = Ppmi— diw; *Pei((sh <. 756)-
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internal dynamics XZ‘ level Zch The level detector in Fig. 3 is defined as the step function
- . 4B > v of statex;. Itap, zTps, and K are the tuning parameters

with state X2 detector of overcurrent relayltap is the prescribed threshold value of

input current!, xtpg the threshold value of statg, and K is
the acceleration factor of internal dynamics. On the otlagdh
the internal dynamics and level detector of circuit breader

circuit breaker

Fig. 3. Control mechanisms of induction-disc type overcurmefay and

circuit breaker in [17] described in [17] as
TEe = Zoe{l —v(x2 — x4r)},
_ )
.. Zch - V(x2 - xtr)-
angle positions, . . ., dg:

The parameters,, andr for operation of the circuit breaker
are also assumed to be constant. is the threshold value of

6
A a2 B LG s
Pei = G+ Z EiEj{Gij cos(i —4;) x5, and T the time constant for internal dynamics.

J=1.j#i
+By;sin(6; — 6,)} . (2) D. Hybrid Dynamical System
. . , . By combining the continuous-time model for swing dynam-
E; is the tgrmlnal voltage o6, G?i its internal copductan.ce, ics in Sec. IlI-B with the models of protection operation in
and G; +jB;; the transfer admittance betweéi and Gj. go I-C, we can derive a hybrid dynamical system as a

Note that the loads in Fig. 2 are modeled as passive 'mpEdaPﬁ:&thematical model for the cascading outage. A definition of
[16]. Ei, Gii, Gij, and By; are also the parameters and Cafjy g gynamical systems is given in [11], [12], [13] that we
be determined from power flow calculation. use in what follows.

First, all candidates of network topologies of the six-
machine power system model are described using a finite
We next describe control mechanisms of a protection systefglex set. This section aims to model the interaction betwee

with overcurrent relays and circuit breakers. Pegeal. [17]  swing dynamics ofG1-G5 and line trips ofCB1-CB4. The
modeled protective relay systems for power system dynamisgrametersy;;, G;;, and B, in the classical model (1) discon-
analysis. Our modeling relies on their mathematical models tinuously change when the circuit breakers trip and diseonn
relay systems. the lines. Then it is needed to describe all candidates of

Figure 3 shows control mechanisms of induction-disc typeetwork topologies explicitly. A finite index se} is defined
overcurrent relay and circuit breaker. The solid arrowsotien as

continuous signals, and the broken arrows discrete ones. Th A
relay and breaker have internal dynamics represented by Q = {1234,123,124,134,234,

ordinary differential equations of state variables for relay 12,13,14,23,24,34,1,2,3,4,0}. (6)
andzs for circuit breaker. is the input of line current and is
a function of rotor angle positiong,, . .., ds. Level detector
produces a discrete output(or 0) when the magnitude of B1-CB4, and so on.

input x; or g i_s greater (or Iess)_ than a prescribed threshol - Second, the swing dynamics 6f—G5 are described using
Zoc @Ndzey I Fig. 3 denote the discrete outputs of overcurrent family of flows. To do so, we re-write the classical model

rglay and circuit breaker. The .cond.iticng =1is aSSOCiate(_j (1) that makes it possible to take the network topologies int
with that when the corresponding circuit breaker openpg]ri account. The electrical outpqigq) indexed bya € Q that

in other words, the line is disconnected;, = 0 when it . L
’ ) - ri ne network | is given
closes. Thereby the output;, determines the condition ofdeSC bes one network topology is given by

C. Control Mechanisms of Protection System

The index1234 € @ denotes the network topology under no
trip of CB1-CB4, 123 under trip ofCB4, 0 under all trips of

transmission lines and regulates the network topologyof si (@) (@) 2 6 (@)

machine power system model. i = Gy B+ 4 Z ‘EiEJ’ {Gij cos(d; — 4;)
The internal dynamics and level detector of induction-disc J=Li#

type overcurrent relay are described in [17] as +Bf;‘) sin(0; — 6j)} . (7

&1 = fUI{1-v(z1—2rps)9(])}, 3) The parameteGl(.f” denotes the internal impedance @f for
20c = v(x1 —2TDS)) indexa, and similarly forGE?) anng’). HereV,, denotes an
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open subspace x R whose elements are the rotor anglé conpigurATION AND PARAMETER SETTING OF SIXMACHINE POWER

positionsdy, . .., 05 and rotor speed deviatiany, . .., ws. The SYSTEM MODEL

subspace is called chart [11], [13]. The collection of chart

V= U V., is also called atlas [11], [13]. Each chart has VA basel, 2000 MW
Jy=r \oltage ?ase 400 kV
. . . . System frequencys 50 H

associated with it a flowr, : V, — R!° described by M{lchine ra?ingpfof Gi e e

the classical model (1) indexed hy € @. Thus the swing =2 2000 MW

dynamics of G1-G5 are described by a family of flows, fgv‘l 1%%%“(}“%

{Fa}_aGQ- defined On_ the atla’. ) ) Per-unit inertia constant/; z; 1,...,5 5s

Third, the protection control mechanisms are described _of Gi _

by switching between flows. For the control mechanisms in Enamr?mg Clo,emc'te”ﬂz‘ of Gi ‘= 15 0-002

Sec. lI-C, V, is defined as an open subspaceRSf whose o o el INPEE POWEPm: £ =0 0.0

elements are the internal stat@s, xo1, ..., 214, 724)". The =3 0.45

pair (14, x2;) represent the states f@B:. The state equations = ;1 fl)gg

1 . 8 = -
(3) and _(5) define a pr\/\l]—'C : Vo x Ve - .]R . The_reason Terminal voltagek; of Gi P - T
that V,, is here contained in the definition of. is that Line inductance 0.9 mH/km
equation (3) has the input curreftwhich is a function of of w-equivalent circuit model -

" ; Line resistance 0 Q/km
rotor angle positiongds,...,d5) € V. The_n, by referr_mg [ine capaciance 0k
to [13], for eacha € Q we have a coIIe_ctlon of functions Transformer impedance 015
h? .V, x V. — {0,1} indexed by3. As points flow across a Constant active power flow 7 = 1 0.2
chart, the threshold functiorig’ monitor whether a transition to load L %fg 82?
to a (possibly) new chart should occur at that instant. When ;;4 0.35
the functionh? becomes unity, the trajectory switches to a i=5 1.25
chart described by the indeg. The concrete description of golf;ztgtt reactive power flow ¢ =1,...,5 0

. . . . . 7
hg is given by the discrete outputsy,, . . - Zeba IN equat_|on Parameters of Trnp 103
(5). Switching between charts occurs via mappifgs with overcurrent relay K 16
domains inV,, and ranges if¥. It is assumed in our modeling eut break TTDS s 1
that there is no reset of variables, in other word@$, is the cireult breaier . 1

identity mapping.

Thus, we can describe the interaction between swing dy-
namics and protection operation using a hybrid dynamical
system as the following collectioH: with machine buses. By numerical simulations we demorestrat

that the hybrid dynamical system reproduces the propagatio

Ho = (QVar Farho, T Ve 7o) (8) of outages in Fig. 1 and provides a dynamical feature of the
Here it is worth mentioning thatl is re-formulated as a form propagation.
of hybrid automaton [18], [19]Q is the set of finite discrete . .
statgs, and/, x V. thEa s]et[of]continuous stateg,, and F, A. Numerical Experiment
represent the continuous dynamics (vector field) descriyed ~We perform numerical simulations for swing dynamics and
equations (1), (3) and (5), arkl’ the reset function [19] or, in Protection operation in six-machine power system mode¢ Th
our modeling, mapping between different discrete statéss bus voltages are fixed through power flow calculation. Steady
regarded as a guard condition [19] for discrete evolutiat thstate conditions of rotor angle positioh (i = 1,...,5)
determines whether mappin@® should occur. Verification are also determined through the calculation which are used
algorithms and tools for hybrid automaton are hence agplica@s the initial conditiond;(t = 0s). By putting the initial

to our hybrid model for the cascading outage of power systef@nditionw;(0s) = 0 (i = 1,...,5), it is possible to start
numerical simulations from the steady state condition. The
IV. ANALYSIS OF THE CASCADING OUTAGE initial conditions of internal stateri;,z2;) (i = 1,...,4)

This section analyzes the hybrid dynamical systein are also fixed afz1;(0s), z2;(0s)) = (0,0). The parameters
Table | shows configuration and parameter setting in si'®, GE;"), and Bz(]‘?‘) for eacha € Q are also determined
machine power system model which are used for numerightough the power flow calculation. It is here supposed that
simulations. They are based on the data in [7]. Here it ke system model is in the steady state condition &t0s,
not possible to find in the literature all parameters reqlirg¢hat a line-to-ground fault occurs at poiRtnear G2 bus at
by our hybrid model. The parameters have been chosentte 0s, and that the fault is removed at ¢.. t. corresponds
match the data in [7]. It is supposed that there is no contral the fault duration.
equipment of synchronous machines such as AVR (AutomaticFigure 4 shows time responses of rotor angle positign
Voltage Regulator) and PSS (Power System Stabilizer), arator speed deviatiow;, internal stategz;, z2;) and discrete

that there is also no LRT (Load Ratio control TransformeQutputs (zoc;, zch;) for protection operation. The figure is
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for fault durationt, = 0.112s ~ 5.6 cycles of a 50-Hz
sine wave. A cascade of line trips is observ€édB2 (¢t =
0.112s) — CB3 (0.688s) — CB4 (1.631s) — CB1 (3.133s).
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Fig. 5. Switching of flows governing the cascading outage itn B. (a)
Fi234 and (b) Fi34.

in the next subsection. On the other hand, the numerical
swings for rotor speed deviation; in Fig. 4 are at most
3rad/s ~ 0.5 Hz x 2w and are not consistent with the data.
This is because the data in Fig. 2 is measured at the large
machineG5, and the places where it is measured in Fig. 1 are
different from machine&1-G4 in Fig. 2.

B. A Dynamical Sudy

Sequential portraits of the flow described by the classical
model (1) are presented. Since the flows are defined on the
atlas V' with high dimensions, it is hard to visualize all the
flow components. We hence focus on the flow that is obtained
by varying the fault duratiori. in a given rangd0s,T]. T
corresponds to the maximum duration.

Figure 5 shows trajectories of the hybrid dynamical system
for T = 0.112s. The trajectories are obtained by numerical
integration of the classical model (1) for several values_.of
in [0s, 7] and are projected ont#» — w- plane. The right arc
starting from(dz, w2) ~ (0.52,0) shows the initial conditions
on flow Fi234. F, denotes the flow described by the classical
model (1) indexed bya, and S? the switching points at
which the system’s state is transferred frofg to F3. The

The linesCB1-CB4 do not exist in the system model, andrajectories, denoted by thewlid lines in Fig. 5, contain no
finally all the machines lose synchronism with the infinites.bu switching of flows and converge to a stable equilibrium point
This reproduced propagation of outages is consistent Wwéh ton Fi234. On the other hand, the trajectories, denoted by
data in Sec. Il. The occurrence of propagation is dependen¢ dotted lines in Fig. 5, contain at least one switching of
on the fault durationt.. This dependency is partly analyzedlows. After the system’s state is transferred frofippz4 to



Fi134, Mmost of the trajectories converge to a stable equilibriupni] A. Back, J. Guckenheimer, and M. Myers, “A dynamical sintioka
point on Fi34. Here there is one trajectory in Fig. 5 for
which the system’s state is further transferred frdfisy,

to Fi4, and to F;. The sequence of switching points ig12]
Si334
on flow F, and corresponds to the cascading outage shown

— S, — Si, — SY. The trajectory finally diverges

Fig. 4.

Hence it is said that the cascading outage in Fig. 4 is pro;
duced as a result of the interplay between the continuousflo(/v ]
describing swing dynamics of synchronous machines and thgs]

switching rules describing protection control mechanishie
details of the dynamical analysis are presented in [14].

V. CONCLUSION

[13

[16]

facility for hybrid systems,” inHybrid Systems, ser. Lecture Notes in
Computer Science 736, R. L. Grossman, A. P. Ravn, and H. Rjschel
Eds. Springer-Verlag, 1993, pp. 255-267.

S. D. Johnson, “Simple hybrid systemdfiternational Journal of
Bifurcation and Chaos, vol. 4, no. 6, pp. 1655-1665, June 1994.

J. Guckenheimer and S. Johnson, “Planer hybrid systeimsiybrid
Systems |1, ser. Lecture Notes in Computer Science 999, P. Antsaklis,
A. Nerode, W. Kohn, and S. Sastry, Eds. Springer-Verlag5199.
202-225.

Y. Susuki, Y. Takatsuji, and T. Hikihara, “Hybrid modebrfcascading
outage in a power system: A numerical study,” (submitted).

H. D. Chiang, C. C. Chu, and G. Cauley, “Direct stabildapalysis of
electric power systems using energy functions: Theory,ie@ipbns, and
perspective,Proceedings of the |EEE, vol. 83, no. 11, pp. 1497-1529,
November 1995.

M. A. Pai, Energy Function Analysis for Power System Sability. Kluwer
Academic Pub., 1989.

We reported a hybrid dynamical system as a mathemati¢kil L- G- Perez, A. J. Flechsig, and V. Venkatasubramaniifgdeling the

model for cascading outage in a power system. The model

protective system for power system dynamic analysiSEE Transac-
tions on Power Systems, vol. 9, no. 4, pp. 1963-1973, November 1994.

consists of a family of flows describing swing dynamics dfig] T. A. Henzinger, “The theory of hybrid automata,” Rroceedings of
synchronous machines and their switching rules describing the 11th Annual IEEE Symposium on Logic in Computer Science, 1996,

control mechanisms of protection operation. This paper rgy; 'ﬁM. Mitchell.

p. 278-292.
“Comparing forward and backward reacfidlp as tools

ferred to data on a cascading outage in the September 2003 for safety analysis,” irHybrid Systems: Computation and Control, ser.

blackout in Italy and provided a hybrid dynamical system by
which propagation of outages reproduced was consisteht wit
the data. Analysis of hybrid dynamical system in Sec. IV in-
dicates that switching of flows produces the cascading eutag

The contribution of this paper is the derivation and analysi

of hybrid dynamical system as model for cascading outage in

a real power system.
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