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Explaining and Validating Stressed Power Systems
Behavior Using Modal Series

Naser Pariz, Hasan Modir ShanecBenior Member, IEEEand Ebrahim Vaahediellow, IEEE

Abstract—in this paper, qualitative and quantitative differences It is shown that some oscillation frequencies may appear
between nonlinear and linear modal simulations in stressed power jn stressed power systems which are not predictable by linear
system are presented. For the first time in the literature, time- modal analysis. This qualitative difference is clarified by

domain nonlinear simulation is used to validate the accuracy of . . . .
the second order modal model, obtained by using modal series. M€@NS of the discrete Fourier transform, and its physical nature

Furthermore three new selective indices are defined and used to IS €xplained, using second order modal analysis, obtained
explain and predict the differences between nonlinear and linear via Modal Series. Also a comparison between nonlinear and
modal simulations. These indices also explain the under or over second order modal simulation results is made. It is shown that

damping results being experienced when a linear system theory de- these results agree with a good degree of approximation. These
signed controller is applied to a nonlinear system. have been lacking in the literature

Index Terms—Modal interaction, modal series, normal forms of
vector fields, stressed power system, system security.

B. Modal Interaction
Itis well known that when a linear system is excited in steady
state mode by a sinusoidal input, all system states have the same
HEN a stressed power system is subjected to a distfirequencies as the frequencies present in the input. This is not
bance, it exhibits complex dynamic behavior. The comrue when the system is nonlinear. For example when a static
plexity of this behavior depends on the power system structucgiadratic system is excited by sum of two sinusoidal inputs with
system loading, and type and location of the disturbance. For éxequenciess; andw», one can see a DC component and AC
ample the inter-area mode phenomenon in stressed power sygaponents with frequencies; , 2w, ws, 2wy, andw; & w» at
tems and auto and hetero parametric resonance in power systgra®utput, whereas with linear systems, only the frequengies
can be addressed to some of these complex behaviors [1], [ZIndw, are observed at the output.
In nonlinear dynamical system this behavior is more com-
A. Prologue plicated. Supposéy, \s, ..., Ay are linear modes of a non-
Two approaches are commonly used to study the powarear dynamical system. Because of the nonlinearity in system
system dynamic behavior. One is nonlinear simulation amynamics, these linear modes interact and produce many in-
the other is linear modal analysis. It is difficult to understanteraction modes of the forrmi A1 + mas + - + myAn,
and gain a good feeling for the physical nature of the compl#herem; € I andi = 1,2,...,N. The degree of the exci-
dynamic behavior (of stressed power system) by nonlinear sitation of these modes, in zero input response, depends on non-
ulation. On the other hand, the validity of linear modal analysliearities and initial conditions. In this paper the authors show
is restricted to a small neighborhood of the operating point atitese interaction modes in stressed power system response. A
therefore, when a system is subjected to large disturbances aloged form approximate solution, based on linear modes, is
its states are driven away from operating point, the similarityeeded to understand and analyze the effects of modal inter-
between real time responses and linear modal simulation is l@sttion. Second order modal approximate solution, using Modal
Recently, the technique of normal forms of vector fields h&Series, is used for this purpose in this paper. Even higher order
been used to analyze the complex behavior of the power sysedal approximate solution is needed when an observed be-
tems [3]-[6]. In this paper a new method, called Modal Seridgvior cannot be explained using second order modal approxi-
Method [7], [8], is used to show, validate and explain the qualination. Our method would work as well with higher order ap-
tative and quantitative differences between nonlinear and lingapximations similarly to what is presented here for the second
modal simulation, in stressed power systems. These differenoeger.
are negligible in relaxed power systems.

I. INTRODUCTION

Il. MODAL SERIES
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it may be much more involved. As with the normal form techfhe solution of (6) can be found by solving the following
nique, this method is restricted to polynomial nonlinearity therelifferential equations with initial conditiog,;(0) = y,o and
fore, the Taylor series of other nonlinearity types are needegl,;(0) = 0 for m > 1 [7], [8]:

Moreover, this method provides closed form solution to the dif-

ferential equations even in the face of resonance condition. (Y15 = Ay [ (6-1)
B. Taylor Series Expansion tj = g2y ; E Cklylkyu 62
. . . N N .
L.et in ann generator system the_ dynam|cal equations gov- dsj = Njysg + 30 S0 C (ko + ki) (6-3)
erning the generators and their excitation systems have the gen- k=11=1
eral form: [ :
X =F(X) (1) Equation (6-1) yields linear approximate solution to the system,
its Laplace transform and time domain solution are given in
where, X = [w1, By, Ejy, Xp1, Xpy, Ear, - ..]" is the state (6-1-1) and (6-1-2) respectively.
vector andfF: RN — RJV is a smooth vector field. Let the total
order of the system (1) b&'. Expanding (1) as Taylor series Yi,(s) = Y50 (6-1-1)
about a stable equilibrium poidfsgp and using agairX’ and s—Aj
x; as the new state variables yields; y1(t) =yjoet? (6-1-2)
T, = A X + lXTHZ‘X + HO.T. (2) Equation (6-2) yields correction terms to linear approximate so-

lution by considering second order nonlinearity. It can be solved
where, it is assumed thal belongs to the convergence dohy two dimensions Laplace transform [7]

main of the Taylor series C RY, A; is theith row of Ja-
cobian matrixA which is equal tdoF;/0X]x..,, andH' = NN
[02F;/021,021] x4y, IS the Hessian Matrix. Yai(s1,82) = E:E:Sl+& )Cmﬁdﬁﬁ@@ﬂ

k=11=1
(6-2-1)
To obtain the time domain solution, inverse transform of (6-2-1)
Denote byA the (complex) Jordan form of and byU andV' g pe calculated as:

the matrices of the right and left eigenvectors respectively. Then

C. Eigenvalue Analysis and Jordan Form of the System

the transformationY = UY yields the following equivalent NN
system for (2) Y2, (t Z Z Ci 8 (t) (6-2-2)
k=11=1
U = Ny, + Z Z Cl ey (3) where
k=11=1 .
g7 ___ YkoYio Qe+t At for
where, kl( ) A+ AN — )\j (6 ¢ )
N ) (k7 l/J) € Ry (6'2'3'&)
Z T = 0] (4) SL(1) =yroyote™ for (h,1,j) € By (6-2-3b)
_ ‘ The setR, contains all three tuple§t, I, j), which cause the
andV] is thej-th element of the-th column of V™", second order resonance condition, i.e., satisfy- \; = ;.
] Similar procedure may be carried out to calculgig(t) and
D. Modal Series higher order terms. Let us call the conditipn, + A, — ;| <
Let us decompose the solution of (3) for initial conditiond).001 |A;| second order quasiresonance and denot&pyhe
Y, = [Y10,--->Yno)L, as set of all three tuplesk, [, j), which cause the second order
quasiresonance. Neglectigg; (¢) and higher order termg; (¢)
yi(t) = y1(8) + y2;(t) + s (8) + - -- (®) andz;(t) can be approximated by:

where,y,,;(t) contains the terms that depends on angtatess () =y1; () + yos (1)

multiples of initial conditions. For example fon = 3, ys; 2%/~ Y2

contains the terms that depend on any combination such as N
k=

CoN
(YpoYqolYro) TOr p, g, =1,..., N. Since (5) must satisfy (3): =1 Yjo — Z Z hQizykoym} et
=1 1=1 (k,1,5)E R,
Y15+ Y25 + Y3+ =Ni(yy + Y25 +ys+ o) i
NN {Z h%zykoyloe()\k-i_h)t}
n ZZC’JVI k=11=1 (k,1,j)¢R),

k=11=1

N N
X (Y1 + Yor + Y3k + ) + { <Z Z Ci.lykoylo) te)‘jt} (7)
k=11=1 (k.1.j)ERY,

X(yu+ya+ys+--)+-(6)
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N N N
zi(t) =Y uij | yjo — {Z > ’L%lykoyzo}
(k.1,7) ¢ R,

=1 k=11=1
x elit
N N N
+ 9> 30> wih2tykoyoe™ !
IR (kL)ER,
N /N N
+ Z (Z Zuijcil?/koyzo) ter!
i=1 \k=11=1 (hLi)ER,
®)

whereh2l, = CJ, /(M + A — Aj).
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» The calculation of these coefficients, in case of resonance
or quasiresonance, in the method in [4] is not as straight
forward as it is here.

» Most importantly, Modal Series Method provides a more
accurate approximation of the nonlinear system than the
normal form technique in that second order Modal Series
approximation captures more of the effects of nonlinearity
than second order normal form approximation [7], [8].

I1l. N ONLINEAR INTERACTIONS

By comparing (13) and (14), two differences can be seen. One
of them is the third term in (13) which gives an explicit correc-
tion term to linear approximate solution. It contains the second

Rearranging second order modal effects i e., the second téffer modesi.ec(*+ X" for all pairsA, and\;, (k. [, j) ¢ R5.

in (8)

N N N
Z Wij [Z Z h%kzykoy10€<>‘k+/\’)t]

k=11=1

(k,1,5) ¢ Ry

YkoYio Z Uijhékl e()‘k +A)t (9)

N
k=1

M-

(k,1,5) ¢ R,

and defining new constanfs;, K}, andM! as:

N N
L 2uij | yjo — {Z Z h%zkale} (10)
k=1 I=1 (k.1.7)¢RY
K}, 2ykoyio Z Uz’jh%l (1)
J€JkL
where,
i =1{jl(k,1,5) ¢ Ry}
N N
M= Z Z uijclyroyio for (k,1.j) € Ry (12)
k=1 1=1

the second order approximate response becomes:

+ et +
ZLz Ajt ZMt t ZZKL A+t
Jj=1

k=11=1
N N N
ZLL+Mt At 4 ZZ e (13)
7j=1 k=1 I1=1

It is well known that linear modal analysis givegt) as

N

)= uijyjoe’
i=1

(14)

The other is the difference between linear approximate solution
and the first two terms of (13). This difference indicates that the
linear modes can be modulated by time, in case of resonance,
and/or be excited or relaxed by higher order nonlinearity effects.
By using (13) one can extend linear participation factors concept
to include second-order modes [9].

IV. SECOND ORDER MODAL INTERACTIONSINDICES

The second order modal time response tekf,e(« )¢,
is affected by two parameters. The absolute value of the con-
stantK}, determines the maximum (at time zero) amplitude.
The larger this value, the more pronounced the effect of this in-
teracting second order mode will be. The time constant of this
second order modey, = —1/real(Ar + \;), determines how
fast this response vanishes. The larger this time constant is, the
longer the effect of this mode will persist. Therefofe;,, the
product of the two, is defined as a measure for the effects of the
interaction modes in the time response to capture both the am-
plitude and the duration effects of the interacting modes

=1

I2¢ Kiy ’ ....,N (15)

M= real (O + \)

Also, to analyze the time modulation and/or the excitation or
relaxation effects of the nonlinearity on linear modes, the fol-
lowing measures are used:
i
real(A;)
. sign (Juijyjol — 6) - | L}
115 =
max(6, |uijy;ol)

4

i=

(16)

The maximum of envelope of the mottei* in the second term
of (13) is[2¢ 1M /real();)|, thereforeM I is selected as the
measure of the impact of this component. This is the component

Similarly to (7) and (8) in this paper, (7) and (8) in [4] providghat captures the effect of all resonating second order modes.
another approximation tg;(¢) andz;(¢) using normal forms Note that the envelope @t*:! reaches its maximum at time

of vector fields method. There are three differences between thig,, = —1/real(\

two methods:

), therefore its maximum may be large but
it may not appear in simulation time and therefore its effects go

 The coefficients of these equations in [4] dependAn unnoticed in simulation results.

which has nonlinear relation t&, but in this paper they

depend orYy which has linear relation t&.

In linear modal analysis the excitation level of made? in
statei is given by |u;;y;0|. This excitation level is modified
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and changed ttj)L3| by nonlinearity effects as is evident in the

first term of (8) and (13). A natural measure to assess the in- o 5 26 ke S 10KM ,7 sk | sk | tokm Posu | &
fluence of the nonlinearity would bel%| /|u;;y;o. The draw- O+ ril | AR
back for this choice is that when, ;0| is very small this quo- HET T

tient will be very large, even for small values|cif§ | indicating 2 4
that the nonlinearity has modified the effect of mode j in state i 62 (v G
greatly. This means that we will have a large measure but, be- -

cause of the small value pL; , hota very pronounced effect. To
compensate for these cases the meabLiyés defined./1; ap- Fig. 1.
proximates the actual excitation level of each linear mode with
respect to that obtained via linear analysis, when its sign is pos-
itive, i.e., |u;;yj0| i1s not very small. It denotes the excitation TABLE |

level with respect t& when its sign is negative, i.e., in cases MECHANICAL MODES OF THETWO-AREA, 4-GENERATOR POWER SYSTEM
that|u;;y;o| is very smalld is a properly small positive number

Area2

Two-area four-machine test system.

such as 0.Inax;(|u;;y,0|), in this paper it is chosen to be 0.1. Without PSS | With PSS on Gen. 1
Therefore wherd 1% is close to one, it means that the excitation ~ #1-42/0.12629 +3.394701| -0.07222 + 3.47741 |  Inter-area Mode
level of linear mode is not changed considerably by the non- . (0.5403 Hz) (0.5534 Hz)
linearity, or even if it has changed it is still not very pronounced 23, 44| -0.39090 & 6.64991 | -0.38903 £ 6.69451 | Area-1 Local Mode
in the statei. (1.0584 Hz) (1.0655 Hz) Gen. 1 and 2
25,26 | -0.38859 £ 6.69891 | -1.5618 1 5.74891 | Area-2 Local Mode
(1.0662 Hz) (0.9150 Hz) Gen. 3 and 4
V. NONLINEAR INTERACTION IDENTIFICATION PROCEDURE #7 -0.00012 -0.000012 Zero Mode

Based on the above indices, the following algorithm is pre-

sented for the identification of modal interaction.

1. For a given disturbance, the states

at the end of the disturbance are deter-
mined using nonlinear time domain simula-
tion.

2. The post disturbance stable equilibrium
point Xggp Of the system is determined.
3. The Taylor series expansion of the
system around Xggp IS oObtained.

4. Using similarity transformation from

the eigen analysis of the linear part of
Taylor series, second order approximate
system is obtained in the Y variable.
5. The initial condition
transformed to Yy using Yy =
modal series analysis is done.

Xo = X — Xsgp IS
U~-'X, and the

VI. NUMERICAL EXAMPLES

A. Two-Area, 4-Generator Power System

1) Description: Two-area four-generator power system ([10in
Section 12.8]) shown in Fig. 1 is used to show the differences be-
tween linear modal simulation and nonlinear simulation. Quasi
steady state parameters and constant impedance models are used
to represent the network and loads respectively. All generators
are represented by two-axis model equipped with static exciters.
The system parameters, load conditions and exciter data can be
found in [8]. For 0.4 second we open the line between buses 7
and 8 and then close it to simulate a fault. Increasing the fault
on time to 0.45 second made the system unstable.

2) Eigenvalues: This system has 27 eigenvalues without PSS;
14 representing 7 complex conjugate pairs and 13 real eigen-
values. Mechanical modes are listed in Table I. As we see in
this table, the uncompensated system has negatively damped

6. For each 4, N? indices using (15) are inter-area mode with frequency 3.3947 rad /sec (0.54 Hz), and
calculated and compared to obtain dominant has two positively damped local modes with frequencies 6.6499,
second order modes. 6.6989 rad/sec (1.058, 1.066 Hz). A classical PSS is designed in
7. For each 4, N indices using (16) are the frequency range (0.01, 2) Hz and placed on generator 1, its
calculated to determine the modulated ex- parameters are given in [7]. New mechanical modes are listed
citation effects of the nonlinearity. in Table I.

8. For each 4, N indices using a7) are 3) Difference between Linear Modal and Nonlinear Sim-

calculated to identify the level of the
nonlinear excitation of each linear mode
with respect to that obtained via linear
analysis or to 0.

9. Using the results of step 6, 7 and 8
we can predict or explain the differences
between linear modal simulation and non-
linear simulation.

ulation Results: The original nonlinear system and the linear
modal approximate system were simulated to show the qual-
itative differences between nonlinear system and its linear
modal approximation. Some of the results are shown in Fig. 2.
There are considerable differences between the two simulation
results. Although both trajectories have the same initial state,
the response of the linear system is damped oscillatory around
zero, whereas the nonlinear response is a damped oscillatory
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Fig. 3. Nonlinear, linear modal FFT's.

Fig. 2. Nonlinear, linear and second order modal series simulation results.

frequencies, one of them is about 0.55 Hz (this is inter-area

around an exponentially decaying bias. The origins of theggde which is dominant) and the other is about 1.1 Hz. Is the
differences are discussed in Section VII. later frequency from second order modal interaction or is it the

4) Similarity between Second Order Modal and Nonlineancal mode frequency of the area 1? If it were the local mode
Simulation: Using (8), second order modal simulation resulfgeequency, the nonlinearity effects must have excited it, because
were obtained and are shown in Fig. 2. The results show tifi&s not seen in linear system responses and theirDFT’sIB]'ut
good correspondence between nonlinear and second otfdetthis local mode, area-2 local mode, and inter-area mode are
modal simulation. Therefore, (8) can be used to explain thespectively about 1.17:0.05 and—0.8 for §5; and 1.09, 1.2
mechanism that causes the differences between nonlinear and—0.7 for E 43, i.e., the nonlinearity effects do not change
linear modal simulation. the local and the two inter-area mode excitation levels consider-

5) Identifying the Second Order Modal Interaction Frequen@ply. Therefore it is concluded that this is the frequency of one
Using DFT: We see two oscillation frequencies in nonlinear sinof the second order interaction modes.
ulation results, one of them being dominant. Linear simulation 6) Predicting Nonlinear Interaction between Modes: Com-
results show only one oscillation frequency. DFT was used pensated system has 30 eigenvalues. These 30 eigenvalues in-
identify these frequencies. Please see Fig. 3. The DFT of tieeact with each other and produce many second order modes.
nonlinear system response shows that there are two oscillatlnrother words, in the nonlinear system response, besides the
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term makes the nonlinear system response differ from the
linear modal simulation result. Therefore we must see an
exponential decay in nonlinear simulation results com-
pared with linear modal result. For example, please see
d9; OF wy in Figs. 2 and 4.

b) A\i,1 and X,» produce exponentially decaying si-
nusoidal term with frequency 1.1065 Hz, i.e.,
2 x |Kj,|e 01444 cos (6.9548t + LK} ) in those
states: which have considerably large index vall ,
(or 124 ,). This term also makes the nonlinear system
response differ from the linear modal simulation result,
i.e., we must see 1.1069 Hz oscillation frequency in
states which have considerable interactign andXs »
while this frequency is not seen in linear modal results.
For example please ség or E43 in Figs. 2 and 4.

¢) The magnitude oMIj- for (1, 7, 2) and(2,7,1) € R}
are ten times greater than other quasiresonance condi-
tion. These quasiresonance conditions produce, sinusoids
with frequency of inter-area oscillation and with ampli-
tudes that are time modulated exponentially decayling;
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SISEATSTHEHLIS . . B .
2 *‘,:f’ ’ 2 to the linear modal approximation term, and depending
Eigenvalue: k EIEY Eigenvalue: | on its phase, we must see increase or decrease in the am-
Efd plitude of the nonlinear simulation result with respect to

linear modal simulation at frequency 0.5534 Hz. For ex-
ample please seB;43 in Fig. 2.

Simulation results show that if the damping of the inter-area
mode is increased, nonlinearity effects become negligible and
nonlinear system behaves as linear system.

o o o
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o
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P e e S B. 50-Generator, 145-Bus Power System
STIEIITLITELLRSIIRES $33eRReeeseeest el
23 SSseresess Sersessessaaes :
5

A 50-generator, 145-bus power system [11] is used to show
the modal interaction phenomenon and the validity of modal se-
0% Eigenvalue | ries in simulating large power systems. Two axes model is used

to model six generators that are highly influenced by fault and
the classical model is used for other generators. This system
has 155 eigenvalues with negative real part; 122 representing
61 complex conjugate pairs and 33 real eigenvalues. The fre-
30 eigenvalues detectable from linear model, many interactiqoencies of two damped oscillatory modes are 2.992 and 3.041
modes, like); ; = A; + A, also exist. We used the indé®;,, Hz and others are lying in the range, (0.003, 2.525) Hz.
(15) to compare, and as a measure for, the effects of these inFor 0.9 second the line between buses 6 and 7 is opened and
teraction modes in the time response and plotted it in three-ghen closed to simulate a fault in the stressed system. Increasing
mensional coordinates’ andY” coordinates are used to denotehe fault on time to 0.95 second made the system unstable. Fig. 5
k andl, andZ is used to show2;,. Please see the plot 62° shows considerable differences between linear modal and non-
in Fig. 4. This figure shows that the effects bf2, A2,1, A\1,1,  linear simulation results, but shows negligible difference be-
A1,1 are dominant. These effects are discussed in the followifigeen second order modal series and nonlinear simulation.
subsection VI-A-7. The nonlinear system response and its DFT’s show that there

7) Analysis of the Differences between Nonlinear and Linegfe some dominant oscillation frequencies, one of them is re-
Simulation Results: Fig. 4 shows that there are considerable afed to linear modes;go, A1o1 = —0.5275 + j (27 x 1.2883)
and cross interaction between inter-area modesindA,. On  which is predictable from linear analysis, but the others are
the other hand inspection @ff 7; indices shows that generallyclose to 2.5 Hz and are not predictable from linear analysis.
zero mode causes quasiresonance condition. Therefore we &fine of them are greater than 2.525 Hz and so are not in the

Eigenvalue: k

Fig. 4. Indices plots.

clude the following: range of linear mode frequencies. Inspectiofibindices show
a) The interaction\; o and Az1, (A2 = A1 = A1 + thatthe dominant one of them, with frequency of 2.5766 Hz, is
Ao = —0.1444), produces relatively large exponentiataused by\1go, 100 @ndA101,101. Also, I1 andI2 indicate that

term,2xreal(K1 ,)e~ 1444 inthose states which have the dominant frequencies, 2.411 and 2.494 Hz, which are less
a considerably large index vaIu’@"L2 (or 12§71). This than 2.525 Hz and thus in the range of linear modes are only
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nonlinear interaction between linear modes make the response
of nonlinear system differ from linear modal results; exponen-
tial decay, frequency combination and increase or decrease in
amplitude.

APPENDIX

Field Voltage(Per Unit)

Inthis appendix modal series method is illustrated by a simple
example. Let the solution of (A1) to the initial condition in some
interval [0, T') be (A2)

y 3 ! 1
Time(sec) y :Ay + §Hy2 (Al)

® : Nonlinear y(t) :F(t7y0) (A2)
o : Modal Series + : Linear Modal

Fig. 5. Nonlinear, linear modal and second order modal series simulatiBy €xpanding _this solution as a MacLaurin series with respect
results. to yo one can find (A3), where;(t) = (0*F/0t")|yo = 0 and

i a;(t yj)
i =40
£ ; 1 1
2225 o) y(t) =auyo + Sooyg + casyo + -

=1 )+ )+ )+ (A3)

Suppose (A3) has a nonempty convergence domé&m all ¢ €

[0, T). If one expands the solution of (A1) to the initial condition
eyo, Wheree is arbitrary real number such thaj, € ¢ then he
finds (A4) and (A5)

Normalized Magnitude

o 05 1 5 2 25 5 35 4 y(t) :F(t: 5?/0)

Frequency (Hz) 1 5 o 1 3 3
=Y + - e + —age +
e : Nonlinear 1edo 22 Jo 6 " Jo
+ : Linear Modal =efl(t)+E2f2(t) + 3 F3() + - - (A4)
_ _ 1 2 r2 3 r3
Fig. 6. Nonlinear and linear modal DFT’s. y(0) =eyo = ef(0) +e°f7(0) +£°f°(0) +--- (AS)

Equation (A4) must satisfy (A1) for any arbitratyi.e.,

seen in nonlinear DFT’s. They are caused\@y,, 104, A10s, 105,

2l 2 (2 373 1

A100, 104 @ndAio1, 105, Whered o4 andA;os are conjugate pairs, eff +eff e fi A
—0.5941 £ j(2r x 1.2057) [7]. [,\fz gy }

Comparing two DFT’s indicates that there are some other 2
tops in linear modal DFT'’s such as in frequency 1.7455 Hz, 3, 1 2
related to the linearly excited conjugate paiks, and A5, [)‘f + GH P )}
—0.2555 £ j(2m x 1.7455). These tops cannot be seen in
nonlinear DFT’s. Inspection aof1 indices showed that, those ' (A6)
modes are relaxed more than ten times with respect to linear
analysis by nonlinearity effects [7]. therefore the coefficient of any order obn both sides of (A5)

and (A6) must be equal, i.e.,
. CONCLUSION

The results presented in this paper validate that, there are f.l = /\f; 1l f;(o) =%

considerable differences between nonlinear and linear modal f. =AfC+05Hff F(0)=0

3 = 2 2 ¢1 300\ — (A7)
simulation when the power system is stressed with the non- PP=AP+05H(f 2+ 211, f2(0)=0

linear modal simulations results more accurately representing

the system behavior. The results also indicate that the newly de-

fined selective indices can be used very effectively to explain ti@e solution of (A7) can be found recursively using multi di-
nature of these differences. Studies show three ways by whiolensional Laplace transform as (A8) and (A9). See equation



PARIZ et al: EXPLAINING AND VALIDATING STRESSED POWER SYSTEMS BEHAVIOR USING MODAL SERIES 785

2 _ 0.5Hy?

f (81-,82)— {(514_52_,\)(81_[])\)(52_)\)} » (A8)
3 _ 0.5H?y,

F2(s1,82:83) = (ErFmTa NG Fa =N (TN =N 0]

\
(f(t) = yoe

f2(t) — %ng{ezm _ e)‘t} 0
f?’(t) — fﬁyg{ek’s}\t _ 2e2>\t + eAt} ( )

\ .

(A8) and (A9) at the top of the page.Therefore the solution of [5] ——, “Effect of nonlinear modal interaction on control performance:

it it _ ie i i Use of normal forms technique in control design, Part 2: Case studies,”
.(Al) o the initial cond!tlony(p) =Y IS. given _by (AlO). This IEEE Trans. Power Systvol. 13, pp. 408-413, May 1998.
is equal to the expansion of its analytic solution (A11) [6] J. Thapar, V. Vittal, W. Kliemann, and A. A. Fouad, “Application of the
normal form of vector fields to predict inter-area separation in power
systems,IEEE Trans. Power Systol. 12, pp. 844-850, May 1997.

y(t) =f1(t) + f2t) + £2t) + - [71 N. Pariz, “Analysis of Nonlinear System Behavior; the Case of
H Stressed Power Systems,” Ph.D. dissertation, Department of Electrical
:yoe’\t + _yg {eZM _ eM} Engineering, Ferdowsi University, Mashhad, Iran, Sept. 2001.
2\ [8] N. Pariz, H. M. Shanechi, and E. Vaahedi, “Extended modal series

H? method for explaining nonlinear system behavior and its application in
3, 3)t 22t At
+ 5% {e -2 +e } +---  (A10) stressed power systems,”Eng, vol. 13, no. 1, 2001-2.
4\ 1 [9] S.K. Starrett and A. A. Fouad, “Nonlinear measures of mode-machine

. At participation,” IEEE Trans. Power Systvol. 13, pp. 389-394, May
y(t) = (Epo(l-et)+1) Yot 1998.
2x Yo [10] P. Kundur,Power System Stability and ControlNew York: McGraw-
H Hill, 1993.
:yge’\t 1-— —yo(l — e)‘t) [11] V. Vittal, “Transient stability test systems for direct stability methods,”
2\ IEEE Comment Rep., Trans. Power Sy&il. 7, no. 1, February 1992.

H2
+ myg(l —eM)? -
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