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Abstract—This paper proposes a decoupling based direct real-valued linear transformation becomes available3]2]it
method to analyze the post-contingency transient stabilt for a  transforms the equations of a linear system into a collactio
general multi-machine power system. A linear decoupling tans- ¢ mutually independent equations such that each equation

formation is used to construct the same number of independen b ived without solvi th fi H
single machine infinite bus (SMIB) power systems as oscillian can be solved without solving any other equation. However,

modes. Each SMIB system carries stability information regading ~ Very few studies on decoupling have been made for power
one oscillation mode of the original system at the equilibim. systems [4][5], where the efforts were mainly put on the aign
Then, the transient energy function method is applied on all processing and the mechanism of decoupling is still notrclea
decoupled SMIB systems to calculate stability margins, the In power systems, linearization based analysis usuallpisdo

smallest of which indicates the stability margin of the orignal the stat tation i Il si | Vs
system. Case studies on an IEEE 9-bus power system and a e state space representation in small signal analyststhen

WECC 179-bus power system demonstrate the validity of the representation based on the synchronizing coefficientses a
proposed method. capable to do such analysis [6]. The latter one is used in this
Index Terms—transient stability, transient energy function, paper which provides a novel perspective for system arsalysi
direct method, linear decoupling, decoupled systems, odiition An assumption is used throughout the paper without math-

mode, contingency screening. . ] . )
ematical proof: a multi-machine power system can be decou-

pled into a number of independent single-machine-infihits-
(SMIB) power systems. This assumption implies that all powe

Dynamic security assessment (DSA) programs are imp@gstem nonlinearities are considered by the decoupled SMIB
tant for modern power systems to operate stably and securglétems and the modal interaction between any two modes
under more stressed conditions due to the increasing demggupposed to be zero. However, it is difficult to analytical
in electricity markets and penetration of intermittentn@®es. Jerive a universal transformation used for complete delnyp
Fast contingency screening techniques play an importd@t rgf all on- and off-equilibrium system states into the states
in online DSA programs for identification of the most criticagf those fictitious SMIB systems. Fortunately, a necessary
contingencies from a given list and direct methods are one @ndition of those SMIB systems, if they could exist, would
the effective means employed in fast contingency screenifg to coincide with a group of systems linearly decoupled
to quickly access the stability level for each post-core¢imey from the linearized model of the original power system arbun
condition so as to rank these contingencies. Many diredimefne equilibrium point. As shown later in this paper, the
ods have been proposed along with the performance indigfameters of that group of linear systems are found sufficie
during the last several decades, which may vary from systeg determine those SMIB systems. However, existence of a
model, indices formulation and thresholds selection. hegnjversal transformation has not been proved. As an initial
differences largely determine their reliability and effieCy.  step of research in this direction, this paper tests a linear

The ways how a power system may lose its angular stabiligansformation of system states for identifying paranseter
have strong relationships with its oscillation modes [1]. Af the aforementioned group of decoupled linear systems as
multi-machine power system may have a large number @kl as of fictitious SMIB systems. The term decoupling
oscillation modes, either inter-area or local. Those modfsfethod used in this paper describes the process to obtaia tho
couple, together influence dynamics of generators, anélardfictitious SMIB power systems.
increase the complexity in transient stability analysisuS,  The decoupled SMIB systems are supposed to represent the
understanding and even decoupling those oscillation modggillatory behavior of the original power system. If any of
may enable more efficient transient stability analysis. these SMIB power systems is unstable, the original systdm wi

In the realm of mechanical engineering, the total decogplithe considered unstable. Thus, checking the stabilitiehef t
of general linear second-order differential equations by decoupled SMIB systems is equivalent to checking the stbil

of the original system. The transient energy function bated
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as the stability margin of the original system. When usirg th [q1,q2, -+ qm]* =T[61,62, - ,6m]" (7

direct method, the initial system states during the pasit-fa For further analysis, two properties of and T are used,
period need to be transformed into the decoupled coorcﬁnat\(;,hose proof can be found in [6Property 1: matrix A has
Since the universal transformation for off-equilibriunatsts : :
is currently unavailable, the proposed linear transforomaits 2: the sum of elements in each row @t corresponding to a
used as a compromise in this step. non-zero eigenvalue, is zero

Section 1l intrpduces the decoupling method and section-l-he zero eigenvalue oft represents a component in the
Il proposes a direct method based on those decoupled SMi{Byion of all rotors which can change freely without any
power systems. Case studies on the IEEE 9-bus system @pfiqiaint. This motion corresponds to the fact that albrot
the WE_CC 179-bus §yste_m are_presented in section IV agrqgles increase or decrease collectively in any stable powe
conclusions are provided in section V. system, which is also called the "mean motion” of all mackine

Il. DERIVATION OF DECOUPLING METHOD in [6]. The other(m — 1) eigenvalues represent tfig: — 1)
natural oscillation frequencies at the equilibrium. Assutimat
the zero eigenvalue is the last elementhf
Consider a generah-machine power system Note that for any eigenvector &, when multiplied by any

m non-zero scalar, it will still be an eigenvector correspaogd

(Pri—E;Gi— Z (Cijsindij+Dyjcosdij)) (1) to the same eigenvalue. Thus, the ambiguitylbfresults in

=LA the fact thatT" is not definite by (6). To avoid the ambiguity
wherei € {1,2,..,m}, 6;; represents the rotor angle dif-?”d gain more’ph.ysical meanind, is normalized such thgt:
ference between machine and machinej, &;, P, and 1) for any of T's first (m — 1) row vectors, the sum of its
E; represent the absolute rotor angle, mechanical power iffitive elements is 1, the’n the sum of its negative elements
field voltage of machinei, respectively, andG;, C;; and is -1 by pr_operty 2; i) forT"s last row vector, the_sum of its
D;; represent network parameters including loads, which f¢ments is one. The transformation matfused in the rest
modeled by constant impedances. of the paper is the one afj[er this normah_za_tlon.

Assume that the system is operating at its equilibrium at N SUM. 2 linear decoupling transformatt@nis proposed for
¢ = 0s and there is no disturbance. Since all rotor anglli€ linéarized model of a general-machine power system.
increase at a common angular speag the absolute rotor It can be used to completely decouple the linearized system

angle of maching, sayé?, can be calculated by (2). shown in (4). Next subsection will show how to ude to
! decouple the original nonlinear system shown in (1).

one zero eigenvalue arfech —1) positive eigenvaluegroperty

A. Derivation of linear decoupling transformation

wo

T
2H;

07 = 07" + wot 2) B. Derivation of decoupled SMIB power systems
whered:¥ is the initial absolute rotor angle of machine By assumption, am-machine power system could be com-
The angle differences at the steady-state can be obtainegletely decoupled int¢m — 1) mutually independent fictitious
55 — 55 _ 65 — §50 _ 50 3) SMIB power systems by a certain transformatibp, which
* vt ‘ J would be time-variant, nonlinear or both. Each decoupled
wherei, j € {1,2,...,m} andi # j. SMIB power system has the form shown in (8) with two
The linearization of (1) at the system equilibrium could banknown parameterg,, and 3y, wherek € {1,2,--- ;m—1}
obtained by (4) and (5). [9]. Note that at the equilibriumI’. should be the same as
m the linear decoupling transformatidh, such that (6) and (7)
5; + ajo + Z aij6; =0 (4) also hold. Based on the steady-state condition, two cormect
=1 between each fictitious SMIB system and the original system

shown in (1) can help determine the unknown parametgrs

. — Wo .. Q] s _ (.. S ) ] h .
aij = gy, (Dijsindy; — Cijcos o) - for j#i and ;. One connection is from the steady-state value of rotor

Gis = — ;T:Lj#i aii ®) angles according to (7) and the other one is from the natural
a0 = Zj:l,j;éi aij07; frequency, which are shown in (9) and (10), respectively.
Let A = {a;;}mxm, © be a diagonal matrix whose !t can be concluded that if then-machine power system

diagonal elements arel’s eigenvalues and/ be a matrix could be completely decoupled into many fictitious SMIB
whose columns ared’s eigenvectors corresponding to thé?OWer systems, these fictitious systems should be uniquely
eigenvalues irf2. Then the linear decoupling transformation i§€termined by (8), (9) and (10) based Bnand (2.

defined by (6) and new coordinates of the linearly decoupled i + ﬁk(sin(Qk + qro) — sin qko) =0 (8)
system are defined by (7). m
1 T2 o Tim qro :ZTkj5,7S' )
To1  T22 t Tom =1
T=U"'= _ R , (6) w2
- : . : Br cos qro = Wi = P, = —~ (10)
COS ko

™Tm,1 Tm,2 " Tm,m



C. Discussions Ve = Vie + Vie (13)

The above synchronizing coefficients based analysis is the Vie = Q(Ag(o))z
same as the small signal analysis when the system can be e>{ v c:;'rzam(cos 5o —cos AJ0)—(A80)— 5o)sin 50)) (14)
pressed by a set of second-order differential motion eqosti b
i.e. classical models for generators, since they are bas#eo AV, = Ver = Ve 2Ver/Praz — 2Ve/Praa (15)

linearization of the same nonlinear system. In this case, th Vie 2Vie/ Prax
former one is computationally less intensive because e si The system is claimed to be stable whep. > V, or

of the related matrix is half of that in small signal analysis Ay;, ~ (. Otherwise, the system is unstable. Sifg,, and
It should be emphasized that the linear transformafon r; are not defined for each decoupled SMIB system such that

is achievable as long as the linearizatidnof the nonlinear (12) (13) and (14) cannot be directly calculated. But (1&) ¢
system is diagonalizable. Thus, the linear transformat@m stj|| pe calculated according to its definition.

be achieved for cases with weak resonance while it cannot bexn jgeal direct method based on the decoupling should
achieved for cases with strong resonance [8]. This papsr offse the post-fault steady-state to obtain the decoupled3SMI
considers cases whose linearizations are diagonalizable. systems and usd’. to transform the initial values from
When calculatingT’, the system equilibrium is required.the original system states into the decoupled coordinates.
However, without time-domain simulation for a long enougBt the universalT. is currently unavailable and the post-
period, the post-fault steady-state is usually unknowmigef ta|t steady-state may not be known accurately without time
reached. Compromises could be made by estimating the peRimain simulation. Thus, two approximate direct methods
fault steady-state in ways which can avoid time-domain singre proposed using the linear decoupling transformaficas
ulation. In this paper, a compromise is made by replacing thgjow: 1) direct method | (DM-I) uses post-fault steadytesta
post-fault steady-state by the pre-fault steady-state. estimated from a short period of time-domain simulation; 2)
The universal transformatidfi. used for completely decou- girect method Il (DM-11) uses pre-fault steady-state.
pling the multi-machine power system can hardly be obtained
and the acquisition of". should be at least as difficult as the IV. CASE STUDIES
proof of the decoupability of a general multi-machine power The classical generator model and the constant impedance
system. However, at the system equilibriuffi, should be load model are used for all simulations in this paper.
identical to the linear tra_nsformaﬂdﬁ, which can be easily A. Tests on IEEE 9-bus power system
calculated. Note that usin@' to decouple the system states
of the original system is only valid at the equilibrium. If The first test uses both DM-I and DM-II. A three-phase
usingT to decouple system states away from the equilibriurfRult is added on the line 4-5 near bus 4tat= 1 second
errors will inevitably be involved. To transform off-eqiitium @nd cleared after a certain time by tripping the line 4-5.
system states, more nonlinearities should be consideredThg Ccritical clearing time (CCT) identified by a number of
estimate a better transformation such as the one in [7] whiginulation runs is 0.197 second. Fig.2 and Fig.3 show aestabl
considers the nonlinearity of the system up to the seconerorcf@se with fault clearing timd. = 0.19s and an unstable
case with7, = 0.20s, respectively. In each of the two cases,
Il. PROPOSED DIRECT METHOD BASED ON DECOUPLING o oscillation modes are excited which are 0.8Hz and 1.7Hz.
Consider a SMIB system shown in (11) Based on the proposed direct methdtlg,. / Prax, 2Ve/ Prax
and AV,, for each mode with differenf, are calculated and
(sin(do +Ad) —sindg) =0 (11) shown in Tables. | and II, respectively. The results from DM-

where A¢ is the rotor angle deviation relative to its post-I and DM-Il are almost the same since all machines are in

. : classical models without exciters and governors such that i
fault steady-state valu®, P, is the steady-state maximum N . . : . .
: equilibrium with the line tripped is basically the same. these
power transfer,wy is the synchronous frequency and . . L
NS . cases, DM-Il is faster than DM-I with no significant loss of
represents the inertia of the machine.

accuracy. In addition, DM-II can give a severity index Ay,

A fault is added to the system and cleared after a certain ; . ;
. - Y . . 0r unstable cases while DM-I cannot since there is no post-
time. Assume two initial values at the fault clearing time t?ault steady-state if the system is unstable

be A5(0) and Ad(0). The objective of a direct method is to The second test uses DM-II to rank all line-tripping con-

estimate the stability of the system using those valuesouith ingencies. For each contingency, a three-phase faultdedad

?g?g?ael;ji:ir:g vn\:l;rr]g;ize time-domain simulation and give an md%t one end of the line and cleared after 0.1s. Feeding DM-

. . .. 1l with the initial values of the post-fault period, the nor-
Based on the transient energy function method, the critical . T .
) . . malized energy margin is calculated for each contingenay. T
energy for this SMIB power system is defined by (12) and th . :
e i . ' emonstrate the ranking result, the CCT of each contingency
sum of the system’s kinetic and potential energies at thi fat

N . . IS also provided in the last column of Table.lll. In this risu
clearllng. time is de_fme by (13) apd (14). A normalized enerost critical contingencies identified by DM-II roughly okt
margin index [10] is usually defined by (15).

those with smallest CCTs. It shows that the normalized gnerg
Ver = Praz (2 cosdg — (m — 260 sin 60)) (12) margin from DM-II could be a stability index of the system.
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The third test uses DM-Il to deal with a case with two
similar modes. In order to obtain such case, the power flow

Bus8  100MwW
Bus 2 Bus 7 | BMVAR g Bus 3 is re-dispatched following [11] and the inertias of generat
2 I 3 l 2/20?52340572 g-/f;lzj%g?gfsoos l 3 I 3 1, 2 and 3 are changed to 7.8, 6 and 15, respectively. By
i0.065 ' J 10,0586 such modifications, two oscillatory modes become 1.03Hz and
1‘*;“2:2 18/230 T T 230/138 ?50“2';",'” 1Hz. When adding a temporary three-phase fault on the line
B/2=j0.153 B/2=0.179 4-5 near bus 4, the CCT is identified to be 0.327s. Table.lV
L Bus 5 - Bus 6 shows the results from DM-II with differerif.. In this case,
éém_l_ . . T%MW the normalized margin does not cross zero from the marginall
0.010+0.085 0.017+0.092 30MVAR .
B/2=j0.088 B/2510.078 stable to the unstable case. Theof the marginally stable case
Bus 4 predicted by DM-II is as large as 0.43s. Consequently, it can
if;;; be c_oncluded that the depoupling basgd DM-II. is. unable to
et provide an accurate margin for cases with two similar modes.
1.04p.u.

B. Tests on WECC 179-bus power system

A simplified 29-machine 179-bus model of the WECC
power system is used to test the proposed DM-II. As shown
in Fig.4, the shaded area is a subsystem to add contingencies
Consider allN — 1 single-line-tripping contingencies in that
subsystem. Each of them follows a 5-cycle three-phase-faul
at one end of a line. The top-15 critical contingencies are
chosen to test the proposed DM-II. Time-domain simulation
shows that eight of them are unstable and the rest seven
are stable. The normalized energy margins from DM-II are
shown in Table.V where the CCTs are also provided in the
last column. It can be seen that all unstable contingences a

00

Fig. 1. IEEE 9-bus power system
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Fig. 2. Relative anglesTt = 0.19s) Fig. 3. Relative anglesl = 0.20s) captured by DM-II while two stable contingencies are seléct
as unstable. The results are conservative since the prdpose
direct method ignores the effect from damping at each machin

TABLE |
RESULTS ONO.8Hz MODE WITH DIFFERENT T, TABLE Il
R G S OFL - GCO GENCIES BYDM-II
_—s BV BV ANKING RESULT OF LINE-TRIPPIN NTINGENCIES B
i
;V# ;L AV, ;V# IEL AV, Fa_ulted Fault Ranking AV, cCcT CCT
maze maz maz maw Line Near bus| by AV, Ranking Is
0.05 21.0 1.17 17.2| 21.0 1.17 17.2 8-9 8 > 177 1 0139
0.09 21.0 387 465| 21.0 387  4.65 7.8 7 3 200 > 0156
0.17 21.0 149 047 21.0 149 047 ’ ’
7-8 8 5 3.14 6 0.184
0.19 21.0 19.1 012 21.0 19.1 0.12 8-9 9 6 342 3 0169
0.20 - - - 210 215  -0.03 45 4 7 3.57 7 0.197
0.21 - - - 21.0 240  -0.15 45 5 8 3.70 9 0212
5-7 5 9 3.88 11 0.229
4-6 4 10 4.61 8 0.201
6-9 6 11 5.96 10 0.221
4-6 6 12 6.46 12 0.231
TABLE Il
RESULTS ON1.7HzZ MODE WITH DIFFERENT T, TABLE IV
TS DM DM RESULTS ON TWO SIMILAR MODES WITH DIFFERENTI ¢
(&
% P277‘1/;'17 AV, % Ifnt/:m AV, Tls 1.03Hz mode 1Hz mode
0.01 185 0.03 7e4 | 185 0.03 7ed Bler e AV, | Fee 2Ve Ay,
0.05 185 0.69 288 | 185 0.69 288 0.01 57.8 0.02 3e3| 775 0.02 4e3
0.09 185 248  92.1| 185 2.48 92.1
0.10 57.8 221 279| 775 1.78  46.9
0.13 185 6.00 46.0| 185 6.00  46.0
0.20 57.8 967 7.25| 775 7.63 13.3
0.17 185 121 28.0| 185 12.1 28.0
0.30 57.8 245  276| 7715 190 6.53
0.19 185 164  22.9| 185 16.4 229
0.20 N ) a 185 18.9 20.8 0.32 57.8 286 221| 775 220 576
021 ) i ) 185 217 19.0 0.33 57.8 30.7 1.96| 775 237 541
- - - 0.43 57.8 57.2  0.03| 775 442 247
0.44 57.8 60.3 -0.11| 775 46.7  2.22




* bus system show that the proposed decoupling based direct
o method has a potential to be used for fast transient stabilit
i analysis or contingency screening in power system dynamic
" eqn security assessment.
Mo The investigations of the assumption used in this paper,
Y - better transformations for decoupling off-equilibriumssym
A - I states and better estimates of post-fault system steathy-st

s * ™ are problems for further research, where the resonance phe-
nomenon and the nonlinear modal interaction should also be
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Fig. 4. WECC 179-bus power system

TABLE V
RANKING RESULT OF LINE-TRIPPING CONTINGENCIES BYDM-II

Faulted Fault Ranking AV, Ranking CCT

V. CONCLUSIONS Line Near bus| by AV, By CCT Is
) ) . 130-131 131 1 -0.9520 6 0.049
This paper assumes that a general multi-machine power 119-131 131 2 -0.9519 6 0.049
system can be completely decoupled into many independent 115-130 130 3 -0.9014 1 0.030
SMIB ‘ h I th i i f the 130-131 130 4 -0.9009 1 0.030
MIB power systems, where all the nonlinearities of the “g7.gg a8 5 -0.6886 3 0.035
original system are considered by the nonlinearities of all 86-88 88 6 -0.6874 3 0.035
SMIB systems. A linear transformation is used to deriveghes 170-171 171 7 -0.1212 5 0.048
. : : 168-169 169 8 -0.0665 6 0.049
SMIB systems gnd the transient energy function based d|r_ect 81-180 81 9 00476 9 0.104
method is applied to each of them to assess the transient 81-99 81 10 -0.0441 9 0.104
stability of the original system. To provide the initial g 86-180 86 11 1.336 1 0.131
tates for the direct method. the i ¢ f tiorsisd 81-180 180 12 26.13 12 0.892
states for the direct method, the linear transformationsisdu 86-180 180 13 26.18 13 0.891
as a compromise of the universal decoupling transformation  84-99 99 14 75.69 14 2.45
Case studies on the IEEE 9-bus system and the WECC 179-_81-99 99 15 75.94 15 2.45






