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Abstract: Modern power systems are high-dimensional, strongly coupled nonlinear systems with
complex and diverse dynamic characteristics. The polynomial model of the power system is a key
focus in stability research. Therefore, this paper presents a study on the approximate transient stabil-
ity solution targeting the fault process in power systems. Firstly, based on the inherent sinusoidal
coupling characteristics of the power system swing equations, a generalized polynomial matrix de-
scription in perturbation form is presented using the Taylor expansion formula. Secondly, considering
the staged characteristics of the stability process in power systems, the approximate solutions of
the polynomial model during and after the fault are provided using coordinate transformation and
regular perturbation techniques. Then, the structural characteristics of the approximate solutions
are analyzed, revealing the mathematical basis of the stable motion patterns of the power grid, and
a monotonicity rule of the system’s power angle oscillation amplitude is discovered. Finally, the
effectiveness of the proposed methods and analyses is further validated by numerical examples of
the IEEE 3-machine 9-bus system and IEEE 10-machine 39-bus system.
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1. Introduction

Modern power systems, under the new configuration of hybrid AC/DC grids with
large-scale wind and solar power integration, exhibit complex and diverse dynamic charac-
teristics. As the coupling between sending and receiving ends intensifies, the uncertainty
of large disturbances increases, reducing stability margins. High proportions of renew-
able energy and power electronic devices are reshaping grid stability characteristics by
mimicking the stability mechanisms of synchronous machines over shorter time scales,
thus highlighting stability issues in power systems [1]. Among these issues, the transient
stability hidden behind synchronous machines warrants particular attention. The rotor
swing equation, underlying transient stability phenomena, is a key factor in understand-
ing the dynamic characteristics of synchronous grids. It profoundly influences multiple
transient stability issues, such as power angle stability and frequency stability, controlling
the dynamic response of power systems under various disturbances. Therefore, unveiling
its characteristics is crucial for a deeper understanding of the operational principles of
synchronous grids and for ensuring the safe and stable operation of power systems [2,3].

The development of perturbation theory can be traced back to the 18th and 19th
centuries, when significant contributions were made by Laplace, Lagrange, Poincaré, and
others. While studying complex celestial orbits, they developed a set of asymptotic ex-
pansion methods based on small parameters. The analytical study of swing equations
originated from one of these branches of asymptotic expansion methods. Its core idea
involves expanding curves as a sum of finite terms of small parameters, thereby obtaining
analytical solutions to initial-value problems of ordinary differential equations. This idea
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gradually matured and formed an independent modern mathematical theory system [4].
Starting from 1995, scholars such as Saha S and Vittal V realized the inherent nonlinearity
of swing equations, making accurate solutions difficult to obtain. They began attempting
methods like the normal form to find stable manifolds of unstable equilibrium points of
nonlinear power system swing equations [5-8]. This gained widespread attention from
researchers studying power system stability boundaries, further developing in the visual-
ization, approximate estimation, and expression analysis of stability boundaries [9-11]. The
proposal of the quadratic approximation formula for nonlinear dynamical system stability
boundaries enabled it to directly serve as an analytical method for power system transient
stability swing equations [12]. This method, integrating the fault-clearing time and stability
domain calculations through asymptotic methods, further enhanced the practical utility of
analytical transient stability theory in power engineering applications [13,14].

In recent years, there have been further advancements in analytical methods for power
system transient stability. Scholars such as Rui M and Meng Z, inspired by the pendulum
system, have employed computational fitting to elucidate stable forms within the parameter
space based on the analytical form of swing equation bifurcation curves. They conducted
research on power system synchronous stability and analyzed theories involving multiple
time scales. However, this method focuses more on single-machine systems; thus, its
practical utility is limited [15]. Yang L and others utilized a novel non-iterative method
of differential transformation to convert nonlinear terms into a series of commonly used
functions, resulting in the rapid and reliable enhancement of the analytical nature of
grid equations, thereby alleviating computational burdens in numerical simulations [16].
Gurunath G and others employed a multilevel homotopy method to demonstrate the
influence of the time step on the solution accuracy and stability. They developed a semi-
analytical form of solution and applied it to the time-domain simulation of power systems,
effectively improving simulation efficiency [17].

Due to the prevalent utilization of semi-analytical methods in the above-mentioned
approaches, primarily aimed at enhancing the analytical nature of swing equations to
facilitate subsequent numerical simulations, the revelation of structural characteristics of
power system transient stability swing equations is limited. Concurrently, the asymptotic
expansion method based on the multi-timescale approach has found extensive applications
in the industrial domain [18]. Considering that the solutions of lower-order equations con-
stitute the inhomogeneous terms of higher-order equations, triggering secular terms if the
oscillation frequency of the inhomogeneous terms equals the frequency of the differential
operator of the higher-order equation, further advancements have been made in a series of
studies based on single-degree-of-freedom systems, aiming to overcome the secular term is-
sue faced by direct expansion methods. Examples include the multi-timescale perturbation
solutions of Duffing’s equation and the analytical solutions of Mathieu’s equation based on
the multi-timescale method, followed by the corresponding stability analysis [19-21]. This
subsequently inspired research methods for both low- and high-degree-of-freedom systems,
providing theoretical guidance for transient stability analysis considering the power system
fault process. Examples include utilizing the multi-timescale method for the approximate
analytical estimation of low-degree-of-freedom differential algebraic systems and deriving
approximate perturbation solutions for weakly coupled three-degree-of-freedom linear
systems [22,23].

Based on an understanding of the power system fault process, this paper, inspired by
the multi-timescale method, systematically develops a highly analytical method and theory
for the transient stability analysis of power grids by elucidating the research trajectory of
analytical methods for swing equations and utilizing canonical perturbation methods. To
sum up, the original contributions of this paper are threefold:

(1) Polynomial Model. Based on observing the sinusoidal coupling characteristics of
power grid swing equations, we employ Taylor expansion formulas to expand them
into a series of homogeneous polynomials. This results in a generalized matrix



Mathematics 2024, 12, 3065

30f20

description of power system swing equations in perturbation form, thus forming a
polynomial mathematical model for power system transient stability.

(2) Approximate Solution Method. During grid faults, we simplify the swing equations
into a forced oscillation model and, considering the influence of faults, provide ap-
proximate solutions to power system swing equations during fault periods. After fault
clearance, by introducing dual-timescale variables, we transform the nonlinear swing
equations into a series of linear partial differential equations, obtaining analytical
perturbation solutions to post-fault grid equations.

(8) Application and Analysis. Theoretical analysis of approximate solutions demon-
strates the rigorous mathematical foundation inherent in power system transient
stability. Each solution component embodies distinct motion patterns. Furthermore,
based on the structural composition of approximate solutions, we elucidate the mor-
phological characteristics of grid stability motion. Through application to various
scenarios, we explore the monotonicity patterns of power system rotor angle swing
amplitudes with the fault-clearing time following major disturbances like three-phase
short circuits. Finally, through simulations, we further confirm the effectiveness of
theoretical analysis.

The rest of this paper is organized as follows. In Section 2, a polynomial model for
power system transient stability is established, along with an introduction to the polynomial
description and approximate solutions derived from the second-order Kuramoto network
during the fault process. Section 3 presents the structural properties of block decoupling
solutions for power system transient stability after fault clearance and provides a detailed
introduction to the analytical methods for power system transient stability equations post-
fault clearance. Section 4 demonstrates the application and effectiveness of power systems’
approximate transient stability solutions through multiple power system test cases. Finally,
Section 5 concludes the paper.

2. The Polynomial Mathematical Description of Power Systems

In this section, the polynomial model for the transient stability of power systems
is derived. This model is based on the rotor swing equations of multiple synchronous
machines and is expressed in matrix form, making it applicable to Kuramoto models with
an arbitrary number of oscillators. Subsequently, utilizing a coordinate transformation
of rotor angles and the unique response characteristics of the system, the polynomial
model is decoupled into two subsystems. Based on the characteristics of rotor angle swing
amplitudes during the fault process, equations and approximate solutions for the system
during faults are provided under forced oscillation conditions.

2.1. The Polynomial Model of Power Systems Based on Taylor Expansion

In synchronous power grids, when generators adopt the transient reactance constant-
voltage model and loads adopt the constant-impedance model, the dynamic process of
the power system after experiencing significant disturbances such as generator tripping,
line-to-ground faults, and three-phase short circuits can be described by the second-order
Kuramoto network model of swing equations [24], as shown in Equation (1):

H, D n+1 .
2ibi+ oo = Pyi — '21 a;jsin (8 — i) )
]:

i(te) = di0; 0i(te) = wjp; i =1,2,...,N

where H; represents the moment of inertia, D; represents the damping coefficient, J;; = J; — ¢;
represents the phase angle difference, n + 1 denotes the number of synchronous machines,
wr is the reference frequency of the power grid, Py; represents the mechanical power

of the machine i, (4;9, w;o) denotes the initial values of state variables, ajj = ’El’-YijE;
represents the maximum transmission power between lines ij, 7;; = ¢;j — /2, and
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Yjj = |Yij| exp(j¢;). A schematic diagram described by Equation (1) is illustrated in
Figure 1 when the number of synchronous machines n +1 = 3.

a)zi/’ )
" W
ol /
}

A 1
1
Figure 1. Diagram of the Kuramoto oscillator network.

For analytical convenience, considering the weak damping characteristics of power
systems, damping coefficients are neglected, and the sine function is expanded to the third
order. The swing equation model can be rewritten as Equation (2):

le 0; = Py — ]; ajj [51']' —Yij — 6(51']' - 71‘]‘) ] 2)

where € = 1/6, and a coordinate transformation, denoted by y = 6 — 3, is introduced,

where § represents a specific constant vector. Consequently, the right-hand side of Equation (2)
can be expressed as Equation (3):

n+1 3
rhs. = Py — 121 ajj 517 —Yij — 6(51‘]‘ - ’Yij) }
]:

n+1 _ _ 3
= Pumi — X aij | Yij + 6ij — vij — €(Yij + 0ij — 7if)
]:1 (— ——
1ij 1ij
n+1 n+1 3
= |Pmi— L aij(gij—en) | — L | aij — Beag? | yij ®
PMeqi
n+1 » n+1 3
+e ). Bainijyi +€ L aiyy
j=1 —ou— j=1
Cij
n+1 n—+1 ) n+1 3
= Ppregi — '21 (aij = bij)yij +e El Cijyi; +€ Zl aijyi;
j= j= j=

Based on Equation (3), the swing equations for the entire system can be written in
matrix form, as shown in Equation (4):

My” = Ppeg — C1y + €Cydiag(Py)Py

+eC3 [diag(Py)]ZPy @
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where y € R"™, M = diag(2H;/wg, ++,2H,4+1/wR) represents a constant diagonal
. T . .
matrix, PMeq = [PMequ,. ..y PMeq,n+1] represents the equivalent mechanical power vec-

tor, and G, C3 € R+1)x[(n+1)n/2] corresponds to the constant coefficient matrix. Also,
C; € RHDx(1+1) ig defined in the following form:

nil b i .

G — b i —

C1 =4 j=tlj#i v J ®)
—ajj+bij i # ]

Furthermore, the matrix P € RI(*+1)n/2)x(n+1) satisfies the following equation:

Py = [ylZ/ Tty yl,}’l-‘rl/ ]/23, ty ]/2,n+1/ Tty yn,n+1]T (6)

where y;; = y; —yj,1 <i <j < n+1denotes the phase angle difference. It can be inferred
from the aforementioned definitions that Cq, P € £ holds true, where L represents a class
of matrices with zero row sums, possessing the following mathematical property:

C;1=P1=0 7)

where 1 represents a vector of appropriate dimensions consisting entirely of ones. Further
simplification of Equation (7) yields Equation (8):

y =M Py, — Dy + eM ' Codiag(Py)Py ®)
+eM~1C3[diag(Py)]* Py

where D =M~1C;and D € L.

2.2. Polynomial Description and Approximate Solution of Power Systems during Fault Process

Studying the stability of power systems under significant disturbances typically in-
volves dividing the transient process into three stages:
The pre-fault system,

the during-fault system,
{x—ﬁ@%w’ tr<t<tp (10)

and the post-fault system,

*=formyn) e 11
{ 0=gpr(xyu)’ r= an

where x represents the state variables describing dynamic processes such as the generator,
excitation system, and governor control; y represents algebraic variables describing the
voltage magnitude and phase angle at network nodes; u represents control variables; t¢
denotes the initial time of fault occurrence; tp denotes the time of fault clearance; f;, and g,
describe the dynamic characteristics and network properties of the power system before
the fault occurs; fr and g, represent the new equation structure dominating the system
dynamics during the fault period due to external fault occurrence; and fp and g represent
the differential algebraic systems sustaining the dynamic process after fault clearance.
During the fault period, which is typically short, the generator rotor angle swing is

limited. Meanwhile, let § denote the stable equilibrium point of the pre-fault system (9).
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Then, the dynamic system described by Equation (8) moves near the origin, with quadratic
and cubic nonlinear effects being minimal and negligible. The swing equation can be
approximated as the forced oscillation form (12):

”

y = —Dy+M Py, (12)

subject to the initial condition y(0) = y(0) = 0.

Introducing transformation y = U0 and performing eigenvalue decomposition on the
matrix of the faulted system during the fault period, we obtain D = UA2U !, where the
diagonal matrix is AZ = diag(O, o,..., )\% IRVTRR /\3, H). Then, the swing equation in the
coordinate system 0 can be expressed as Equation (13):

”

0 = —A20+] (13)

where | = [2]1T, ]2T ]T = U’lM’lPng. Equation (13) can be further written in component
form, as shown in Equation (14):

9’1’ =2
7 14
{ 0, = —A20, 4+, (14)

From Equation (14), we can observe that the solution to the system in Equation (12)
during the fault period is given by

W+ Cit+ G

=ue=u — . .
y (/\%) 1]2 +I(el/\2tC3 + e—lAth4)

(15)

where C;, C; € R™*! and C;,C4 € R(n+1-7)x1 represent constant vectors determined by the
initial conditions, and I € R("+1=7)x("+1-7) yepresents the identity matrix.
Considering the initial conditions of Equation (12) to be 0, C; = C> = 0 holds true,
and the expression for C3, Cy4 is given by Equation (16) as follows:
~1
-(A3) I

C3=Cy = )

(16)

Combining Equations (15) and (16) and defining U = [U;, U], the solution to the
system in Equation (12) during the fault period can be rewritten as follows:

y=Whe+WhL(A3) ', (17)
—HU (¢ ) (A3) 7T,

Observing the components of Equation (17), the expression can be written in trigono-
metric form, as shown in Equation (18):

y = WLt +U(A2) '],
%/_/ J

?{qf Yee ) 1 (18)
_UZdZag(COS(AZt)) (/\2) L = ch T Yee T Yo
Yoc

From Equation (18), it is evident that the response of the sustained system during
the fault period can be decomposed into a quadratic term component y,, a constant term
component y_., and an oscillatory term component y,.. In terms of the amplitude of the
response components, the quadratic term y,. typically dominates, indicating that the main
response of the system during the fault period is quadratic in nature with respect to the
time dimension.
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3. Analytical Method for Power System Transient Stability Equations after
Fault Clearance

In this section, an analytical method for solving transient stability equations after
power system faults is proposed, utilizing dual-timescale variables and regular pertur-
bation techniques. By transforming the nonlinear swing equations into a series of linear
partial differential equations and analyzing the characteristics of the decoupled model,
approximate solutions to the power system equations after fault clearance are obtained.

3.1. The Structural Properties of Block Decoupling for Power System Transient Stability

Considering the power system after fault clearance, let § denote the stable equilibrium
point of the system after a fault. Py, in Equation (3) can be further expressed as

n+1 3
Pitegi = Prti — '21 aij(1ij — €1;;)
]:

Yl-‘rl _ _ 3 (19)
=Pui— X ﬂij{(5ij = 7ij) — €(0ij — 7ij) } =0
]:
Hence, Ppre; = 0, and it reflects that the system is no longer under the influence of
external mechanical forces, consistent with the system’s post-fault behavior. Based on the
above, Equation (8) can be written as follows:

y = —M 1Cyy + eM ' Cydiag(Py)Py

+eM~1C5[diag(Py)|*Py (20)

where M~1C; € L, and thus, M~'C;-1 = 0 holds. Consequently, by performing an
eigenvalue decomposition on the matrix M~1C;, we obtain the following expression:

A? = diag(A3,-+,A2,0) (21)

M1y =U-A2Uu!
UZ[U],UZ,"‘,Un,l]:[U 1]

Introducing a linear transformation y = Uz, let z = [ziT, ZE Jr1], zi = [z1,20,+ zn]T,
where z € R"*!1. Considering P € £, Equation (22) holds:
Zi
PUz=P[ U 1] [ ]
=[PU O][zi = PUz; = az;
Zn+1

where PU = «. Substituting Equation (22) into Equation (20), the block decoupling form of
the swing equation can be obtained as follows:

i A2 ; .
[ z%/ } = —[ 0 } [ ZH ] +e{ (’(’2 ]Czdmg(azi)azi

n+1 (23)

—i—e[ z; }C3[diag(oczi)]zoczi

where A2 = diag(A2,-+,A2), 9 = U M1, and ¢ = [¢], ]]. Equation (23) can be further
written as

zi-/ = —A2z
—i—e{qolCzdiag(oczi)oczi + qong[diag(azi)}zazi} (a)
o J
Vo
h(z;) (24)
z, = e{@2Coding (az;)az; + <p2C3[diag(oczi)]2wzi} (b)
. _J/
Vo
f(zi)
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Observing Equation (24), it is evident that the system exhibits block decoupling,
wherein Equation (24a) entirely depends on its own variables z;, decoupled from vari-
able z,11; Equation (24b) relies solely on variables z;, completely decoupled from its
own variable z, 1. The nonlinear term h(-), f(-) € P, where P represents the space of
homogeneous polynomial functions, possesses the following mathematical property:

gL)€P = glz1+ez) = g(z1) +0(e) (25)
where O(e) denotes the high-order quantity of parameter €.

3.2. Approximate Transient Stability Solution of Power Systems after Fault Clearance

Introducing the multi-timescale variable t;, = €*t, where k € {0,1} and € is termed
the perturbation parameter, t) = €% = t and t; = €'t = et hold. It is assumed that
Equation (24) admits an analytical perturbation solution in the following form:

2oy = zo(to, t1) +€z1(to, t1) + O(€) (26)

where z¢, 2y, z; € R"*1. The first and second derivatives of the function with respect to
different timescale variables can be expressed as follows:

d = 0
- = € — (27)
dt =0 oty

2 2 2 2

a0 d . d (28)

ar "~ g 25 o

Taking the main solution as the focus, substituting Equation (26) into Equation (24a),
we obtain
(8 + 2€dyyt, + €207 - )[z0 + €21 4+ O(e)]

—/\z(zo +ez1) +eh(zo+€zl) +O(e) )

where 8%0 denotes the second continuous partial derivative with respect to the same variable
to, and 0y, +, denotes the sequential derivative with respect to different timescale variables

fp and t1. Based on the properties of homogeneous polynomial function spaces, considering
h(-) € P, Equation (30) holds:

h(zo + €z1) = h(zo) + O(€) (30)

Substituting Equation (30) into Equation (29) and sequentially collecting the terms of
€, the following two equations hold:

O(€%) : a2 zo+A%z9 =0 (31)
O(el) : 8%021 + A%z = —204, 1,20 + h(zo) (32)

According to the theory of multi-timescale perturbation [25], the solution to Equation (31)
can be written as

n
z20=)_ 4 Bj(t1)eM + Bi(tr)e i b o (33)
j=1 [N
c.c.
where B]-(tl) denotes the conjugate of 8 j(tl) ; the symbol v j € R" represents the standard
orthogonal basis vectors in Cartesian coordinates; the symbol c.c. denotes the complex
conjugate of the preceding expression; and z; (g, t1) is expressed as follows:

n

1(to, t1) Z (to,h)o (34)
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where y;(to, t1) denotes the analytic function to be determined. After substituting Equations (33)
and (34) into Equation (32) and performing simple rearrangements, we obtain the algebraic
equation system as follows:

L, — & —
X opxj(to,t)vj+ A% L xj(to, 1) v;
= =1 (35)

P it =
=-2Y {1/\7(8t1[3j)e 04 C.C.}vj + h(zp)
j=1
Incorporating Equation (23), h(z) can be written as the combination of the quadratic
square term Hj, the quadratic cross term H,, the triple multiplicative term H;, the triple
single cross term H;, and the triple repeated cross term H;, where each term represents

the following:
h(zo) = ¢1CoHy, + ¢1CoH:
%,_/ %/_/

Iy he (36)
+¢1C3H; + ¢1C3Hs + @1 C3H,
he hs Iy

Considering the multitude of oscillation modes in practical power systems, along with
significant differences in parameter distributions, strict resonance rarely occurs. Assuming
that the characteristic eigenvectors of the power system model do not experience second-
order and third-order resonance, based on the definition of eigenvector resonance, this
results in only h; and h, terms being explicitly dependent on e in Equation (36). More
intuitively, the terms in Equation (36) can be expressed as follows:

n . — .
h, = p§1{ﬁlzﬂelupto + 'BP'BP t C,C,}-([)1C2dl€lg(lx;p)“;ii
he =2) {r’%ﬁqeiu”ﬂ”’)to + 5quei(Ap_/\q)t0 + C'C'}
p<q
1Cading (a0 )

n . — .
hi = ) {ﬁ“;’,el%%”tl + Bﬁ%ﬁpe"‘ﬂtl + c.c.}
p=1

-q)1C3di11g(tt;p)diag(oc;p)a;p

hs=6 Y {’Bpﬁqﬁrei()\p-i-)\q-&-)\y)to +‘Bpﬁq‘grei(/\,,—)\q+/\,)t0+
p<q<r

ﬁpﬁqgreiupuqar)to +ﬁpgqgreimp4rm)to +C'C'} 37)
-q)lC3diug(w;p)diag(oc5)q){x5>r
h = 3p;q{ﬁpﬁéeimp+uq)to + Z‘BpﬁqﬁqeiAPt0+
Bpﬁqﬁqei(—A,,Jrz/\q)to —i—c.c.}
~q01C3diag(a?p)diag(a5)q)lx5}q+
3p;q{'8%'8qei(2Ap+Aq)to + Zﬁpﬁpﬁqemqt‘”r

B2, Mo+ )

~golC3diag(w;p)diag(a3p)a3q
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: h h li £ th o= =T
According to the orthogonality property of the base vectors, i.e, v, v =1, v, v i=0

T
and k # j, by multiplying both sides of the algebraic Equation (35) by ;k , We can express it
in the following form:

O Xk + Afxx

. T (38)
= —2{i)\k(at1[3k)e”\kt0 + C.C.} + ?k h(ZQ)

To eliminate the secular terms, setting all terms explicitly dependent on e*"«%0 on the
right-hand side of Equation (38) to zero, the solvability condition for eliminating the secular
terms using the multi-timescale method is as follows:

: T
—2iA (31, Br)e™10 + T hsc(z0) = 0 (39)
T
where the expression for ;k hsc(zo) is

T LT 4
v hsc(z0) = 3ﬁ%ﬁk5}k ¢1Cadiag(av)diag(avy)av eitiot

k—1 _ T .
Y 6/3p[3p/3k?k @1 ngiag(zxzp)diag(w;p)a?kel)‘kto+
o

1 (40)
k

-~ — T ‘
Y 6ﬁk,3q,8q5)k ¢1C3diag(a?k)diag(zx5>q)a?qel)‘kto
q=k+1

Let Bi(ty) = Ag(t1)el®%(t); then, ﬁpBP = A%, and ,Bqu = .A% hold. Substituting into
Equation (40) and separating the imaginary-part equation, we obtain d. A /dt; = 0. Thus,
Ay (t1) = axg, where ayg represents constants determined by the initial conditions of the
differential equations. Substituting A (1) = ay back, we can derive the real-part equation
as follows:

T
do(t1) Ba%()?k qolC3diag(oc5)k)diag(zx;k)a5>k
dty —2A
! 5 =T . - .k =, =
k=1 6,0 ¢1Cadiag(avp)diag(avy)avy
3 o0 (41)

p=1

T
N i 6a§03k golngiag(a?k)diag(a;q)txgq

g=k+1 —2A
= Sko

From Equation (41), it can be observed that Sy is a time-independent constant coef-
ficient. Therefore, Equation (41) can be solved for 8y = Sit1 + 0y, where 0y represents
constants determined by the initial conditions of the differential equations. Hence, B (1)
can be denoted by

Br(t1) = et T0h0) = g 4etih (42)

where 4,y = el € C. Substituting Equation (42) into Equation (33), the explicit expres-
sion for the approximate transient stability solution zo(f, t1) of the swing Equation (24) is
given by

—

ZO(t(J, tl) _ i [ﬁj(tl)eiA]‘to _i_Ej(tl)e*iA]’tO} Uj

—
0

j=1
|:ﬁj0eiS]'t1 eiAth + EjoefiSjtlefiA]'to} (43)

~

A iw; -
{ajoe“*’/to + C.C.} vj

Tr= T

~

where the twisted frequency w; = (A; +€S;), A; > €S;.
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The phase of the rotor angle solution changes at different timescales fy and ¢, re-
flecting the gradual motion characteristics of the phase of the system after a fault in the
swing equation.

Based on Equations (34) and (26), the multi-timescale perturbation solution form of
the swing equation for the power system after fault clearance can be written as

n
-5 £ elw,o+cc}v]+ez;(] to,h) o, (44)
j=1 =

Substituting Equation (44) into Equation (24b) and directly integrating, obtaining the
approximate transient stability solution of z,, 1, and noting f(-) € P, then Equation (45)
holds:

251-&-1,01 = Kptg + K; + JT ef(zo + €Z1)dt0
= Koto + Kq + €[ [f(z0) + O(e)]dty + O(e) (45)
= Kotg + K1 + €Iff(20)dt0 +O(e)
where Ky and K; represent integration constants determined by the initial values.

Further expanding f(zg) into constant term K3 and non-constant term fncr(zo), we
can obtain the form of Equation (46):

f(zo) = Z apoapo <p1C2dzag(4xv,,)ocvp
p=1

(46)
K3

+fner(zo)

Therefore, substituting Equation (46) into Equation (45), Equation (45) can be further
expressed as Equation (47):

25101 = €Kat]+ Koto + Ky

+e€[f fncr(zo)dto + O(e) (47)

Using a linear transformation to map the solution in z-space to the y-coordinate system,
we obtain the approximate transient stability solution for the power system after fault
clearance and its derivative, as shown in Equation (48):

b —eK3tO+K0t0+K1+UZ {aoe fto—l—cc};j
= (48)
dyO iwjto .
W—26K3t0+KO—HUZ 1wajoe 0 +c.c. v]
0

The value of Equation (48) at ty) = 0 must satisfy the initial conditions of the differential
Equation (1), and hence, Equation (49) holds:

noo —
yg |t0:0 =K+ Uzl {a]'() + C.C.} vj= i
]:
dys noo . (49)
FO lh=0 = Ko+ UY {iwjaj +c.c.}vj=wig
0 j=1

Equations (48) and (49) indicate that after a significant disturbance in the power system,
the primary dynamics of the rotor angle can mainly be decomposed into harmonic motion
components and synchronous motion components. The harmonic motion components
cause oscillations of the rotor angles of all generators in the network with a twisted fre-
quency, while the synchronous motion components cause the rotor angles of all generators
in the network to change with the same trend.
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4. Case Study

In this section, several power system examples are employed to analyze the tran-
sient stability of power systems during fault processes, serving as application cases to
demonstrate the effectiveness of the approximate transient stability solution and analysis.

4.1. IEEE Three-Machine Nine-Bus Power System

The topology of the IEEE three-machine nine-bus system example is shown in Figure 2,
and the system parameters are referred to in [26] and shown in Table 1.

W

Figure 2. Diagram of IEEE 3-machine 9-bus power system [26].

Table 1. The parameters of the IEEE 3-machine 9-bus power system.

Generator H D X'y X,
Gy 23.64 0 0.0608 0.0969
Gy 6.40 0 0.1198 0.8645
G3 3.01 0 0.1813 1.2578

At 0.1 s, a three-phase short-circuit-to-ground fault is applied at node 7, which lasts for
three cycles. After the fault, a continuous fault clearance method is adopted. The original
spatial rotor angle response curve of the system is shown in Figure 3 below.

180 T T T

)

160

140

120

100

6/ deg.

0 1 1 1
0 0.5 1 1.5 2

t/s

Figure 3. The power angle response of IEEE 3-machine 9-bus system in 6 space.
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First, observe the rotor angle state of the system during the fault. The rotor angle
response during the fault process and the approximate solution of the system are shown in
Figure 4 below.

40 T T T T T T T

61 62 03
351 Sp = = Oy = = Oy )
30 - b

0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18
t/s

Figure 4. The approximate solution of IEEE 3-machine 9-bus system during fault in 5 space.

In Figure 4, é1¢ represents the approximate solution of the system during the fault,
and other symbols are similar. It can be seen that for the system during the fault, the
linear approximate solution well represents the dynamics of the system. According to the
calculation, the expression for the linear approximate solution is given by Equation (50),
and the unit in the equation is in radians (rad):

b1 1.85(t — 0.1)% + 0.07 cos 6.80(t — 0.1) — 0.03
x| = | 1.87(t—0.1)> — 0.55c0s6.80(t — 0.1) 4 0.89 (50)
O3 24.00(t —0.1)* 4 0.23

The approximate solution of the system during the fault consists of a quadratic com-
ponent, a constant component, and an oscillatory component. This corresponds to the
breakdown of system responses into a quadratic component U J; t2, a constant component
Uz(Ag)fl]z, and an oscillatory component —Uzdiag(cos(}\zt))(/\%)71]2, as proposed in
Section 2. The dominance of the quadratic component is evident from the amplitudes of the
response components, indicating that the primary response of the system’s power angle to
the fault exhibits a quadratic correlation with respect to time. This further substantiates
the validity of the analyses previously discussed. Further observing the state of the power
system after the fault process, the rotor angle response and approximate transient stability
solution in z-space are shown in Figure 5.

In Figure 5, it can be seen that for the system after the fault, the rotor angle response
in z-space can be decoupled into synchronous motion components and harmonic motion
components, indicating the effectiveness of the previous theoretical analysis. In z-space,
the analytical expressions for each component are given by Equation (51):

Z10 23.06sin( 8.708Ty — 0.1375T; + 3.423)
z20 | = | 1.794sin(13.399Ty — 0.1293T; — 2.803) (51)
Z30 14.74T3 + 105.40T; + 4.08
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where Ty = tp —0.18, T = t; —0.18, t > 0.18. Furthermore, the analytical solution curves
during and after the fault can be transformed into the original rotor angle space, as shown
in Figure 6 below.

300 T T T

2501

2001

z/ deg.

t/s

Figure 5. The approximate solution of IEEE 3-machine 9-bus system after fault in z-space.

180

160

140

120

100

6/ deg.

[rm— 1 1 1
0 0.5 1 1.5 2
t/s

Figure 6. The approximate solution of IEEE 3-machine 9-bus system after fault in 5 space.

Figure 6 shows that in the original rotor angle space J coordinate system, the per-
turbation solution of the system after the fault can approximate the original rotor angle
response curve well, demonstrating the effectiveness of the method and theory presented
in this paper.

Furthermore, due to the high analytical capability of the IEEE three-machine nine-
bus system, we conducted a comparative study of the approximate solution method,
renormalization group method, intrusive harmonic method, and numerical method. At
0.2 s, a three-phase short-circuit ground fault was applied at bus 7, with fault durations
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set to four and nine cycles, respectively. The comparison of system rotor angle responses
obtained from different methods is illustrated in Figures 7 and 8.

40 T T T
— numerical method approximate solution method
30 ri--- renormalization group method - -- intrusive harmonic method i
20 1
.10 \ 4
) \
o \
N o \ \\’T/
-10 1 \\ 7]
\
\
-20 1 \ ]
-30 . . .
0 0.5 1 1.5 2

t/s

Figure 7. A comparison of different methods for a fault duration of 4 cycles.

150

—— numerical method approximate solution method

100 f |--- renormalization group method --- intrusive harmonic method | 4

z/ deg.
o

-100 r b

-150
0 0.5 1 15 2
t/s

Figure 8. A comparison of different methods for a fault duration of 9 cycles.

As observed in Figures 7 and 8, when the fault duration is relatively short, the system
remains in a weakly nonlinear state, and the performance accuracy of the approximate
solution method, renormalization group method, and intrusive harmonic method are nearly
identical, aligning well with the actual response. However, when the fault duration extends
to 0.18 s, the renormalization group method tends to exhibit divergent oscillations, while
the other methods continue to fit the rotor angle response relatively well. This suggests
that as the fault duration increases and the rotor angle swings into a strongly nonlinear
region, the applicability of the methods becomes less reliable.

4.2. IEEE 10-Machine 39-Bus Power System

The topology of the IEEE 10-machine 39-bus system is illustrated in Figure 9, with the
system parameters provided in reference [27].
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Figure 9. Diagram of IEEE 10-machine 39-bus power system.

At 0.1 s, a three-phase short-circuit ground fault is applied at node 15, which persists
for two cycles before employing a continuous fault recovery method. The original spatial
rotor angle response curves of the system are illustrated in Figure 10.

100

—01

80 52

63
601

& / deg.

09
=20
510

-40 '
0 0.5 1 1.5 2 2.5 3

t/s

Figure 10. The power angle response of IEEE 10-machine 39-bus system in o space.

In Figure 10, curves of different colors describe the changes in rotor angle response for
all units. Upon examining the system during the fault process, the comparative curves of
the approximate solution and the original rotor angle response are presented in Figure 11.

In Figure 11, dashed lines represent the approximate solution curves, while solid lines
represent the actual response. J1¢ represents the approximate solution of the system during
the fault in J space, and other symbols are similar. It can be observed that the approximate
solution curves closely fit the actual response. Furthermore, the response curves of the
system after the fault and the approximate solution curves are depicted in Figure 12.
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Figure 11. The approximate solution of IEEE 10-machine 39-bus system during fault in  space.
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-30 I

Figure 12. The approximate solution of IEEE 10-machine 39-bus system after fault in z-space.

In Figure 12, dashed lines represent the approximate solution curves, and solid lines
represent the actual response. z1 g represents the approximate solution after the fault in
z-space, and other symbols are similar. A section of the curve is magnified to show details.
It is evident that the approximate solution curves closely match the actual response. The
transformation of the aforementioned curves from the z-space into the original rotor angle
space is shown in Figure 13.

Figure 13 demonstrates that in the original rotor angle space J coordinate system, the
approximate solution curves closely match the actual response, indicating the effectiveness
of the method. Furthermore, for different fault-clearing times, the rotor angle oscillation
amplitudes in z-space exhibit a monotonic change with increasing clearing time, as depicted
in Figure 14.
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Figure 13. The approximate solution of IEEE 10-machine 39-bus system after fault in  space.
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Figure 14. The effect of the fault clearance time on the power angle oscillation.

In Figure 14, ty = 0.05s, tp = 0.06 s, t3 = 0.07 s, and t4 = 0.08 s. As the
fault-clearing time increases, the rotor angle amplitude shows a monotonically positive
relationship with the fault-clearing time. In practical engineering, faults should be cleared
as quickly as possible to prevent excessive rotor angle oscillations, which may affect the
safe and stable operation of the power system.

5. Conclusions

In this paper, an approximate solution method for transient stability in power systems
considering the fault process has been developed and analyzed. By leveraging the sinu-
soidal coupling characteristics inherent in power system swing equations and applying
the Taylor series expansion, we construct a generalized matrix description that reveals the
polynomial structural properties of transient stability in power systems. The adoption of
coordinate transformation, canonical perturbation techniques, and dual time scales allows
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us to derive approximate solutions during and after faults, which are shown to effectively
describe the dynamic behavior of power systems under significant disturbances.

The significance of this research lies in its ability to provide a deeper mathematical
understanding of transient stability phenomena, thereby offering a robust analytical foun-
dation for evaluating and improving power system stability. The polynomial model and
the associated approximate solutions contribute valuable insights into the dynamic charac-
teristics of modern power grids, especially in scenarios involving the large-scale integration
of renewable energy sources and complex fault processes. The proposed method not only
enhances the accuracy of stability analysis but also reduces computational complexity,
making it a practical tool for real-time stability assessment in power systems.

Future research directions could focus on extending the proposed methodology to
more complex power system models, including those with higher dimensions and more
intricate nonlinear dynamics. Additionally, exploring the applicability of the developed
techniques to other stability-related issues, such as voltage stability and frequency stability,
could provide a more comprehensive framework for power system analysis. Investigating
the integration of this analytical approach with advanced numerical simulation techniques
might also offer new pathways for improving the accuracy and efficiency of stability
assessments in increasingly complex power grids.
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