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ABSTRACT

This paper proposes a simple yet effective method for power system probabilistic transient stability assessment
considering the wind farm uncertainties and correlations. Specifically, the inverse Nataf transformation based
three-point estimation method and the Cornish-Fisher expansion have been integrated together to deal with the
uncertainties and the correlations among different wind farms. Then, by resorting to the extended dynamic
security region approach, the transient stability criterion is derived as a linear combination of nodal injection
vector under a given fault condition. New indices for the identification of critical lines have also been developed.
Extensive simulation results carried out on four different systems, including the practical GZ power system in
China show that the computational efficiency of the proposed method is much higher than the Monte Carlo-
based method and other methods almost without the loss of accuracy. The effectiveness of the proposed method
under different penetrations of wind power with different degree of correlations is also validated. It is shown that
correlation among wind farms has a larger impact on the transient stability results with a higher penetration

level of renewable energy.

1. Introduction

Ever-increasing renewable energy represented by wind power has
been integrated into the power system in recent years [1,2]. Unlike the
traditional generation, the power output of the wind turbine is related
to wind speed, which is uncertain and correlated [3]. In this context,
the large-scale integration of wind power has a great impact on the
transient stability of the power system [4-7]. From the perspective of
planning and operation of power systems, an effective method for
transient stability assessment considering the wind farm uncertainties
and correlations has been becoming more and more important.

The widely used approach for transient stability assessment is de-
terministic. It uses the time-domain simulation to estimate whether the
system is stable under the given fault and operating point. The results
from the deterministic approach are typically conservative and even
inaccurate if the uncertainties of wind power are neglected [8]. To deal
with that, the complementary probabilistic approach is proposed,
which can provide more insightful information about the system for
operators and planners [9-11].

The probabilistic approach mainly includes two categories: the
Monte Carlo (MC) simulation-based and the analytical approaches. For
the MC simulation-based approach [12-16], a great number of

sampling points are generated according to the probabilistic distribu-
tion of uncertain factors. The transient stability of each sampling point
is analyzed by the time-domain simulation. The transient stability
probability (TSP) is finally obtained according to the Law of Large
Numbers. The MC simulation is applicable to various scenarios, in-
cluding the uncertain and correlated wind power [13,14]. The larger
the number of sampling points is, the higher the calculation accuracy is.
However, the computing burden is very heavy. As a result, MC simu-
lation is usually used as the reference method. Although the computa-
tional efficiency of it can be improved [14], it is not suitable for large-
scale system online applications.

For the analytical approaches [17-25], the expressions of the
probabilistic TSP indicators are derived. For example, after deriving the
expression of the transient stability margin (TSM) [19], estimated the
distribution of TSM with the Kalman filter and unscented transforma-
tion considering the wind power uncertainties. In [21], the normalized
transient energy function and the bisection algorithm were used to-
gether to calculate the critical clearing time (CCT). Then the transient
instability probability was obtained by establishing the expression be-
tween the probability index and the CCT to each given fault. However,
the correlations of wind power are neglected which may deteriorate the
performance of the TSP results. To deal with that, representative
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sampling strategies, such as point estimation [24] and sample reduction
method [25], to characterize the correlations of wind power are pro-
posed when assessing the system transient stability. Due to the sto-
chasticity and randomness of wind power, the derivations of analytical
expressions are challenging. Furthermore, the time-consuming MC si-
mulation is usually utilized to obtain the probabilistic index, which
imposes difficulties in online applications.

To solve these issues, the security region approaches are proposed in
our previous work [26,27]. They provide a powerful analytical tool for
stability and security assessment [28-30]. Interestingly, it was found
that the boundary of a practical dynamic security region with double
fed induction generators (DFIGs) can be approximated by one or several
hyper-planes [29]. As a result, the transient stability criterion can be
expressed as a linear combination of nodal power injection vectors.
Leveraging the concept of dynamic security region defined in the nodal
power injection space of the pre-fault phase, an analytical expression of
TSP can be established [30]. This paper further extends our previous
work and presents a new probabilistic transient stability assessment
approach considering wind power uncertainties and correlations. It has
the following contributions:

e The concept of security region is extended to derive the analytical
expression of probabilistic transient stability assessment index
considering both wind farm uncertainties and correlations; the latter
are not fully considered and only one wind farm is considered in our
previous work [30]. While in this paper, multiple wind farms are
tested with varying correlation coefficients, including both negative
and positive correlations;

e We have integrated three-point estimation method with the inverse
Nataf transformation to derive the analytical TSP index. New indices
for the identification of critical lines have also been developed. This
allows us to develop corresponding mitigation plans;

e Comprehensive tests have been carried out on four different sys-
tems, including practical GZ power system in China. This enables us
to draw more generalized conclusions. In particular, the computa-
tional efficiency of the proposed method is much higher than the
MC-based method and [25] with less than 5% deviation from the
accurate results by MC-simulation.

The remainder of the paper is organized as follows. Section 2 pre-
sents the stochastic model of nodal power injection. Section 3 shows the
proposed TSP assessment framework and the details of calculating the
proposed TSP index. Section 4 shows and analyzes the simulation re-
sults and finally, Section 5 concludes the paper.

2. Stochastic model of nodal power injection

Three types of nodal injections are considered in the power system
with DFIGs, including traditional generators, loads and DFIGs. Nodal
injections from traditional generators and loads can be assumed to
follow normal distributions P; = N(;, 0;%), where y; is the mean. For the
load, y; is usually obtained from the load forecasting [30] while it is set
to be the nominal value for the traditional generator. o; is the standard
deviation that can be obtained from the historical data [31,32].

The output power of the DFIG is related to wind speed, the dis-
tribution of which is modeled as Weibull distribution [33,34]. Its
probability density function (PDF) is shown in (1):

f) = (k/e)(w/e)*Texp[—(v/c)"] €))

where k and ¢ are the Weibull shape scale parameters, respectively.
They can be calculated via (2) and (3):

k = (o/u)y—086 @
c=u/TA + 1/k) 3)

where y and o are the mean and the standard deviation of wind speed
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respectively; I is the Gamma function.
Then the active power of DFIG is given as [35]:

0 V<V OF V> Vg
v —v3
B, = Pr3 C; Vi SV,
VP Ve
B Y <V K Ve 4)

where P, is the rated capacity of DFIG; P,, is the actual active power of
DFIG. v, V., and v, are the cut-in, cut-out, and rated wind speeds,
respectively.

The PDF of the DFIG real power is expressed as follows by using (1)
and (4):

@) = (k1B — ¥ x exp(=((By = ¥)I))) )
where ¢’, k', and y’ are given in (6), (7), and (8) [36]:

¢ =B/ - vd) 6)
K = k/3 %)
Y = —Bvi/(y} — vy ®)

In practice, an aggregated wind farm model is used to represent a
group of DFIGs. The mean is taken from the wind power forecast and
the standard deviation is set as 20% of the mean value [37].

3. Proposed TSP assessment framework

TSP is a probabilistic indicator to analyze the transient stability of
the system. In this paper, the security region is extended to derive the
analytical expression of probabilistic transient stability assessment
index considering both wind farm uncertainties and correlations.

3.1. Boundary of dynamic security region with DFIG

Given a specific fault, the power system will experience three
phases, namely the pre-fault, fault-on, and post-fault phases. Their
corresponding state equations are given as:

fi(x) —c0<t<O0
x=4fr(x) 0<t<r7
fj(X) TSt<+ 9)

where x is the state vector at different phases; 7 is the duration time of
the fault; i, F, j represent configuration of pre-fault, fault-on and post-
fault, respectively; f is the corresponding state equation.

Define the dynamic security region for the system transition from
configuration i to configuration j as the result of a fault clearing in ©
sec., Qq(i, j, F) to be the set of pre-fault injections y for which the system
is transient stable. A system is said to be transient stable if the post-fault
system trajectory will settle down to a stable post-fault equilibrium
point, the solution of which depends on the pre-fault injection y.
Consequently, let A denote the set of post-fault initial states for which
the system is transient stable and the region A is a function of y. A(y) is
the transient stability region in the state space, which surrounds the
stable equilibrium point of post-fault phase corresponding to y. x4(y) is
used to represent the state variables after the fault is cleared. Qq(i, j, F)
is the set of injections y for which x,(y) lies in A(y), i.e.,

Qq(i, j, F) = {y lxgq(v) € AQ)} (10)
The relationship between Q4(i, j, F) and A(y) is further shown in
Fig. 1.

In the scope of engineers’ concern, the practical dynamic security
region (PDSR) of power system with DFIG can be approximated by one
or few hyper-planes [27-29]:

z wB +BQi=1
i=1 an
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Fig. 1. The relationship between Qq(i, j, F) and A(y).

where n is the number of nodes; a;, f; are the coefficients of the hyper-
plane equation related to node i; P; and Q; represent critical active and
reactive power injection at node i, respectively, in the space of pre-fault
power injection to guarantee transient stability. This paper mainly fo-
cuses on the rotor angle stability and it is assumed that the local re-
active power reserve is sufficient to maintain the voltage stability [38].
Thus, the dynamic security region [39] can be represented via:

n
ZcxiPi:I

i=1 12)

The dynamic security region is unique to a given fault. Substituting
active power injections into the left side of (12), the system is transient
stable when the value is less than 1 and vice versa. The dynamic se-
curity region provides an effective way to simplify the relationship
between power injection and transient stability criterion. Interested
readers can find more details about PDSR from [27-30].

3.2. Proposed TSP index

The TSP represents the probability of transient stability of the
system. Considering uncertainties of nodal power injection and no
simple mathematical description about Q4 TSP is an extraordinary
complicated n-degree integral in n-dimension power injection space
shown as follows:

TSP = l/Jl“'yeQd ff(yl’}ﬁ’ ) Ay Ay, ---dy, 13)

where y is the vector of random variables of injection power; f is the
probability density function of y = (y1,2,...,yn) -

Based on PDSR expressed by (12), the (13) can be converted to a
much simpler analytical calculation shown as follows:

n
TSP = Pr{z a;P < 1} = G(S)ls=o

i=1

14)

where S = Zi":l a;P — 1; nrepresents the nodes including the traditional
generations, loads and wind farms; G(S) is the cumulative distribution
function (CDF) of S; a; are the coefficients of the hyper-plane equation
related to node i and P; is the active injection at the i node.

3.3. Calculate proposed TSP index

The key to calculate TSP is to obtain G(S) considering the correla-
tions of wind farms. Point estimation method (PEM) is a powerful yet
simple approximation method used to evaluate the first few moments of
a function of random variables. It only relies on a few discrete points
which are determined by the Taylor expansion. However, the PEM is
based on the assumption that the random variables are independent,
which can’t deal with the correlation among wind farms. Therefore, the
PEM is improved by introducing the inverse Nataf transformation [40]
by transforming the uncorrelated standard normal distribution vari-
ables into the original correlated variables. Once the moments of de-
pendent variable are calculated, the distribution of dependent variable

Electrical Power and Energy Systems 117 (2020) 105649

can be obtained by Cornish-Fisher expansion. The proposed method
contains four main steps: (1) three-point estimation to approximate the
distributions of original state variables without correlations; (2) inverse
Nataf transformation to modify the sample points from three-point es-
timation so that correlations among state variables are effectively taken
into account; (3) calculation of index S via the generated sample points;
(4) evaluation of the stability index by the Cornish-Fisher expansion.
The detailed steps are shown as follows:

Step 1: Calculate 2n + 1 uncorrelated normal distribution evalua-
tion vectors and their corresponding weights

Each uncorrelated normal distribution variable x; = N(0,1), (i = 1,
2, -+, n) has three locations x;x (k = 1, 2, 3), which are calculated as:

Xif =My + Exqp 0 k=1,2,3 (15)

where i =1, 2, ..., 1; €y, M,,,, and oy are the standard location, the
mean and standard deviation of x;, respectively.
The standard locations, ¢, are given by:

Eup = Au/2 + (17K X vy = 3/405 k=1,2
€3 =10 (16)

where 1, and v,, are respectively the skewness and the kurtosis of the
variable, x;. If x; are normal distributions, 1, and v,, are set to be 0 and
3, respectively.

Each location x; is coupled with a weightw,,

wxiyk = (_1)3ik/(5xiyk(€xu - Exivz))
Wy =1/n — /(g — A)%i) a7

where n is the number of input random variables.
As a result, each evaluation vector is represented by

Kike = [Heps Mg oo By Xiks /"xi+1/"xi+z'“xn]
=1[0,---,0, x;, 0,---,0] 18)

It can be seen that 3n evaluations are needed. While, since ¢, ; = 0 is
valid for all random input variables, there are n evaluation vectors
shownas X = [0, ..., 0, 0, O, ..., 0]. Therefore, only 2n + 1 evaluations
need to be performed in implementation with the corresponding
weights Wy, ;, Wxy 5, "W 15 Dryzs Drapys-

Step 2: Calculate 2n + 1 evaluation vectors and their weights in the
original space

Let P; (i = 1, 2, ..., n) represent the nodal active power injections in
the original space, including the traditional generators, loads and DFIGs
and z; (i =1, 2, ..., n) represent the correlated standard normal dis-
tribution variables. If the correlation matrices of z and P are po and p,
respectively, the expression between them can be expressed as follows
according to the Nataf transformation:

oy =S [ (B~ o (B — u)lo;
Jy (B, B)dRdP;
= [ F @) - )l
(Fj(@(z;)) — u/g;
D(z;, Zjs Poy)dZide 19)

where y; and y; are the means of P; and P;, respectively; 0; and g; are the
standard deviations of P; and Pj, respectively; ®(z;, 2j, poy) is the joint
probability distribution of z; and z;.

To simplify the analysis, po; is calculated by the semi-empirical
formula in [31]. Since py is a positive definite symmetric matrix, it can
be decomposed into lower triangular matrix B by Cholesky decom-
position:

po = BBT (20

Then, the 2n + 1 evaluation vectors X; are transformed into the
evaluation vectors Z; via (21):
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Z =BX 21

Then, the elements of each evaluation vector in the original space
are transformed by:

P =F'(®()) (22)

where F71() represents the inverse CDF of the nodal active power in-
jections. After that, the 2n + 1 evaluation vectors Z;; can be trans-
formed into the original space, namely Py 1, P12, ..., Pn1, Pn2, Pon+1-
Finally, the process that transforms X;x to P;j is the inverse Nataf
transformation. The weights corresponding to evaluation vectors are
Wx,10 Dy s " P15 D2 Dxoprs
Step 3: Get the raw moments of S based on evaluation vectors and
weights in the original space
According to (14), S is expressed as follows:
S= ), ah—1=H(P, P,B)
1 (23)

™-

i

where H is the nonlinear function; P; represents the active power in-
jection of node i in the original space. 2n + 1 evaluations are obtained
by substituting each evaluation vector into (23), yielding Cy 1, C1,2, ...,
Cn1, Cn2, Cany1 and weights, wy, |, @y 5, =, Wx, 15 Wy ps Wigyyy> TESPEC
tively. Then, the l-order raw moment of S is as follow:

n 2
E(Sh ~ Z Z Wi e Cil,k"'wmnn Chust
i=1 k=1 @4
Step 4: Obtain TSP by the Cornish-Fisher expansion
The Cornish-Fisher expansion provides an approximation of a
quantile a of a distribution function F(y) in terms of the quantile of a
standard normal distribution @ and the cumulants of F(y). In particular,
y(a) can be expressed as:

y(@) = (@) + (2 (a@) — 1/6gy+
(& () — 38 (a))/24g, -
(283 (@) — 5¢(a))/36g7 +
(E* (@) — 682(a) + 3)/120g, + -+ (25)
where &(a) = &~ Y(a); g, is the normalized v-order of cumulant. The

latter can be calculated using (26) and (27).
The first three cumulants of S are:

K = E(S)
K, = E(S») — K}
K; = E(S) — 3K K, — K} (26)

where E(S) is the l-order raw moment of S.
Then, the normalized v-order of cumulants are as follow:

g, = K,/0" = K,/KJ/? @27

Finally, G(S) is obtained according to y(a) = F~(a@) and the TSP is
calculated via (14).

4. Numerical results
4.1. Effectiveness of the proposed method

4.1.1. IEEE 39-bus system

The effectiveness of the proposed approach is first validated on IEEE
39-bus system, whose diagram is shown in Fig. 2. The traditional
generators at nodes 33 and 34 are replaced by two wind farms with the
capacities, 632 MW and 508 MW, respectively. Cut-in, cut-out, and
rated wind speed are set to be 4 m/s, 23 m/s, and 15 m/s, respectively.
The N — 1 faults listed in Table 1 are considered. The fault type is three-
phase short circuit fault and the clearing time is 0.1s. The coefficients
of hyper-planes for the dynamic security region corresponding to each
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Fig. 2. IEEE 39-bus System with two wind farms.
Table 1
Fault line list.
Number Fault line Number Fault line Number Fault line
1 1-2 13 7-8 25 17-18
2 1-39 14 89 26 17-27
3 2-3 15 9-39 27 21-22
4 2-25 16 10-11 28 22-23
5 3-4 17 10-13 29 23-24
6 3-18 18 13-14 30 25-26
7 4-5 19 14-15 31 26-27
8 4-14 20 15-16 32 26-28
9 5-6 21 16-17 33 26-29
10 5-8 22 16-19 34 28-29
11 6-7 23 16-21
12 6-11 24 16-24
Table 2
Cases C1-C5 corresponding to different CCs.
Case CC among the wind farms
Case C1 0
Case C2 0.5
Case C3 0.8
Case C4 -0.5
Case C5 —-0.8

fault can be found in [30]. Five cases considering positive and negative
correlation coefficients (CCs) [41] are tested as shown in Table 2. The
Weibull parameters k = 5.742, the scale parameters, c, are 313.26,
251.80 and y are —0.1222, —0.0982 for the wind farms at nodes 33
and 34, respectively.

The TSP results by MC simulation method with 50,000 samples is
treated as the reference and (14) is taken as the stability index for each
sample. The TSP results provided by the proposed method and MC
considering positive and negative CCs are displayed in Figs. 3 and 4,
respectively, in which the lines with TSP < 0.995 are shown. For Case
C3, the G(S) provided by the proposed method and the MC simulation
corresponding to the fault lines 2-3 and 2-25 are shown in Figs. 5 and
6. The computing time of both the proposed method and MC simulation
for all five cases are presented in Table 3.

From the results shown in Figs. 3-6 and Table 3, it can be concluded
that the proposed method is able to achieve comparable accuracy as the
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Fig. 3. TSP by the proposed method and MC for Cases C1-C3 on IEEE 39-bus
system.
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Fig. 4. TSP by the proposed method and MC for Cases C1, C4 and C5 on IEEE
39-bus system.
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Fig. 5. G(S) by the proposed method and MC for fault line 2-3.

MC method while maintaining much higher computational efficiency.
Comparing with MC, the largest error of the TSP for all N-1 faults are
2.32%, 3.78%, 2.85%, 2.03%, and 1.71% in five cases, respectively.

Considering the maximum wind penetration level is 40%, the pro-
posed method is further tested in another two cases W1-W2 corre-
sponding to different number of wind farms as shown in Table 4. The
computing times of the proposed method and MC for Cases W1-W2 are
shown in Table 5. Compared with MC, the largest error and average
error for all N-1 faults under different CCs are provided in Table 6. It
can be further concluded that with varying number of wind farms under
different CCs, the proposed method can still get accurate TSP results
with much faster computing speed than the MC method.

Electrical Power and Energy Systems 117 (2020) 105649

1 - - - - - -
— Proposed method

- Monte Carlo

208 1
Q

£

2

g

= 061 1
=

2

B

2

S

2 04f '
=

=

£

O 02 ]

-%.2 -0.15  -0.1 -0.05 0 0.05 0.1 0.15
N

Fig. 6. G(S) by the proposed method and MC for fault line 2-25.

Table 3

Computing time of the proposed method and MC on IEEE 39-bus system.
Case Proposed method MC
Case C1 1.45s 139.73s
Case C2 1.67s 126.71s
Case C3 1.56s 154.72s
Case C4 1.76s 141.02s
Case C5 1.66s 133.58s

Table 4

Cases W1-W2 corresponding to different number of wind farms.

Case Number of wind farms Installation locations
Case W1 3 33,34,35
Case W2 4 32,33,34,35
Table 5
Computing time of proposed method and MC for W1-W2.
Case Proposed method MC
Case W1 1.31s 153.24s
Case W2 1.53s 150.44 s
Table 6

Errors of proposed method for cases W1-W2.

Case Average error (%) Largest error (%)
Cl C2 C3 C4 C5

w1 0.48 0.30 0.45 0.30 0.25 6.05

W2 0.13 0.25 0.19 0.20 0.18 2.86

4.1.2. Practical system in China and other IEEE systems

A practical provincial grid in China, i.e. GZ power system, is further
used to test the proposed method. It includes 3080 buses and 3615
branches. Two large wind farms are installed in the nodes, GPTgl and
SLg4, with the capacities 460 MW and 260 MW, respectively. Three
critical N-1 faults according to practical operation experience are con-
sidered, i.e. the ST, TS and FS lines. TSPs corresponding to different CCs
among wind farms provided by the proposed method and MC are dis-
played in Fig. 7. The computing times and largest estimation error of
the proposed method are shown in Table 7. More test results on IEEE
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Fig. 7. TSP by proposed method and MC with different CCs on GZ system.

Table 7

Computing time and calculation errors of proposed method on GZ system.

Computing time (s)

Largest error (%)

Proposed method MC
CC=0 2.35 345.85 3.57
CC=0.5 2.14 405.75 2.58
CC=0.8 2.04 434.53 2.79
CC=-0.5 2.15 415.84 4.20
CC=-08 2.05 423.66 4.15
Table 8

Test results of three systems.

Test system

Node/capacity of

Computing time (s)/

Time cost of

wind farm largest error (%) MC (s)
118-bus System  59/155, 61/160 1.72/4.26 213.48
300-bus System  152/372, 153/216  2.11/4.53 240.05
GZ system GPTgl/460, SLg4/  2.51/4.60 435.05
260
Table 9

Settings of cases M1-M4.

Case The number of wind farms Installation location
Case M1 3 GPTgl-g2, SLg4
Case M2 4 GPTgl-g3, SLg4
Case M3 5 GPTgl-g4, SLg4
Case M4 6 GPTgl-g5, SLg4
Table 10
Computing time of two methods for cases M1-M4.
Case Proposed method MC
Case M1 2.48s 395.21s
Case M2 2.25s 348.54s
Case M3 2.15s 364.15s
Case M4 2.34s 386.54 s
TABLE 11

Errors of proposed method for cases M1-M4.

Case Average error (%) Largest error (%)
C1 C2 C3 C4 C5

M1 1.83 1.31 2.77 2.06 3.49 4.89

M2 2.26 1.43 1.35 1.72 1.41 2.97

M3 2.86 1.34 3.04 1.21 1.42 4.93

M4 1.32 3.58 1.73 2.12 2.67 4.26
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Fig. 8. Comparison among method in the Ref. [30], the proposed method and
MC in Case C1 on IEEE 39-bus system.

118-bus and 300-bus systems are shown in Table 8.

Cases M1-M4 considering multiple wind farms in GZ system shown
in Table 9 are also studied and the test results are displayed in Tables 10
and 11.

It can be observed from the above results that the proposed method
is able to achieve comparable accuracy with the MC method but much
less computing cost for large-scale systems with varying CC and number
of wind farms.

4.2. Comparison with other methods

Some methods have been used for probabilistic transient stability
assessment of power systems, i.e., the methods in [25] and [30]. The
method from [30] is able to obtain TSP with high accuracy when the
wind farms are without correlations in Case C1, see Figs. 8 and 9 for
example. However, correlations usually exist among wind farms.
Taking IEEE 39-bus system as an example, the average differences of
TSP obtained by MC between Cases C1, C3 and Case C5 are 11.362%
and 9.039%, respectively; the maximum differences are 36.634% and
27.465%, respectively. While for the GZ system, the average differences
between Case C1 and Case C3, Case C5 are 28.65% and 32.13%, and the
maximum differences are 49.01% and 67.97%, respectively. The com-
parison results of [30], the proposed method and MC in Case C3 and C5
on GZ power system are shown in Figs. 10 and 11. These results confirm
that the proposed method can get much more accurate results than the
method in [30] in the presence of wind power correlations.

By contrast, although the method in [25] is able to take into account
the wind farm correlations, it has much higher computational burden
than our proposed method. This can be demonstrated by the results
shown in Tables 12 and 13, where the computing times of the proposed
method and [25] by parallel computing for three different faults on two
systems are tabulated.

4.3. Proposed TSP index vs deterministic stability margin

To provide more insights of the results, taking the case in Section
4.1.1 as an example, for the 1st, 12th, 27th, and 31st faults in Case C2,
the operating points and the boundaries of PDSR in the space organized

0.8

o M cthod in the Ref.[30]
0.7+ [JProposed method
’ CIMonte Carlo
0.6F 4
0.5+ 4
E 0.4t 4
0.3t 4
0.2+ 4
oaf I l i
0

ST line FS line
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The number of the fault line

Fig. 9. Comparison among method in the Ref. [30], the proposed method and
MC in Case C1 on GZ power system.
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Fig. 10. Comparison among method in the Ref. [30], proposed method and MC

in Case C3 on GZ power system.
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Fig. 11. Comparison among method in the Ref. [30], the proposed method and

MC in Case C5 on GZ power system.

Table 12

Comparisons between the proposed method and [25] on IEEE 39-bus system.

Fault line Proposed method Method in [25]
1-2 1.47s 92.45s
6-11 1.82s 91.36s
10-11 1.62s 92.97s
Table 13

Comparisons between the proposed method and [25] on GZ power system.

Fault line Proposed method Method in [25]
ST line 2.55s 173.65s
TS line 2.37s 172.49s
FS line 2.46s 176.35s
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Fig. 12. PDSR boundary and the sampling point under the 1st fault in Case C2.

by the generators 33 and 34 are shown in Figs. 12-15, respectively, in
which the gray and white represent the inside and outside of the
boundary of PDSR, respectively. Note that the current operating point is

The active power of generator 34(10°MW)
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Fig. 16. PDSR boundary and the sampling points considering the 40% standard
deviation of wind power under the 31st fault in Case C2.

Table 14
Cases P1-P6 Settings of Different Penetration Levels on IEEE 39-bus System.

Penetration level of
wind power

Cases Capacity of wind farm
at the node 33 (MW)

Capacity of wind farm
at the node 34 (MW)

Case P1  343.3 275.9 10%

Case P2  686.6 551.9 20%

Case P3 1029.9 827.7 30%

Case P4 1373.2 1103.6 40%

Case P5 1716.5 1379.5 50%

Case P6  2059.8 1655.4 60%
Table 15

Cases L1-L3 settings of different penetration levels on GZ power system.

Cases Capacity of wind farm at the node  Capacity of wind farm at the node
GPTgl (MW) SLg4 (MW)
Case L1 230 130
Case L2 460 260
Case L3 690 390
120 : . :
) @re,
2100|377 cs 1
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8
s
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g
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The penetration level

Fig. 17. Values of ADPc5, ADPc3, ADPc4, and ADPcs for Cases P1-P6.

represented as the red point. Considering the uncertainties of nodal
injection power, the possible operating area is described by a number of
points corresponding to different combinations of nodal injection
power. In the operating area, the degree of the shadow color represents
the density of the points.

For the current operating point, whether the system is transient
stable or not can be evaluated by judging whether the operating point is
inside the boundary of PDSR. As shown in Figs. 12-15, the system is
transient stable, unstable, unstable and stable respectively if the un-
certainties of the nodal injection power are neglected. By taking that

Electrical Power and Energy Systems 117 (2020) 105649

60 Fora : ‘ —
|:|A.DPCS 4
D‘/‘D Pea
DADPC 5 i

i i

1
Case L2 Case L3
The Case

Fig. 18. Values of ADP¢,, ADPc3, ADPcy4, and ADPcs for Cases L1-L3.

w
=]

S
)

%)
=]
T
I

The average difference percentage
—_ w
C‘ (=)

— =1

Case L1

<

— NN O~ 00

Case P1
Case P2
Case P3
Case P4
Case P5
Case P6

10
11
12
13

34

fani Kag i S e =R al- =)}
Case P1
Casc P2
Case P3
Case P4
Case P5
Case P6

24

5
26
27

— NN TN O~ 0

Casc P1
Case P2
Case P3 0.5
Case P4 | | .

Case P5
Case P6

Case P1 [T 1
Case P2 [ ]
Case P3 0.5
Case P4| |
Case P5
Case P6

— NN SN oS0
Case P1 [ I
Casc P2 |
Case P3
Casc P4
Casc P5
Casc P6

(e) CC=-0.8

Fig. 19. TSP corresponding to each fault line in Cases P1-P6 with different CCs.

ST line TS line FS line
Casc L1 Case L2Casc L3Case L1 Case L2 Case L3Casc L1 Case L2 Case L3 .

CC=0

0.8
CC=0.5

0.6
CC=0.8

04
CC=-0.5

0.2
CC=-0.8

0

Fig. 20. TSP corresponding to each fault line for Cases L1-L3 with different CCs.

into account, TSP reflects the number of possible operating points in-
side the boundary. The larger TSP is, more stable the system is. From
Figs. 12 and 14, the system is transient stable under the 1st fault and
transient unstable under the 27th fault no matter the nodal injection
powers change and the TSP are 1 and 0, respectively.
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Table 16
Critical lines in cases P1-P6 with different CCs.
Case cc=0 cc=0.5 cc=0.8 cc=-0.5 cc=-0.8
P1 27, 34 27, 34 27, 34 27, 34 27, 34
P2 27, 34 27, 34 27, 34 27, 34 27, 34
P3 27, 34 27, 34 27, 34 27, 34 27, 34
P4 21, 23,27, 21, 23,27, 21, 23, 27, 21, 23, 27, 21, 23, 27,
32, 34 32, 34 32,34 32, 34 32,34
P5 21, 23,27, 21, 23,27, 21, 23, 27, 21, 23, 27, 21, 23, 27,
32, 34 32, 34 32, 34 32, 34 32, 34
P6 21, 23,27, 21, 23,27, 21, 23, 27, 21, 23, 27, 21, 23, 27,
32,33,34 32,33,34 32, 33, 34 32, 33, 34 32, 33, 34
Table 17

Most sensitive line to the CC.

Case P1 Case P2 CaseP3 CaseP4 CaseP5 CaseP6
The number of fault 12 12 12 12 12 12
line
Table 18

Most sensitive line to renewable energy penetration level.

cc=0 cc=0.5 cc=0.8 cc =-0.5 cc=-0.8

The number of fault line 23 23 23 23 23

It is interesting that for the results shown in Figs. 13 and 15, some
operating points are inside the boundary while the others are outside.
Specifically, the TSP value corresponding to the 31st fault is larger.
From these results, it can be found that if the deterministic stability
margin-based assessment is used only, the potential risk of losing
system stability caused by wind farm injection uncertainties cannot be
revealed.

Furthermore, the standard deviation of wind power for the 31st line
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in Case C2 is increased by 20-40% (see Fig. 16). Comparing the result
in Fig. 16 with Fig. 15, the distance of the nominal operating point to
the boundary of PDSR, i.e., stability margins, are the same. But the TSP
changes from 0.806 to 0.65, a reduction of 19.355%, indicating that the
system has a higher probability of being unstable. This shows that the
proposed TSP index can assist in revealing the impact of uncertainty on
system stability assessment while the traditional stability margin-based
approach may fail to do so.

4.4. Influences of CC and level of wind energy penetrations

IEEE 39-bus and GZ systems are used to study the influences of CC
and the level of wind energy penetrations on the results. Two wind
farms with different capacities are installed in nodes 33 and 34 on the
IEEE 39-bus system and GPTg1 and SLg4 on GZ power system, as shown
in Table 14 and Table 15, respectively. Other parameters are the same
as Section 4.1.1.

Two indexes, namely the difference percentage (DP) and the
average difference percentage (ADP), are introduced to provide more
insightful information:

TSP — TSP
DP" = ‘linref X 100%
TS ref (28)
1 N
ADP, = — Y DP!
N3 (29)

where n =1, 2, -, N; N is the number of the fault; i represents the
number of the case; TSPn i and TSPn ref are the TSP of fault n under case
i and the reference case, respectively.

Case C1 with CC = 0 is taken as the reference and the calculated
ADPc; s for different penetration levels of wind power on two different
systems are shown in Figs. 17 and 18, respectively. It can be found that
the CC has a larger impact on the transient stability results with a
higher penetration level of renewable energy. For example, ADPc3 and
ADPc5 with the penetration level 60% is 100 times and 26 times larger
than that of the ADPc3; and ADPcs with the penetration level 10% on
IEEE 39-bus system. ADPc3 and ADPcs in Case L3 are 42 and 34 times
larger than that of the ADPc3 and ADPcs in Case L1 on GZ system.

On the other hand, Figs. 19 and 20 show the impacts of the pene-
tration level of wind power given certain CC. The degree of the shadow
color represents the value of TSP. It is observed that for most fault lines,
the higher penetration level of wind power is, the smaller TSP is. To
provide more details, the values of ADPp, pe (reference case is P1) and
ADPy 5 13 (reference case is L1) with five different CCs are shown in
Figs. 21 and 22. It is clear that given the CC, the higher penetration
level of wind power is, the bigger the ADP is. Furthermore, the differ-
ence between any two ADP remains almost the same as the change of
CC.
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Table 19
Selected lines with higher DP than the criteria.

Electrical Power and Energy Systems 117 (2020) 105649

The criterion of DPC3 is 10%

The criterion of DPP6 is 50%

The chosen fault lines

4,10, 12, 16, 20, 24, 25, 26, 29, 30, 31

3, 4, 6, 20, 21, 22, 23, 24, 25, 26, 29, 30, 31, 32, 33

4.5. Identification of critical lines

From the above analysis, we conclude that the impacts of the pe-
netration level of wind power and CC vary for different fault lines. This
allows us to leverage TSP and DP for the identification of critical lines.
Taking the cases in Section 4.1.1 for example, the critical lines that have
small TSP values, are listed in Table 16. Furthermore, if the penetration
level of wind power is given, the line with the highest DP reveals that it
is most sensitive to the CC. By contrast, if the CC is given, the line with
the highest DP reveals that it is most sensitive to the penetration level.
These results are demonstrated in Table 17 and Table 18, respectively.
In particular, the most sensitive lines are the 12th line and the 23rd
line, respectively.

On the other hand, depending on the intentions/control purpose of
the operator, the sensitive lines can be determined by setting a different
criterion for DP. For example, the DP¢3 with the penetration level being
60%, DPpg with the CC being 0.5 for all lines are listed in Fig. 23. If the
criteria for DP¢3 and DPpg are set as 10% (dotted line) and 50% (solid
line), respectively, the lines that have higher DP than the criteria can be
chosen as shown in Table 19, where the 4th, 20th, 24th, 25th, 26th,
29th, 30th, and 31st lines belong to both groups.

5. Conclusion and future work

In this paper, a probabilistic transient stability assessment method is
proposed considering wind farm uncertainties and correlations. It
contains two key steps, namely the derivation of the analytical ex-
pression of probabilistic transient stability assessment index based on
dynamic security region and the inverse Nataf transformation based
three-point estimation and Cornish-Fisher expansion to deal with the
uncertainties as well as the correlations among different wind farms.
New indices for the identification of critical lines have also been de-
veloped. Extensive simulation results carried out on the IEEE test sys-
tems and practical GZ system in China show that the computational
efficiency of the proposed method is much higher than the Monte Carlo-
based method and other methods without the loss of accuracy. In ad-
dition, it is found that the CC and the penetration level of wind farms
have great impacts on the transient stability of the system. In particular,
the higher the penetration level of wind is, the higher probability of
transient unstable the system is. Furthermore, the change of CC can
significantly influence the TSP under higher penetration level.

The estimated region is dependent on the types of faults and hy-
perplane coefficients of PDSR are different in different fault cases.
However, for a given fault, the dynamic security region is unique and
does not vary with operation states. The fault type has been assumed to
be known in this paper. This is reasonable as the DSA typically con-
siders the most probable and high-consequence faults according to
operational experiences. Future work will be on extending the devel-
oped method to deal with the situation when faults are not entirely
known while considering wind power uncertainties and correlations.
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