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ABSTRACT

With the diversification of power systems and the application of power electronic technology, the uncertainty of power systems is becoming more and more serious,
and the traditional deterministic transient stability analysis methods encounter severe challenges. In this paper, a practical method is proposed for transient stability
analysis of stochastic multi-machine systems based on EEAC. Firstly, the stochastic differential equation model of multi-machine systems is established. Secondly, the
stochastic multi-machine system is equivalent to a stochastic single-machine infinite bus system according to coherency. Finally, the acceleration and deceleration
area is constructed, and Heun’s method is used to seek the critical clearing time of the system. The method is applied to analyse transient stability of four machine
system. Compared with the numerical simulation based on Monte Carlo method, the simplicity and effectiveness of the method are verified. The impact of stochastic

disturbance intensity on stability is also presented.

1. Introduction

Power systems stability is influenced by the characteristics of each
main component in the system [1-4]. Traditional power systems exist
stochastic disturbance such as load fluctuation, mechanical power sto-
chastic torsional oscillation and measurement noise. With the con-
tinuous expansion of the scale of the power grid, the access to renew-
able energy, the application of power electronic devices and the
popularity of electric vehicles, the stochasticity of power systems
cannot be ignored [5-7]. Therefore, the traditional deterministic tran-
sient stability analysis method is facing severe challenges, and the
power system stochastic model and the stability analysis method con-
sidering stochastic factors have attracted wide attention [7,8].

The stochasticity in the dynamic equations of power system is
mainly expressed in 3 aspects [9,10]:

(a) The stochasticity of the initial value, caused by the uncertainty of
equilibrium points of power systems.

(b) The stochasticity of the parameters and coefficients of the state
equation is caused by the variation of the operating state and the
internal structure.

(c) Stochastic external excitation, such as conventional load fluctua-
tion, renewable energy generation fluctuation, and charging load
fluctuation of electric vehicles.

The parameter and the initial value is constant for a dynamic pro-
cess, and the solution of these two types is the Probabilistic differential
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equation model, assuming the initial value and the parameters or
coefficients obey a certain probability distribution, the probability of
system stability or the envelope of the corresponding trajectory is ob-
tained. And stochastic external excitation is characterized by rapid
change, and in the dynamic process it is considered to be a time vari-
able. It needs to introduce stochastic differential equation theory for
modelling and analysis [11]. In this paper, the impact of stochastic
external excitation on power systems is studied.

Time-domain simulation and direct methods are used to analyse
power system transient stability [12,13]. The direct methods mainly
includes the EEAC methods and the energy function methods. EEAC as a
practical transient stability criterion was first proposed in [14]. These
deterministic methods need to be modified in order to apply to the
analysis of power systems with stochastic disturbances. And EEAC is
constantly being improved and studied [15-17]. In the past decade,
numerical integration methods have significant development to simu-
late stochastic differential equations [18]. And a method using transient
energy function for stochastic power systems is proposed in [19]. The
first idea to use EEAC to analyse the probabilistic stability is proposed
in [20], and a probability approach to discuss the probabilistic aspects
of transient stability evaluation of power systems combined EEAC and
probability density function (PDF) is proposed in [21], where the sto-
chastic disturbance is a constant value instead of a time variable in the
transient process, and the stochastic differential equation theory is not
introduced into the power system research to frame stochastic form of
EEAC. An analysis of the evolution of the PDF of dynamic trajectories of
a single infinite bus power system is proposed in [22], where the time
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varying stability probability is decided by the PDF of state variables. In
the transient analysis of actual systems. It is necessary to calculate the
stability probability and the critical clearing time more quickly and
accurately. In this paper, the theory of EEAC and the stochastic dif-
ferential equation theory will be merged and modified to present a
practical approach to study the transient stability.

2. Stochastic power system model and numerical method
2.1. Ito stochastic differential equation model of power systems

In the dynamic process of power systems, the stochastic external
excitation is mainly divided into the following categories:

(a) Mechanical power fluctuations;
(b) Renewable energy output fluctuations;
(¢) Load fluctuations.

These fluctuations can cause fluctuations in the voltage, current and
power angle, and interfere with the stability of the power system.
Suppose we write the disturbance vector as W (t). The state variable of
the power system is X, the state equation matrix with random excita-
tion can be written as:

X=A0CX)+S0XO)WQ®) )

where A (t, X) is the deterministic state derivative function, and ¢ (¢, X)
is the disturbance function matrix, and W (t) € W (¢t) is generally as-
sumed that it has the following properties:

(a) W (t) is independent of each other at any two different time points;
(b) {W (1)} is stable, and its joint distribution is independent of ¢;
() E[W(®)] = 0.

In order to meet the above requirements, W (t) can be regarded as a
generalized stochastic process, that is, the white noise process. In this
section, suppose the stochastic disturbance source is the load fluctua-
tion of the power system, and the load fluctuation is generally con-
sidered to be a normal distribution [21]. Suppose W (¢)N(0, o), when
o =1, that is W(t) ~ VIN(0, 1). So W(t) is a standard Gauss white
noise process. Discrete form of one dimensional diffusion of (1):

Xis1 — Xie = Ali, Xi) At + ¢ (b, Xi) Wi Aty 2

where X; =X(t), Wi = W (), Aty = tiy1 — t. Replace WiAf with

AB; = Bj;1 — Bj, and it is easy to get that B(t) has a stable independent

increment of mean zero. It is only Brownian motion that both meets the

above properties and has a continuous path. B(t) follows the Brownian

movement, the project is also known as the Wiener process.
According to (2), the expression of state vector is:

k-1 k-1

X =Xo+ Y, At XDAL + ) ¢ (¢, X)AB
=0 =0 3
when At; — 0, the continuous form of (3) is:
t t
X =Xo+ [ Al X)ds + [ ¢(s, X)dB, @

Which is also the integral form of the stochastic differential equa-
tion of power systems. State vector can be regarded as a diffusion
process in (4), where A is the drift coefficient, ¢ is the diffusion coef-
ficient. When step size At = 0.1ms, The path of one dimensional stan-
dard Gauss process and one dimensional standard Brownian motion is
shown in Fig. 1.

Ito and Riemann have different rules of differentiation. Suppose X is

an Ito process as follows:
dX = udt + vdB(t) 5)

If g(t, x) € C2([0, ) X R), Y =g(t, X) is a ITo process, which is
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satisfied to:

dg og 19%
dYy = =(t, X)dt + =(t, X)dX + =—=(t, X)-(dX)?

6t( ) 6x( ) 2ax2( >dx) (6)
where (dX)? = (dX)-(dX) is computed according to the rules:
dt-dt = dt-dB(t) = dB(t)-dt = 0, dB(t)-dB(t) = dt 7)

2.2. Numerical methods of ITo stochastic differential equation

Ito stochastic differential equations are the same as ordinary dif-
ferential equations, only partial equations can be solved analytically,
and the other part can only be solved by numerical methods. And the
specific results of the analytical solution of the stochastic differential
equation still need to be solved by numerical methods [23]. The main
difference of numerical methods of the stochastic differential equation
compared with the numerical methods of ordinary differential equa-
tions is that the special properties of the Wiener process and the sto-
chastic integral must be considered.

At present, the numerical integration method is commonly used:
Euler-Maruyama (EM) method, Milstein method, Huen’s method, and
Runge-Kutta method [18]. EM method is the simplest numerical
method, but it has lower convergence order. Huen’s method is based on
the trapezoidal formula, which improves the convergence order by first
predicting the post correction. For the diffusion process of (1), the
numerical iterative scheme of the Huen’s method is:

(a) First prediction:

Xii1 = Xi+AX)AL + { (X)AB; ®)
(b) Correction to get the iteration value:
X = X + AX) +2A(Xi+1)At " {(X) +2§(Xi+1)ABi ©

where A(X;) = A(t:X), ¢ (X)) = ¢ (6,X), AXi41) and ¢ (X4 is pre-
dictive value, Taking white Guassian noise as an example, AB; is the
Brownian movement increment, that is AB; ~ VAtN(0, 1). Huen’s
method is also applicable to the simulation under other white non-
Gauss noise (such as Poisson white noise), but it needs to pay attention
to the difference among different types of white noise in the Monte
Carlo simulation.

3. The equivalence method of stochastic power systems
3.1. Stochastic model of multi machine system

Rotor equation is an effective tool of power system transient stabi-
lity research. In this paper, the transient stability is considered only if
the first swing is unstable, where the effect of the damping is neglected.
Suppose that the transient potential E’; remains constant during the
transient process. In the case of stochastic disturbance, the rotor motion
equation of the first i generator is:

d?s;
s Pui— R 10)
The electromagnetic power of the first i generator is:
n
Ié,,- = E/iZGii + E/i E E'jYijsin(5i - 5] - otl-j)
i=1j#i 1n

The performance of external stochastic excitations is a stochastic
power disturbance on the rotor motion equation. The rotor equations of
the first i generator with stochastic disturbance are considered:

25,
Mdé]

az i

Ri+ R, 12)
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Fig. 1. Standard Gauss white noise and Corresponding path of Brownian motion.

where E.; is stochastic power fluctuation of the first i generating set
caused by the external stochastic excitations. Load fluctuation is chosen
as the source of stochastic disturbance, and the load fluctuation is
generally regarded as a Gauss process [24]. Let P, ; = {;W (¢). According
to the operation data of power system, selecting the appropriate sample
and the sufficient sample quantity, the complete probability space can
be established by analysing the law of stochastic power fluctuation, and
the stochastic disturbance intensity ¢; can be obtained by the similarity
principle [25]. The rotor equations can be written as:

d?s;

M —

i =Py;i—R; + W ()

a3

In this paper, we consider only the impact of white Guassian noise
which is normal distribution, but other distributions can be in-
corporated. For instance, wind generation is often suggested to be a
Weibull distribution [26], whereas Plug-in electric vehicles have been
supposed to be Poisson distribution [5].

For the stochastic disturbance of white Poisson noise type, the ex-
pression is:

N(t)
C= ), R6(—T)

i=1

(14)

where N (t) is the Poisson counting process, the number of pulses ar-
riving in [0, t], and the average arrival rate 1 > 0, {R;, i > 1} are ex-
pressed as the pulse amplitude that obeys a certain probability dis-
tribution. The numerical simulation method is shown in the literature
[24], and R; is taken as the normal distribution. The rotor motion
equation is changed into:

&
di?

Pyi—R; + §C®) (15)

3.2. Equivalent method of stochastic multi machine systems

Because of the direct application of Monte Carlo method have some
limitations on dimension and computation time, it is very important to
study the new method to analyse transient stability. Inspired by the
practical stability criterion EEAC of the deterministic system, the sto-
chastic multi-machine system is simplified and the equivalence is car-
ried out. When a fault occurs or a fault is clear, according to Coherence
and the results of large step integration the generators can be divided
into group S and group a. Assume that damping is ignored, the
equivalent value can be obtained by the following method:

Assuming that the stochastic disturbances are independent of each
other, the equations of motion of each generator set in group S can be

169

added together:

d2

— Z M6 = z (Pvi — Rp) + z 240

de? = ies Pl (16)
Because the linear combination of multiple independent Gauss

processes is still a Gauss process, so let (W (t) = ZieS{iW(t), (16)

could be transformed to:

d?5s
MSF = Pys — Bs+ {W () a7
where

> Mi5;
Ms = z M;, 6 = 16571\:11, Pus = z Puis Bos = z F.i
ies Eies i ies ies
In the same way, the equivalent rotor motion equation of group a:
d?s,
a a2 =PM,a_Pe,a+§aW(t) (18)

(17) and (18) can be regarded as a two machine system, {;W (¢) and
{, W(t) are equivalent stochastic disturbance of equivalent units of
s _ dPs  d%,

corresponding groups. Let & = §; — §,, that is e a7
minus (18), we have
d% ,
E-M“Pe"'gw(t) 19)
where
_ MSMa
Ms + M,
M, M
Py=—"%Pys— ———Pyq
Ms + M, Ms + M,
o = My Bs— My Ba
Mg+ M, ~ Ms+ M, ~
And the equivalence of random disturbance intensity:
M, Mg
W)= —L 3 eW) — ——— > LW (1)
Ms + M, i Ms + M, i (20)

At this point, based on the EEAC equivalence principle, the
equivalent method of stochastic disturbance is derived. (W (¢) is
equivalent stochastic disturbance of the equivalent single-machine in-
finite system (SMIB) system, ¢ is equivalent stochastic disturbance in-
tensity, it follows the algorithm of stochastic variables. Because of
P’, = By, + Bpaxsin(é — v), which contains the invariant part, it is se-
parated into the equivalent mechanical power, we can get the equation:
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Fig. 2. The diagram of a SMIB system.
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ME:PM—PQ+{WO) 1)

The specific process of equivalence is shown in EEAC part of the
appendix. The equivalent method is still applicable to the other additive
white noise, such as Poisson white noise, and it is worth noting that
different types of white noise are different when calculating (20).

4. Modified EEAC

Stochastic complex systems can be equivalent to a stochastic SMIB
system by the method of the previous section, and the transient stability
of the equivalent SMIB system can be studied by Equal-Area Criteria
[27]. Due to the time-varying stochastic disturbance, the UEP of the
system cannot be directly determined, that is, the maximum decelera-
tion area can not be calculated by the deterministic method. The re-
search object in this section is a SMIB system. The structure is shown in
Fig. 2. The detailed parameters are shown in the article [28]. Load
fluctuation is also a stochastic disturbance source, damping neglected,
considering whether the first swing is unstable.

Considering one dimensional stochastic disturbance, the two order
model of the generator in the transient process:

d

P By — By + W (1)

B 22)
where i = 1, 2, 3 respectively indicate pre-fault, during the fault and
after fault clearance. Assuming that the system is in steady state at pre-
fault, the accelerating area under stochastic disturbance can be calcu-
lated by stochastic differential formula. According to (5)-(7), the ac-
celerating area can be written:

S, = M(j;:c wdew + %jg‘: (dw)?)

(23)

The acceleration area can also be written as follows:

_ te . te 1 5 te
S, = fm (B, — P,sin6)wds + gfto wdB(0) + ¢ fm dt 24

Similarly, deceleration area can be written as the following form:

si=f " (Bsysind — Bywdt — ¢ [ " wdB () — ﬁgz t:“ dt 25)

As mentioned above, a formula for calculating the acceleration and
deceleration area with It0 integral is proposed. When ¢, corresponds to
the return point, S; is the deceleration area. When ¢, corresponds to the
nearest unstable equilibrium point, S; is the maximum deceleration
area. When the system is stable or critical stable, the acceleration area
of the system is equal to the deceleration area and smaller than the
maximum deceleration area. The latter two terms of (24) and (25) re-
flect the difference between Ito integral and Riemann integral. Sto-
chastic disturbance caused unpredictable area fluctuation, so the ana-
lytical method cannot solve the acceleration and deceleration area. The
above deduction is aimed at the stochastic disturbance of Gauss white
noise type. If the stochastic disturbance is Poisson white noise or other
types of white noise, we need to derive the corresponding stochastic
differential rule. Huen’s method has good numerical stability and strong
convergence for solving stochastic differential equations, so it can be
solved by the Huen’s method to solve the acceleration and deceleration
area.

Electrical Power and Energy Systems 107 (2019) 167-176
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Fig. 3. The curves of Acceleration and deceleration area when ¢ is 0.001 (1
run).

This paper presents a modified EEAC method for the transient sta-
bility analysis of stochastic multi machine systems:

1) According to the complex system operation parameters and fault
conditions, all generators are divided into two coherent groups in
different periods, and take simplification and equivalence on sys-
tems respectively, Then parameters of the equivalent SMIB system
are obtained, so acceleration area S, and deceleration area S; are
able to be calculated;

If the range of CCTs is known, as shown in Fig. 3, t, € [0.06, 0.12],

and the step size is dt. From the time of resection, use (18)—(19) and

Huen’s method to obtain the corresponding trajectory of the accel-

eration and deceleration area;

3) If areas are equal, set the clearing time for ¢, + dt. Loop until the
first time when S, — S; > 0 (i.e., the corresponding separation point
of the acceleration and deceleration area in Fig. 3). And the corre-
sponding clearing time is the CCT on this stochastic process.

2)

The accuracy of CCTs is decided by the step size of the clearing time.
When the stochastic disturbance intensity is 0.001, the acceleration
area and deceleration area changes as shown in Fig. 3. The corre-
sponding clearing time is the CCT on this stochastic process.

As shown in Fig. 4, due to the existence of stochastic disturbance,
the acceleration area and deceleration area have a fluctuation, the se-
paration points under 10 runs have also been a big wave. This shows
that the CCTs of power systems is not a fixed value in the case of sto-
chastic disturbance.

5. Case study

The system of four machines two areas is used for case study, as
shown in Fig. 5, and specific parameters are shown in appendix [28].
Fault is set in one line of double line on bus 6 to bus 7 which is near to
bus 7, the fault type is three-phase short circuit.

Under this fault, group S contains no. 1, 2 machines, other machines
are in group a. Fault clearing time is set to be 0.195s, and the relative
angle curve of G1 and G3 without stochastic disturbance is calculated,
as thick lines shown in Fig. 6, indicating that the system is stable. In the
case of stochastic disturbance, the angle curves after the 100 runs are
shown in Fig. 6. It can be seen that under some stochastic processes, the
system is stable, but in other cases it is unstable. This phenomenon
indicates that the stability of the system is no longer a single stable and
unstable state in the case of stochastic disturbance, and it needs to be
described by the stability probability. Under different stochastic paths,
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Fig. 4. The results of ¢, (10 runs).

the critical clearing time is also different. After 1000 runs, the CCTs are
counted, and the frequency distribution diagram is shown in Fig. 7.
Therefore, the stochastic disturbance has an impact on transient stabi-
lity. The impact need to be quantified.

In order to verify the effectiveness of the method proposed in this
paper, the numerical simulation based on Monte Carlo method is
compared with modified EEAC. The results obtained by using the MC
method are shown in Fig. 8. The results of the two methods are shown
in Table 1. It can be seen that the mean value, standard deviation,
maximum value and minimum value of the statistics are consistent
within the error range, which verifies the correctness and effectiveness
of the proposed method.

Two methods are conducted in .m file of Matlab R2012a, where the
CPU is Intel Core i5, the memory is 8 G, and the operating system is
Windows 10. The contrast of cputime shows the advantage of the
proposed method in terms of algorithm efficiency. And this advantage
will become more evident when the system continues to expand.

The stochastic disturbance intensity are set to different times of the
initial value to study its impact on stability using modified EEAC. By
1000 runs, the maximum and minimum variation is shown in Fig. 9
under different stochastic disturbance intensity. It can be seen that,
with the increase of the intensity, the uncertainty of CCTs is also in-
creased. The statistics of CCTs are shown in Table 2. As shown in
Fig. 10, the standard deviation becomes larger with the increase of the

Gl : 3 20km 71 10km
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Fig. 6. The relative rotor angle curves of G1 and G3 with and without stochastic
disturbance (100 runs).
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Fig. 7. Frequency distribution histogram of f., based on results of modified
EEAC.

stochastic disturbance intensity. And according to the phenomenon of
this approximate linear growth trend, the standard deviation CCTs
could be estimated under a certain stochastic disturbance intensity.
According to the law of large number of Bernoulli, the probability
density distribution can be approximated by the frequency distribution.

110km ? 20km10 1 3 G3

QK
]
|

Fig. 5. The diagram of the case system.
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Fig. 8. Frequency distribution histogram of t,. based on results of Monte Carlo
method.

Table 1
The statistics comparison of .

Method MC simulation Modified EEAC Error (%)
Mean value (s) 0.194 0.195 0.57
Standard deviation (ms) 1.711 1.649 3.06
Maximum (s) 0.199 0.199 /
Minimum (s) 0.188 0.188 /
Cputime (s) 616.7656 18.6125 /
0.205 T T T T T T T T

O 02F - R
5 PR Ly
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5 01851 b
O
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0. 1 8 1 1 1 1 1 1 1 1
0.2 0.4 06 0.8 1 1.2 1.4 1.6 1.8 2

Times of stochastic disturbance intensity

Fig. 9. Maximum and minimum variation of ¢, under different stochastic dis-
turbance intensity.

Table 2
The statistics comparison of t,, under different random excitation intensities.

Times of initial Mean Standard maximum (s) minimum (s)
intensity value (s) deviation (ms)

0.25 0.195 0.480 0.196 0.194

0.5 0.195 0.876 0.198 0.192

1 0.195 1.649 0.199 0.188

1.5 0.195 2.513 0.202 0.186

2 0.194 3.436 0.204 0.183

Electrical Power and Energy Systems 107 (2019) 167-176
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Fig. 10. Standard deviation change of ¢, under different stochastic disturbance
intensities.
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Fig. 11. Probability of instability under different t, and different stochastic
disturbance intensities.
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turbance intensities.
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Fig. 13. Frequency distribution histogram of ¢, under different types of white noise.

Applied probability fitting, the relationship between different stochastic
disturbance and stability probability is obtained. As shown in
Figs. 11,12, the earlier the fault is removed, the greater the probability
of stability. According to the results of the deterministic method,
t = 0. 195s, and taking into account the error of action, generally set
action time of circuit breakers to be 0.190s in the project. Under the
0.5, 1 times of the initial intensity, the probability of transient in-
stability is about 0%, but the probability is 1.23% under 1.5 times of the
initial intensity, and the probability of instability is 4.97% under 2
times of the initial intensity. The greater the stochastic disturbance
intensity, the larger the standard deviation. In order to meet the re-
quirements of stability, the action time should be in advance.

Let A = 0.1,1,10, Using the proposed method, CCTs of the system
with white Poisson noise are calculated and compared with the white
Guassian noise. As shown in Fig. 13 and Table 3, with the increase of
Poisson counting strength A, the result is closer to the intensity of white
Guassian noise. This is consistent with the result that when the white
Poisson noise counts tend to infinity, its limit is the result of white
Guassian noise. With the emerging electric vehicle load, intermittent
renewable energy and various power electronic devices connected to
the power system, Stochasticity of power system is increasing, study the
impact of stochastic disturbance on the transient stability of power
system especially the relay protection action time setting is necessary.

Table 3
The statistics comparison of ¢, under different types of white noise.

Types Mean value Standard deviation maximum (s) minimum (s)
() (ms)

A=0.1 0.195 1.405 0.200 0.190

A=1 0.195 1.611 0.198 0.190

A =10 0.195 1.725 0.199 0.189

Guassian  0.195 1.681 0.204 0.189

6. Conclusion

Stochasticity has become an important factor in the stability ana-
lysis of power system. In this paper, based on the EEAC theory and the
stochastic differential equation model of the power system, a modified
EEAC is established to study the transient stability of the stochastic
power system. The modified EEAC was applied to calculate the CCTs of
the 4 machine system. Compared with the numerical simulation based
on Monte Carlo method, the validity of the method is verified. Finally,
the impact of different stochastic disturbance intensity on stability is
discussed. The proposed method is based on EEAC, stochastic differ-
ential equation theory and Monte Carlo method, which can simplifies
the system model and reduce computation without losing accuracy.
Although this method have advantages of rapidity and simplicity, if the
rotors swing curves of the multi-machine system show a poor two-group
characteristics, the accuracy of this method will deteriorate, which is
same as traditional EEAC. The focus of further research is:

1) Establish the transient stability margin assessment system of the
stochastic complex multi machine system, and to study and analyse
the measures to improve the transient stability of stochastic power
systems based on the stochastic control theory.

2) Stochastic disturbance intensity has a great influence on the accu-
racy of power system modelling, but there is few research published
on how to measure the intensity accurately.

3) The proposed method is still a Monte Carlo based method. The
analytical method of stochastic transient stability which is in-
dependent of Monte Carlo method remains to be studied.
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Appendix

EEAC part:

Ri(t) = Ei(t) Z Ei (£)(Gy cos 8y (1) + By sin Gy (1))
keS,a

The inner node potential of generator keeps unchanged during transient process, so:

Ei(t) = E;Ec(t) = E

let
§=8—-16 vVies
§=0—10d Vjiea
§=5-%

We have

Ri(t) = Ei(t) ¥y es Bx(O)(Giccos & (1) + By singy (1))
+ E;(t) Zjea E;(t)((Gjicos §ij (t) + Bysin 'fij (t)) cos&(t) + (B cos §ij (t) — Gysin §lj (t)) sind (1))
vVies
Pyi(6) = E(t) Xe, Bi()(Gyeos &, (1) + Bysin g (1))
+ E;(t) Zies E;(t)((Gjicos Eﬁ(t) + Bjsin é’ﬁ (t)) cosd(t) — (Bjicos §ﬁ(t) — Gjsin §’ﬁ(t)) sin&(t))
Vj€a
Due to the homology of each generator in the group, the power angle difference of each generator in each group is kept constant during the whole

dynamic process, so the offset angle of the part of the inertial center power angle of the disturbed trajectory is constant. The upper form can also be
written as:

P;(t) = H; + Cicosd(t) + D;sind(t)

Hy = Ei() Yes Ee()(Giecos & (1) + Bysingy (1))
C = Ei([) Ean E}(t)(GU Ccos gu(t) + Blj sin glj([))
D; = E;(t) Zjea E(0)(Bycos§; (1) — Gysin (1))

vVies
P;(t) = H; + Cjcosd(t) + D;sind ()

H = E(t) 3, E()(Gyeos (1) + Bysing, (1))

G = Ei(t) X5 E(O)(Gjicos §; (1) + Bysing; (1))

Dj = Ej(t) Zies Ei(t)(Gji Sil’lgﬁ(t) - Bji cosgﬁ(t))

Vj€a
The electromagnetic power of the two machine system:

Bs= Y Bi=Hs+ Cscosd + Dgsind
ies

Po= Y Bj=Hy + C,c088 + Dysind

Jj€a
where
Hs= ) H;

ies
CS = 2 CL'

ies
DS = Z Di

ies
Hy= ) H

Jj€a
Ca= )G

Jj€a
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D, =), D
Jj€a
Then the two machine system is transformed into SMIB system by using the formula. The electromagnetic power of the equivalent SMIB system
can be expressed as

P’', = P. + By sin(é — v)

where
P = MaHS - MSHa
¢ Ms + M,
Prax = NC? + D?
C
v =tan"}{(—=
( D)

C = MaCS - MSCa

Mg + M,
D= MaDS _ MSDa

Ms + M,

The mechanical power of the equivalent SMIB system can be expressed as
P = MqPys — MsPy,q
oy = M8 TSTMa

Mg + M,

Under the assumption of classical model and two-group model, Py, P., By, ¥ is constant, so we have

2
M% =Py —F— PmaxSin(5 - U) + {W(t)
Data part:

Gl ! 6 20km 71 1ols<m % llOkm? 20km! 0 11 3 G3
l

: zz 25km | [ l | 25km ZZ :
i
4

B

L7 C7 9 LY

G2 G4

For the 4 machine system, the rating capacity of each generator is 900MVA, and the rated voltage is 20 kV. The generator parameters under
rating capacity (MVA) and rating voltage (kV) are:

X =18
Xy =17

X =02
X'q =03
X'y =055
X"q =025
X"y =0.25
R, = 0.0025

H = 6.5 (G1 and G2)
H =6.175 (G3 and G4)

KD=0

Stochastic disturbance intensity ¢ = 0.001
Impedance of each step-up transformer under the reference of 900MVA and 20/230 kV:

Zr =0 + j0.15;

And the ratio is 1.0;

175
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r =

x;, = 0.001
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The length of the line has been marked, and the p.u. value of the line parameters under the reference of 900MVA and 230 kV is:

0.0001  pu/km

pu/km

b./2 = 0.00175 pu/km

Electric potential of the inner node of a generator and active power under rating capacity (MVA) and rating voltage (kV):

G1: E'q = 0.9466 + j0.5891P = 0.7873
G2: E'q = 1.0293 + j0.4251P = 0.7847
G3: E'y = 1.1087 + j0.1016 P = 0.8034
G4: E’q = 1.0988 - j0.0950 P = 0.7718

Parameter of constant impedance model equalled to the load and reactive power of shunt capacitors of node 7 and 9:
y, = 1.0744 + j0.1111

Yo = 1.9633 + j0.2778
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