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ABSTRACT The frequency security problem of power system is highlighted as wind power penetration
increases yearly, the eigenvalue analysis method based on the deterministic model is difficult to accurately
evaluate the small signal stability of power system. The Weibull probability distribution is used to describe
the uncertainty of wind speed. In this paper, the shape and scale parameters of the Weibull distribution
are calculated by using the maximum likelihood approach and combining with the measured data, and
the stability of small signal with large-scale wind power access is analyzed by the probability distribution
method.Meanwhile, considering that the lack of inertia of the system caused by high-penetration wind power
access can easily lead to the problem of frequency stability, it is proposed to take the maximum damping
ratio of regional oscillation mode as optimization objective, virtual inertia and pitch angle control parameters
as variables, and frequency stability as constraints, an small signal stability optimization model of wind
power access to power system is established according to the proposed probabilistic small signal stability
model. The sensitivity algorithm is used to obtain the optimal solution for the virtual inertia and pitch angle
control parameters, and the validity of the proposed method and model is verified by two-area four-machine
examples. Simulation results show that by optimizing the virtual inertia and pitch angle parameters of wind
turbines, the small signal stability of the high-penetration wind power access system can be improved under
the condition of ensuring sufficient inertia of the system, which provides a certain theoretical basis for the
safe and reliable operation of wind power large-scale cluster access power system.

INDEX TERMS Uncertainty of wind power output, maximum likelihood estimation, small signal stability,
virtual inertia, pitch angle control, damping ratio, sensitivity analysis.

I. INTRODUCTION
As a renewable energy source, wind power has attractedmuch
attention from various countries. In recent years, China’s
wind power industry has developed rapidly and has become
one of the major wind power markets in the world. The
installed capacity and generation of wind power have risen
yearly. By the end of 2020, the cumulative installed capacity
of wind power in China has reached 280 million kW. Annual
power generation has reached 466.5 billion kW·h [1]. How-
ever, the rapid development of large-scale high-penetration
wind power has exacerbated the problem of uncertainty in
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the power system. Meanwhile, as the scale of China’s power
grid expands and the degree of interconnection deepens,
the large-scale clustered grid-connected wind farms have a
wider and deeper impact on the stability of the power sys-
tem. In particular, the small signal stability characteristics
of the power system has changed significantly, which will
inevitably have an impact on the small signal stability of the
system. At present, the small signal instability problems of
power system caused by wind power has occurred at home
and abroad, which has seriously affected the safe and stable
operation of the system [2].

Traditional deterministic analysis methods have been
difficult to accurately describe the dynamic behavior of
the system after random disturbances when large-scale
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high-penetration wind power is connected to the power
system. Therefore, the small signal stability analysis of
power system considering the uncertainty of wind power has
become a research hotspot of scholars at home and abroad.
At present, the small signal stability analysis method of
power system considering the uncertainty of wind power
mainly includes Monte Carlo method [3], [4], analytic
method [5], [6], random response surface method [7]–[9] and
point estimation method [10] etc. Among the above methods,
Monte Carlo method is the simplest and most accurate, but
it is often used to test other algorithms because of its large
number of simulations and long time-consuming. Analytic
method uses mathematical assumptions and the mathemat-
ical derivation is more cumbersome. The random response
surface method is used to establish the input and output func-
tions, provided that both their input and output responses are
standard normal random variables. While the input of actual
wind speed generally does not obey the standard normal dis-
tribution. Nataf transformation is usually used to convert the
wind speed sequence of non-normal standard distribution into
independent standard normal distribution. Point estimation is
a probability statistical method based on sample population
estimation. The small signal stability analysis of wind power
access system has achieved some results. Provides a basis for
improving the small signal stability of power system under
the wind power access. Reference [11] improved the small
signal stability of power system by optimizing the control
parameters of rotor side and grid side converter of doubly
fed wind turbine, and points out that it is need to dynami-
cally optimize the controller parameters according to wind
speed conditions. Reference [12] proposed an optimization
algorithm based on teaching and learning to optimize the
PI parameters of the wind turbine converter to improve its
dynamic performance. Reference [13] proposed to use con-
figured energy storage to improve the stability performance
of wind turbines, provide damping for the system under small
random disturbances, and enhance the moment inertia of the
wind turbines. But configuring energy storage adds cost and
control complexity.

However, the traditional generators are constantly replaced
by wind turbines, with the increase of wind power penetration
yearly, resulting in a continuous reduction in the total inertia
of the power system. Therefore, wind power is required to
introduce additional control to provide more inertia, so as
to improve the frequency stability of the power system.
At present, the additional control of wind turbine providing
inertia for frequency regulationmainly includes virtual inertia
control [14] and pitch angle control [15]. Among them, the
wind turbine adopts virtual inertia control when it is under the
rated wind speed, which increases the output power response
system frequency by releasing rotor kinetic energy. On the
other hand, the wind turbine adopts pitch angle control when
it is above the rated wind speed, which frequency regula-
tion through the spare output power. The introduction of
additional control links can improve the system frequency
characteristics, but it will affect the small signal stability of

the system [16]–[18]. Reference [19] also pointed out that
the introduction of virtual inertia control will deteriorate the
small signal stability of the system and reduce the damping
ratio in partial oscillation mode. Improper selection of pitch
angle control parameters will also affect the small signal
stability of the system. By optimizing the PI parameters of
pitch angle control link, the damping characteristics of the
system can be improved [20], [21].

In fact, under different wind speed conditions, the output
characteristics of wind turbines and their effects on small
signal stability of power system are also different. Simul-
taneously, the selection of additional control strategies and
parameters are also different. Therefore, the small signal
stability mechanism and control strategy of wind power
large-scale high-penetration access to the power system are
more complex. The existing literature does not consider
the optimization of additional control parameters in the
full wind speed range to improve the small signal stability
of power system. Meanwhile, the frequency stable opera-
tion constraint under virtual inertia and pitch angle con-
trol are not considered in the optimization modeling and
control.

This paper proposes a small signal stability analysis and
optimal control strategy of power system in full wind speed
range considering large-scale wind power access. Firstly, the
parameters of two-parameter Weibull probability distribution
model are estimated by maximum likelihood method, and
the probability distribution model of wind speed is obtained,
based on the measured data of wind speed and wind power of
the actual wind farm; Secondly, considering that the lack of
inertia of the system caused by high-penetration wind power
access can easily lead to the problem of frequency stability,
an additional frequency control considering wind power vir-
tual inertia control and pitch angle control in full wind speed
range is proposed. A small signal stability optimizationmodel
of power system considering system frequency stability con-
straints is constructed, and the sensitivity algorithm is used
to optimize the parameters of virtual inertia control and pitch
angle control; Finally, the effects of virtual inertia and pitch
angle control parameters on the system damping ratio over
the full wind speed range are analyzed through two-area four-
machine system as a simulation example. The optimal control
parameters of wind turbine are obtained through optimiza-
tion, and the effectiveness of the proposed method and model
is demonstrated.

The remainder of this paper is organized as follows.
In Section 2, point estimation is proposed to calculate prob-
abilistic eigenvalues, and describes wind power uncertainty
modeling and small signal probabilistic stability analysis.
In Section 3, the small signal stability of power system
with large-scale high-penetration wind power is studied,
including the optimal control of virtual inertia and pitch
angle parameters of wind turbine. In Section 4 establish
optimization model and algorithm for improving large-scale
high-penetration wind power permeability. In section 5,
a two-area four-machine system is used as calculation
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example to verify the feasibility and effectiveness of the
optimal control strategy. Section 6 concludes this paper.

II. WIND POWER UNCERTAINTY MODELING AND SMALL
SIGNAL STABILITY ANALYSIS
A. WIND POWER UNCERTAINTY MODELING
This paper proposes to use the two-parameter Weibull dis-
tribution to describe the uncertainty characteristics of wind
speed considering that the two-parameterWeibull distribution
is the most widely used in statistical wind speed distribu-
tion, the distribution and probability density functions are as
follows:

F(v) = 1− e−(
v
c )

k
(1)

f (v) =
k
c

(v
c

)k−1
e−(

v
c )

k
(2)

where c represents the scale parameter; k represents the shape
parameter.

In this paper, the wind speed model for small signal stabil-
ity analysis is obtained, which based on the historical wind
speed observation data of wind farm and used the maximum
likelihood method to estimate the two parameters of Weibull
distribution model.

In this paper, the histograms of wind speed are obtained
by using the wind speed data of a wind farm in Baotou,
Inner Mongolia Autonomous Region in 2020. Meanwhile,
the wind speed probability density curve of Weibull dis-
tribution is obtained by maximum likelihood method. The
feasibility ofWeibull distribution is verified by comparing the
histograms with the probability density curve. Fig. 1 shows
the histograms of wind speed measured data and the wind
speed probability density fitting curve based on the maxi-
mum likelihood method. As can be seen from Fig. 1, the
Weibull distribution has higher fitting accuracy and better
stability based on the maximum likelihood method, which
is also the premise and basis for the formulation of optimal
control strategy. It can not only accurately describe the uncer-
tain characteristics of wind speed in wind farms, but also

FIGURE 1. Histograms and fitting curves using maximum likelihood
estimation of wind speed.

accurately analyze the small signal stability of power systems
with large-scale wind power.

B. STABILITY ANALYSIS OF SMALL SIGNAL PROBABILITY
BASED ON POINT ESTIMATION
Point estimation is widely used as a statistical moment
method to describe the characteristics of random variables.
Compared with the Monte Carlo method, point estimation
not only ensures the calculation accuracy, but also has less
calculation times. It is an effective method to analyze the
uncertainty calculation of wind power. The specific process
is as follows:

Assuming that X is a random variable, let Y = h(X ) be a
nonlinear function with X as the variable. The core idea of the
point estimation is to replace h(X ) with m probability sets by
matching the first few order moments of the function h(X ).

The mathematical expectation and the central moment
of each order of any point xi in the sample space
(X1,X2, . . . ,Xn) are as follows according to the principle of
sample approximation.

µix =
xi1 + xi2 + · · · xiN

N
i = 1, 2, · · · , n (3)

Mik =
(xi1 − µix)k + (xi2 − µix)k + · · · (xiN − µix)k

N
k = 1, 2 . . .m (4)

where m represents the point estimator, generally m
takes 2 or 3, that is, 2 point estimation and 3 point estimation.

Expand the Taylor series with Y = h(X ) at the mean
point µi, the formula is as follows:

Y = h(µix)+
n∑
i=1

∞∑
k=1

1
k!
∂ (k)

∂x
h(µix)(xi − µi)k (5)

The mathematical expectation of Y can be expressed as:

E(Y ) = h(µix)+
∞∑
k=1

1
k!
[
∂kh(µix)
∂x

]Mik (x)

(i = 1, 2, · · · n, k = 1, 2, · · · 2m− 1) (6)

Let m estimated points xij(i = 1, 2, . . . , n, j = 1,
2, . . . ,m) are extracted from the n-dimensional random vari-
able X = {X1,X2, . . . ,Xn}, and together with the mean
values of other variables, a point estimation group (µ1x , µ2x ,

· · · xij, · · ·µ(n−1)x , µnx) is formed. The weight of each group
estimation points is Pij, and the weight of each random vari-
able is equal, that is:

m∑
j=1

Pij =
1
n

n∑
i=1

m∑
j=1

Pij = 1

(7)

If xij satisfies
n∑
i=1

m∑
j=1

(xij − µix)k = Mik (8)
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Then xij and pij can completely match the mathematical
expectation of outputting random variables,

E(y) =
n∑
i=1

m∑
j=1

Pijh(µ1x , · · · xij, · · · , µ(n−1)x , µnx)+ hk (.)

(9)

where hk (.) (k = 2m, 2m + 1, · · · ,∞) represents the
higher-order Taylor series expansion term. If the higher-order
term is omitted, the following formula can be obtained

E(y) =
n∑
i=1

m∑
j=1

pijh(µ1x , · · · xij, · · · , µ(n−1)x , µnx) (10)

By the same token, the m-order moment of y can be
obtained, the formula is as follows:

E(ym) =
n∑
i=1

m∑
j=1

pijh(µ1x , · · · xij, · · · , µ(n−1)x , µnx)m (11)

The probability distribution is obtained by series expansion
method after obtaining the moments of random variable X .
Take the probability distribution function of the output ran-
dom variable xj as Fj(xj), the expectation and variance
are µxj and σxj respectively, the standardized form of the
random variable is:

x∗j =
xj − µxj
σxj

(12)

Let the quantile of x∗ is a, then the third order standardized
semi-invariants of x∗j (a) can be approximately expressed as:

x∗j (a) = 8
−1(a)+

1
6
(8−1(a)2 − 1)K3

+
1
24

(8−1(a)3 − 38−1(a))K4

+
1
120

(8−1(a)4 − 68−1(a)2 + 3)K5 (13)

where 8−1(a) =
∫ a
−∞

8(x)dx,8(x) represents the proba-
bility density function of the standard normal distribution;
Ki represents the j-th order semi-invariant, which can be
obtained by the semi-invariant and the origin moment:

K1 = m1

Ki = mi −
m∑
k=1

(
i− 1
k

)
mkKi−k (i ≥ 2)

(14)

Finally, the probability distribution of the random
variable xj can be obtained by formula (15).

xj(a) = x∗j (a)σxj + µxj (15)

III. VIRTUAL INERTIA AND PITCH ANGLE CONTROL
PARAMETERS OPTIMIZATION
As the operating condition of wind turbine is closely related
to the wind speed of wind farm, virtual inertia and pitch angle
control are used to response system frequency. Generally,
the virtual inertia control is used when the wind turbine is

operating below the rated wind speed; The pitch angle control
is used when the wind turbine is operating at the rated wind
speed and above, which can realize the frequency response
control in the full wind speed range. Therefore, this paper
optimizes the parameters of the virtual inertia and pitch angle
control link respectively to improve the small signal stability
of the power system according to the operating conditions
of wind turbines. The structural block diagram of virtual
inertia and pitch angle control of frequency response is shown
in Fig. 2.

FIGURE 2. Structure diagram of virtual inertia and pitch angle control.

A. VIRTUAL INERTIA CONTROL PARAMETER
OPTIMIZATION
On the premise of meeting the system frequency stability, the
virtual inertia control parameters are optimized to enhance
the small signal stability of the power system. Taking the
maximum damping ratio of the power system oscillation
mode as the objective, the virtual inertia control parameters
as the optimization variables, the frequency stability as the
constraint condition, to establish the optimization model. The
optimization results can ensure not only the system frequency
stability, but also the small signal stability in the operation of
the wind turbine. The dynamic equation of the wind turbine
is as follows [19]:

2Hωω̇ = PMPPT − Ps (16)

where Hω represents the equivalent inertia of virtual inertia
control; PMPPT represents the maximum power tracking out-
put of wind turbine; Ps represents the stator output power of
wind turbine.

The equivalent inertia Hω can be expressed as:

Hω =
kω
4π

(17)

where kω represents the virtual inertia control parameter,
which is one of the parameters optimized in this paper.

Under the virtual inertia control, the frequency stability of
the system is related to the total inertia provided by the wind
farm. The total inertia of the wind farm can be calculated
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by equation (18):

HWF =

N∑
n=1

Hω,nSDFIG,n

N∑
n=1

SDFIG,n

(18)

In order to ensure the stability of system frequency during
parameter optimization.

HWF ≥ Hmin (19)

where Hmin represents the minimum value of the total inertia
of the wind farm required by the system.

Further we can obtain
N∑
n=1

kω,nSDFIG,n ≥ 4πHmin

N∑
n=1

SDFIG,n (20)

Meanwhile, the constraints for small signal stability should
be considered to obtain all eigenvalueswith positive damping,
that is, during the optimization of parameters, it is necessary
to ensure that the damping ratio is greater than 0 for all
oscillation modes.

ζj > 0 (j = 1, 2, · · ·m) (21)

where m represents the number of system damping ratios.
In summary, the optimized model of the virtual inertia

control parameters can be obtained as follows:

max ζ

s.t. ζj > 0
N∑
n=1

kωSDFIG,n ≥ 4πHmin

N∑
n=1

SDFIG,n

kmin
ω,n ≤ kω,n ≤ k

max
ω,n

(22)

B. PITCH ANGLE CONTROL PARAMETERS OPTIMIZATION
Pitch angle control can not only effectively adjust the out-
put power of wind turbine, but also benefit the frequency
response of wind turbine. Under the premise of frequency sta-
bility, the small signal stability of the system can be improved
by optimizing the PI parameters (kp and kI ) of the pitch angle
control link. This paper mainly analyzes the influence of
wind turbine on small signal stability. In the analysis process,
it is considered that the output power of synchronous unit
remains unchanged. Meanwhile, in order to ensure the small
signal stability in the PI parameter optimization process, two
indicators of the eigenvalue real part δ and the damping
ratio ζ are proposed as the constraints of the optimization
model, as shown in equation (23):{

ζ ≥ ζmin

δ ≤ δmax
(23)

where ζmin and δmax represent the minimum limit of the
damping ratio and the maximum limit of the real part of the
eigenvalue set in the optimization process.

The constraint equation of the real part of the eigenvalue δ
established in the formula (23) is to prevent the instability of
the system from being induced by the small value of δ [22].

The unequal constraint of the equation (23) can be obtained
by first-order sensitivity linearization:

ζ (γ0)+
∑ ∂ζ (γ0)

∂γ
1γ ≥ ζmin

δ(γ0)+
∑ ∂δ(γ0)

∂γ
1δ ≤ δmax

(24)

where γ represents the controllable parameter; ζ (γ0) and
δ(γ0) represent initial values; ∂ζ/∂γ and ∂δ/∂γ represent the
sensitivity of ζ and δ to γ , respectively;1ζ and1δ represent
the variations of ζ and δ.

In order to reduce the influence on stability during the
optimization of PI parameters, the objective function of
equation (25) is established.

minF = wp
N∑
n=1

∣∣1kpn∣∣+ wI N∑
n=1

|1kIn| (25)

where 1 represents the variation; kpn and kIn represent the
n-th wind turbine PI controller parameters; N represents
the number of generators; wp and wI represent the weight of
the corresponding parameters, respectively.

According to equations (24)-(25), the sensitivity of eigen-
values dominated by PI parameters to control parameters is
formed into a new constraint equation, and the optimization
model of pitch angle control parameters is established as
follows:

max F

s.t. ζ0 +

N∑
n=1

(
∂ζ (ζ0)
∂kpn

1kpn +
N∑
n=1

(
∂ζ (ζ0)
∂kIn

1kIn) ≥ ζmin

δ0 +

N∑
n=1

(
∂δ(δ0)
∂kpn

1kpn +
N∑
n=1

(
∂δ(δ0)
∂kIn

1kIn) ≤ δmax

kmin
p,n ≤ kp,n ≤ k

max
p,n

kmin
I ,n ≤ kI ,n ≤ k

max
I ,n

(26)

Meanwhile, in the control parameter optimization model,
the constraints should also include the power balance of the
system and unequal constraint equations for the output limits
of each device.

IV. OPTIMIZATION ALGORITHMS
In this paper, the small signal stability constrained optimal
power flow (SC-OPF) [23] based on eigenvalue sensitiv-
ity is used to optimize the virtual inertia and pitch angle
control parameters. Point estimation is used to analyze the
small signal stability probability, and compared with the
non-optimized parameters to verify the effectiveness and fea-
sibility of the method proposed in this paper. The algorithm
flowchart is shown in Fig. 3.

As shown in Fig. 3, thewhole calculation process is divided
into four steps, namely initial value calculation, parameter
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FIGURE 3. Flowchart of optimization algorithm.

optimization, termination judgment, and probability analysis.
The initial value calculation includes operation initial value
and given data of the OPF, where the initial value of the OPF
is selected from the power flow calculation results, and the
given data includes the number of iterations, optimization
parameters initial value, and termination conditions.

The sensitivity of the oscillation mode damping ratio to the
virtual inertia parameters is used in the virtual inertia param-
eter optimization process. The specific calculation formulas
are shown in equations (27)-(28).

∂ζ

∂kω
=
−ω2Re( ∂λ

∂kω
)+ δωIm( ∂λ

∂kω
)∣∣λ3∣∣ (27)

∂λ

∂kω
=

vT ∂A
∂kω

u

vTu
(28)

where A represents the state matrix; v represents the left
eigenvector of the oscillation mode; u represents the right
eigenvector of the oscillation mode.

For the termination condition, the virtual inertia con-
trol takes the maximum the damping ratio ζ as the objec-
tive. By setting the number of iterations, the damping ratio
obtained at the l-th time is ζ lmax and the l + 1-th time
is ζ l+1max . By comparing as the termination criterion, that is∣∣ζ l+1max − ζ

l
max

∣∣ ≤ εω, where εω is an arbitrary constant set
according to the need of optimization calculation. The pitch
angle control takes the minimum fluctuation of the optimized
parameters as the objective, with the minimum value of the
damping ratio ζ and the maximum value of the real part of the
modal eigenvalue δ as constraints, the termination conditions
are

∣∣∣k l+1p − k lp
∣∣∣ ≤ εp and

∣∣∣k l+1I − k lI

∣∣∣ ≤ εI , where εp and

εI are arbitrary constants set according to the needs of the
optimization calculation.

After obtaining the optimization parameters for virtual
inertia and pitch angle control, the probabilistic small signal
stability calculation of the power system containing wind
power is calculated and still analyzed for two operating con-
ditions, that is, operation under rated wind speed and rated
wind speed and above. The probability distribution charac-
teristics of the eigenvalues are analyzed under two operating
conditions and compared with the non-optimized parameters
(initial values of parameters) to verify the effectiveness of the
model and method proposed in this paper.

V. EXAMPLE ANALYSIS
In this paper, a typical IEEE two-area four-machine system is
used as calculation example for simulation calculations. The
original system structure is modified considering the access
of large-scale wind turbines. The wiring schematic is shown
in Fig. 4, and the with specific parameters are in [24].

FIGURE 4. Small signal stability test system with DFIG.

As can be seen from Fig.4, the two wind farms are con-
nected to the bus 6 and the bus 10 respectively. In this
paper, the parameters of wind farm are optimized under the
two operating conditions of virtual inertia control and pitch
angle control, due to the different participation in system
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frequency regulation. Therefore, an equivalent fan which
from the wind farm is involved in the calculation. The small
signal stability of wind farm access is optimized which can
be divided into four scenarios according to the wind speed of
the wind farm, because the two wind farms are connected to
area I and area II respectively. Since the rated wind speed of
wind turbine is 12.5m/s, two typical wind speeds are selected
for calculation, as shown in Table 1.

TABLE 1. Simulation calculation scenarios.

Before calculation, parameters initialization is required
where the virtual inertia control link kmin

ω,1 = kmin
ω,2 = 0,

kmax
ω,1 = kmax

ω,2 = 2.5, Hmin = 2.84, kω0,1 = kω0,2 = 1;
Number of iterations lω,max = 20; Pitch angle control link
kmin
p,1 = kmin

p,2 = 0, kmin
I ,1 = kmin

I ,2 = 0, kmax
p,1 = kmax

p,2 = 4,
kmax
I ,1 = kmax

I ,2 = 0.5, Number of iterations lpI ,max = 20,
kp0,1 = kp0,2 = 1, kI0,1 = kI0,2 = 0.1, wp = 1/kp,0,
wI = 1/kI ,0, εω = 10−6, εp = εI = 10−3.
Among them, the initial values of the optimization param-

eters are derived from [15]. Meanwhile, G1 is taken as the
slack bus, G2, G3, and G4 are PQ nodes in the calculation,
and the load remains unchanged.

A. PARAMETER OPTIMIZATION
1) SCENARIO I
In scenario I, the wind farms in region I and region II operate
below the rated wind speed, so only the parameters of the
virtual inertia link need to be optimized. Table 2 gives the
oscillation modes before parameter optimization.

TABLE 2. Calculated results of oscillatory modes before.

As can be seen from Table 2 that the damping in the
regional oscillation mode is relatively small, which is an
optimization objective. While preventing the optimization of
the regional damping ratio, reduce the damping ratio of the
local oscillation model, and set all the damping in the system
to be greater than 3.

Fig. 5 shows the variation of the control parameters kω1
and kω2 with the interval damping ratio. As can be seen

FIGURE 5. Virtual inertia control parameter optimization process.

from Fig. 5, kω1 increases continuously and finally tends to
be stable when the value increases to about 1.8, while kω2
decreases continuously until it tends to be stable. At this
time, the optimal solution of damping ratio εω = 8 × 10−7,
optimum solution kω1 = 1.865, kω2 = 0.328. Table 3 gives
the damping ratio changes before and after optimization and
the analysis results.

TABLE 3. Comparison of calculation results before and after parameter
optimization.

2) SCENARIO II
In scenario II, the wind farms in region I and region II operate
above the rated wind speed, so only the parameters of the
pitch angle link need to be optimized. Table 4 shows the
oscillation mode before the parameter optimization.

TABLE 4. Oscillation mode calculation results before scenario II
parameter optimization.

As can be seen from Table 4, compared with the calcu-
lation results in Table 2, the damping ratios of the three
oscillation modes are not significantly different and slightly
decrease. When the pitch angle control parameters are opti-
mized, set the minimum threshold of the damping ratio
ζmin = 0.03, eigenvalue real part maximum δmax = −0.01.
The optimal values of kp1, kp2, ki1, and ki2 are calculated
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and optimized according to the maximum number of itera-
tions according to the given initial value of PI parameters
and equation (26). Among them, the convergence criterion
is calculated when the calculation results of 1kp and 1kI
are both less than 10−3, and the optimal value is output.
Fig. 6 shows the variation of pitch angle control parame-
ters and interval damping ratio, where the damping ratio
reaches 3.8521.

Fig. 6 shows the optimal solution of the iterative process
of control parameters.

FIGURE 6. Pitch angle control parameter optimization process.

In Fig. 6 the calculation process is as follows:
k l+1p1 = k lp1 +1k

l
p1

k l+1p2 = k lp2 +1k
l
p2

k l+1I1 = k lI1 +1k
l
I1

k l+1I2 = k lI2 +1k
l
I2

(29)

In Equation (29), after the first iteration of calculation and
the initial value is added to form the new calculated value,
and determine whether the convergence criterion is satisfied,
if not, continue to iterate until the convergence condition
is satisfied, i.e., the calculated parameter variation is less
than 10−3. If the maximum number of iterations still does not
meet the convergence conditions, the eigenvalue matrix and
sensitivity are recalculated again until the condition is met,
and the final optimal value is output.

Table 5 gives the variation of damping ratio before and after
optimization and the analysis results.

TABLE 5. Comparison of calculation results before and after parameter
optimization.

As can be seen from Table 5, the sensitivity of the damping
ratio ζ to the parameter kp is greater than kI , and kp parameter
plays amajor role in the regulation process consistent with the
results shown in Fig. 6, whichmeans the optimization process
is correct and reasonable. The sensitivity of the real part of the
eigenvalue δ to the parameter kI is greater than kp, indicating
that the parameter kI has a greater effect on adjusting δ.

3) SCENARIOS III AND IV
The different wind speeds of the two wind farms are analyzed
in scenarios III and IV. One of the wind farms is operating
above the rated wind speed, and the other is operating below
the rated wind speed. During parameter optimization, the
virtual inertia and pitch angle control parameters need to be
optimized simultaneously. Considering that the virtual inertia
control and pitch angle control parameters have been opti-
mized for Scenarios I and II, therefore, the optimal values of
Scenarios I and II are taken as the initial values for
Scenarios III and IV parameter optimization. This chapter
only gives the calculation results of the oscillation mode
before the parameter optimization under Scenario III, and the
calculation results of the oscillation mode in Scenario IV are
not listed. The calculation results of scenario III are shown
in Table 6.

As can be seen from Table 6, the damping under
Scenario III is also the smallest under the regional oscillation
mode, and in a weakly damped state, which is unfavorable
to the safe and stable operation of the system. The damping
ratio of the system is improved by optimizing the parameters,
and the optimization results are shown in Table 7.

The optimization results for Scenario IV are obtained in
the same way, as shown in Table 8.

B. SMALL SIGNAL PROBABILITY STABILITY ANALYSIS
During the small signal probabilistic stability analysis and
calculation, the cumulative distribution of wind speed shown
in Fig. 2 is used as input for wind farms I and II, and the
small signal probabilistic stability results are analyzed using
point estimation.When the parameters are non-optimized, the
parameters of the virtual inertia control link and the pitch
angle control link take the initial values. After the param-
eters are optimized, the parameters take the average of the
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TABLE 6. Scenario III oscillation mode calculation results before
parameter optimization.

TABLE 7. Scenario III parameter optimization results.

TABLE 8. Scenario IV parameter optimization results.

optimized calculation results of the four scenarios, as shown
in Table 9.

TABLE 9. Optimization parameters for stable calculations with small
signal probability.

The comparison results of the expected values and stan-
dard deviations of the real and imaginary parts of the eigen-
values of the three oscillation modes before and after the
parameter optimization are obtained by calculation, as shown
in Table 10.

TABLE 10. Expected value and standard deviation of eigenvalues.

As can be seen from Table 10 that through parameter
optimization, the expected value and standard deviation of the
local eigenvalues have not changed much, while the expected

value and standard deviation of the real part of the regional
eigenvalues have changed greatly. The expected value of the
real part has been significantly improved, while the expected
value of the imaginary part of eigenvalues has not changed
much, and slightly decreased. By comparing the expected
values and standard deviations of the real and imaginary parts
of the eigenvalues, the small signal stability of the system has
been improved to some extent after optimization, which is
conducive to the stable operation of the system.

Through the above analysis, the regional damping ratio
in this calculation example is relatively small and weak,
which is not conducive to the stable operation of the system.
After parameter optimization, the damping ratio is effectively
improved. Fig. 7 shows the comparison of the cumulative
distribution of the regional damping ratio before and after
parameter optimization.

FIGURE 7. Comparison of cumulative distribution results of damping
ratio.

As can be seen from Fig. 7 that after parameter optimiza-
tion, the cumulative distribution curve of system damping
ratio has changed greatly, and the damping ratio has increased
significantly. It also further shows that after virtual inertia
and pitch angle control, the small signal stability of power
system with wind farm has been significantly improved. The
obtained results are more scientific and reasonable consider-
ing the small signal probabilistic stability analysis of the wind
farm operation uncertainty, which can verify and illustrate the
correctness of the proposed method and model in this paper.

VI. CONCLUSION
This paper proposes a small signal probabilistic stability
analysis method based on measured data, which can scientif-
ically characterize the small signal stability of power systems
with large-scale wind power access. Taking into account
the annual increase in wind power penetration, the idea of
combination control of virtual inertia and pitch angle is pro-
posed, and the frequency stability of the system and turbine
operation stability are fully considered in the control process.
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The parameter optimization model is established, an opti-
mization algorithm based on sensitivity analysis is proposed,
and the two-area four-machine system is used as calculation
example to analyze the optimization process of virtual inertia
control and pitch angle control parameters through four sce-
narios. Last, the probabilistic small signal stability analysis
method is used to verify the effectiveness and accuracy of
proposed optimization model and algorithm.

In this paper, only two given wind speeds are optimized,
and the capacity of the wind farm is 300 MW. The effect
of wind speed and wind farm capacity variation on param-
eter optimization and damping ratio will be investigated
further.
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