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Abstract

Stable wind power generation can ensure the quality of power transmitted
by the grid. The application of large-scale grid-connected wind power sys-
tems will induce problems such as grid oscillation and frequency instability.
In order to solve the problem of abnormal power system interaction caused
by large-scale wind power access and improve the stability of grid-connected
doubly-fed wind power generation, this paper proposes a stability modeling
analysis of grid-connected doubly-fed wind power generation based on small
signal model. First, the operating conditions of the grid-connected DFIG
are analyzed, and the vector diagrams of the three operating conditions are
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given. When the grid-connected DFIG is in the super-synchronous work-
ing state, the sub-synchronous working state and the synchronous working
state. According to the operating conditions of the grid-connected doubly-
fed generators, the grid-connected doubly-fed wind power generation system
is linearized. According to the relationship between the actual speed and
the synchronous speed of the doubly-fed generator, the operating conditions
of the doubly-fed generator are analyzed. By introducing the small-signal
model, we analyze the small-signal of the grid-connected doubly-fed wind
power generation system. The indirect current control circuit is used to
perform reactive power compensation for grid-connected doubly-fed wind
turbines. By calculating the reactive power loss of the grid-connected DFIG
and the reactive power loss of the transmission line, the compensation
capacity of the grid-connected DFIG is calculated. The transient voltage of
the wind turbine is controlled by the rotor-side frequency converter, com-
bined with the pitch angle control model. So far, this paper has realized
the modeling analysis of grid-connected doubly-fed wind power generation
stability. The simulation results show that the modeling analysis in this paper
is reasonable for the small-signal analysis results of the stability of grid-
connected doubly-fed wind power generation. In the rotor voltage simulation
test, after the oscillation occurs for 1 s, the model starts to simulate and
eliminate the fault. During the simulation period of 0.7 s~1.0 s, the output
voltage of the converter decreased to 168 V, and the voltage waveform did
not fluctuate greatly after 1.0 s. The experimental results show that this
method can improve the stability of grid-connected doubly-fed wind power
generation.

Keywords: Small signal model, control strategy, stability modeling, doubly
fed wind energy generation, operating conditions, compensation capacity.

1 Introduction

Nowadays, the scale of industrialization is gradually expanding, the scale
of urbanization is gradually accelerating, and the process of urbanization is
accelerating. At the same time, it also strengthens people’s standards for the
environment [1]. At the same time of economic development, a large number
of non-renewable energy sources have been exploited and used, making the
energy consumption increase year by year [2]. In order to achieve the sustain-
able development of human living environment, various countries began to
pay attention to environmental protection, and took the research on renewable
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energy as the development goal [3]. All regions have formulated relevant laws
and regulations to promote the development of energy development strategy,
protect the ecological environment and realize the sustainable development of
mankind. From various aspects, a reasonably high-quality renewable energy
source is wind energy., which has the advantages of no pollution and inex-
haustible use, and widely exists in nature. Therefore, all countries in the
world have begun to develop wind energy [4]. With the further improvement
of the scientific and technological level, and the capacity of wind turbines
is also becoming higher. The capacity is gradually upgraded from kW to
MW, making wind energy generation more stable and significantly improving
the economic and social benefits. However, with the popularization of wind
energy generation, it needs to face more challenges and difficulties to be
solved [5].

When standard methods are employed to control the transient stability of
wind energy generation systems in domestic research. Zuo and colleagues
examined the lift and drag coefficients of collectors with various angles of
attack and various height angles using the computational fluid dynamics
program STAR-CCM+ [6]. The force model of the disk solar collector is
created by calculating the lift and drag coefficients of the concentrators
at various wind attack angles and height angles. A lift-drag ratio-based
stability criterion is established by choosing the bifurcation position. The
main stability conditions of the disc solar collector are discovered by sta-
bility analysis. The feasibility of the suggested calculating approach is
demonstrated through the analysis of the pitch torque coefficient. Lu Jia
introduced a new control scheme considering the imbalance of active and
reactive power [7]. By analyzing the speed change of wind turbine generator,
energy imbalance of control system was accelerated and the oscillation of
synchronous generator was reduced. The correctness of this method was
verified by experiments. An example was given to verify that this method
could speed up the recovery of the system to normal operation when the
power generation system failed, so as to achieve the purpose of transient
stability. In foreign studies, In order to ascertain the stability of the dish
solar concentrator system. Tavoosi and colleagues proposed a fuzzy method
for power stabilization control of grids including wind turbines and doubly-
fed induction generators [8]. The method selects a recurrent type II fuzzy
neural network control model of radial basis function networks for power
control and voltage regulation of DFIG-equipped wind turbines. The voltage
curve and grid reactive power of each bus are provided to the neural network
control model as input and output for training. The simulation experiment
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shows that the method has good performance in controlling the fan and can
improve the power quality to a certain extent. Devadason et al. [9] studied
and improved the stability of a wind turbine squirrel-cage induction generator
(WT-SCIG) with series compensation and weak interconnection to the grid.
Stability domain analysis is performed by calculating the bifurcations in the
system by analyzing the eigenvalues of the linearized system. They pro-
pose a damping controller that improves the dynamic stability of WT-SCIG
with a wide range of series compensation to maximize power transfer
capability.

At this stage, wind energy generation is the preferred renewable energy,
which not only does not consume any resources, but also has no pollution.
It is a green power generation technology to meet the current environ-
mental protection and social development. In the 1960s, the cost of wind
energy generation was higher than that of the same renewable energy, so
the development of wind energy generation was limited. With the contin-
uous development of the global economy, the utilization frequency of oil
has gradually increased, resulting in the phenomenon of energy shortage in
various countries. Therefore, wind energy generation technology has entered
people’s vision again and has been paid attention to. Many countries have
begun to build a large number of high-performance wind turbines. Up to now,
large, medium and small wind turbines have gradually realized commercial
value, and large-capacity units with a capacity of 6 MW have gradually
been put into production. While wind energy has many advantages, it also
has some disadvantages, such as the randomness and uncontrollability of
wind energy due to the influence of environment and weather, so that the
power supply capacity and power quality can not be effectively controlled,
and the installation process is affected by the environment, resulting in
great construction risks and difficulties. At the same time, wind energy
generation is a large rotating mechanical equipment, which will also have
a certain impact and change on the ecological environment during its
operation.

The grid-connected double-fed fan has the advantages of simple structure
and low operating cost. At present, wind power generation is developing
rapidly, and it is of great significance to study the stability of grid-connected
doubly-fed wind power generation. In the non-ideal grid state, the stability
of grid-connected doubly-fed wind power generation and its function law are
analyzed to maintain the stable operation of power generation. To this end, we
use a small-signal model to analyze the stability of grid-connected doubly-fed
wind power generation.
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2 Stability Modeling and Analysis of Grid-Connected
Doubly-Fed Wind Turbine Energy Generation

2.1 Analysis of Operation Conditions of Grid Connected Doubly
Fed Machine

Generally speaking, the generator uses the doubly fed machine to generate
power. In the stable state, the doubly fed machine always operates in the gen-
erator state. There is a relationship between the actual speed and synchronous
speed of doubly-fed generator, the operation state can be divided into super
synchronous working state (¢ < 0), sub synchronous working state (¢ > 0)
and synchronous working state (¢ = 0).

Using sub-synchronous, super-synchronous, synchronous and other
methods, the stator winding of the DFIG can directly provide power to
the grid [10]. The doubly fed wind turbine’s rotor winding is driven by
back-to-back converters when super synchronization is present, which is
the difference. The doubly fed wind turbine’s rotor winding cannot produce
energy under the synchronous situation without taking the winding resistance
into account.

Under the condition of super-synchronization of DFIG, its vector curve is
shown in Figure 1.

m
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Figure 1 Vector diagram of super synchronous steady state operation.
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Figure 2 Vector diagram of subsynchronous steady state operation.

P~0

Figure 3 Vector diagram of synchronous operation state.

Double-fed fans can alter their reactive power more easily. The findings
demonstrate that, in the hypersynchronous condition, the system’s vector
distribution is divided into three groups. The systems supplying reactive
power to the grid are the first group. The second group is the reactive power
consumption from the grid. The third type is a system that does not exchange
reactive power with the grid. Figure 2 depicts the state in which the doubly
fed wind turbine is operating.

When the double-fed fan is in the synchronous state, the state is shown in
Figure 3.
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According to the above process, the operating conditions of the doubly-
fed wind turbine under grid-connected conditions are analyzed, which pro-
vides good operating conditions for the small signal analysis of the grid
connected doubly fed wind energy generation system.

2.2 A Grid-connected Doubly Fed Wind Energy Generation
System with a Small Signal Analysis Model

The change is quite comparable to the state shift following linearization when
the DFIG connected to the grid is less disrupted [11], with an eye toward the
operational state of the grid-connected DFIG. The nonlinear treatment is as

follows: IAW

In formula (1), AW represents the state variable of the generator, and C
represents characteristic matrix of the generator.

According to the mathematical expression of small signal model, the
stability of grid connected wind energy generation was judged by determining
the characteristic range of wind turbine and observing the moving direction
of characteristic value.

After the eigenvalue of the system is obtained, the corresponding eigen-
value is obtained by mathematical method. If the real value is greater than O,
the system is oscillating. If the real value is less than O, it indicates that the
grid connected doubly fed wind energy generation system is in a stable state.
If the real part of the eigenvalue is O, it means that the system is a critical
point at this time [12].

From the characteristics represented by the complex number, it can be
expressed by the following formula:

f=8+jX )

When the complex number has no imaginary part, the eigenvalue X is 0.

According to the complex characteristic of the eigenvalue, the real part
S is the wind turbine’s response attenuation when linked to the grid, and the
imaginary part X is the grid-connected, doubly-fed wind turbine’s vibration
state frequency. When S is greater than 0, it shows that doubly fed is stable.
if S is less than 0, it indicates that the stability of the grid connected doubly
fed wind energy generation is gradually strengthened [13, 14].

The power generation stability responds to each variable differently when
the doubly fed wind energy generation system is subject to very minor
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disturbance. Assuming that h; represents the left eigenvector. f; and g;
represents the right eigenvector. f;, and the following relationship is obtained:

h’iC = hif i
Cyi = figi
According to the above analysis, the participation degree k is obtained by

defining the ratio of k-th state variable xy, to i-th characteristic value f;, and
the formula is:

3)

B s

ks = Zzgkz
i9i

To explain the dynamic process of system functioning, the corresponding

small signal model is built by choosing a group of relevant state variable
parameters.

“

2.3 Calculation of Compensation Capacity of Grid Connected
Doubly Fed Wind Turbine

Reactive power compensation must be carried out for doubly fed induction
generator linked to the grid in the event that the wind power generation
system fails. The grid-connected, doubly-fed fans must be compensated in
order to fulfill the goal of reactive power compensation [15, 16]. The related
control grid-connection technology, doubly fed induction generator is created
using the notion of reactive power compensation. The grid-connected DFIG’s
compensating capacity is determined arbitrarily. There are two methods for
compensating: DC control and indirect current control.

In this study, the grid connected doubly fed wind energy generation’s
intermediate current control circuit’s reactive power compensation is imple-
mented using the indirect current control approach. In Figure 4, the control
model is displayed.

Even if the grid-connected doubly-fed wind turbine is being employed, it
is still possible to realize the reactive power adjustment. However, if there are
any grid-related issues, the doubly-fed wind farms connected to grid wind
energy can accurately make up for the reactive power. This guarantees the
grid-connected, doubly-fed wind farm’s steady operation [17, 18].

The following formula represents the reactive power loss of grid-
connected doubly-fed fans:

1 P’4+Q* U2 U%

AQT:NXTXleoo +NXIO%X<6 (5)
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Figure 4 The control circuit of indirect current.

In the above formula, AQ7 is the total reactive power loss of grid-
connected wind turbines, N represents the number of generator sets under
parallel operation, P is active power of the generator set, () represents the
reactive power, U, represents the rated voltage of wind turbine, (. represents
the rated capacity, Uy is the voltage at the time of the short-circuit fault of
the wind turbine, and I represents the current percentage of the wind turbine
generator set in case of no-load operation.

The compensation content of the grid-connected doubly-fed wind turbine
not only includes the loss of the unit itself. Also includes reactive power
losses in transmission lines [19], which can be calculated by using the
following formula, namely:

U?2

Where K is the equivalent reactance of the transmission line.

AQ = (6)

2.4 Construction of the Stability Model for Grid Connected
Doubly Fed Wind Energy Generation

We have constructed a mathematical model for the stability of the lower
doubly-fed wind power system connected to the grid, And instanta-
neous control is implemented to guarantee the system’s steady function-
ing [20]. The transient voltage regulator is used to govern the doubly-fed
grid-connected wind turbine’s functioning, which can maintain it steady
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Figure 5 Stability model of grid connected doubly fed wind energy generation.
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Figure 6 Pitch angle control model.

when it uses the power grid. On the basis of this, doubly-fed wind turbine
in grid-connected operation stability model is presented.

The doubly-fed wind turbine is the first to establish the standard, as seen
in Figure 5. We optimized the doubly-fed wind turbine for grid-connected
operation. Make sure it is functioning properly in the electrical system. When
an accident occurs, the voltage of the grid-connected doubly-fed wind turbine
will drop. The reactive power regulation of the grid-connected wind turbine
is carried out under the assumption that the stability of the power grid will
be ensured and that the torque of the power grid will be controlled within a
specific range. It must be properly managed to reduce the operating pressure
of the grid-connected doubly-fed grid [21, 22].

Controlling the pitch angle is the major factor in the mechanical torque
of the grid-connected, doubly fed induction generator system being reduced.
The pitch angle control model is shown in Figure 6.
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It can be seen from Figure 6 that in the pitch angle control system,
the speed reference value of the DFIG under grid-connected operation is
set first. In case of system failure, the pitch angle starts to control. When
the control system obtains the actual measured value, it will compensate the
signal according to the reference value of the speed of the wind turbine, and
compensate the mechanical torque of the wind turbine of grid connected
doubly fed wind energy generation in combination with the small signal
model.

3 Simulation Analysis

3.1 Simulation of Control Strategy for Grid Connected Doubly
Fed Wind Energy Generation

In order to demonstrate the stability of the doubly-fed wind turbine, MAT-
LAB simulation is used in this paper. Grid connected double fed wind
energy generation’s stability can be guaranteed by managing the generation
of that energy. In the control strategy simulation, a simulation model of grid-
connected doubly-fed wind power generation control is established, as shown
in Figure 7.

The configured control parameters for simulation mode are:

The voltage U, at the DC side of the grid connected converter in the
doubly fed wind turbine is 250 V;

Monitor the front
desk

Wind speed
simulation
software

b

Anal i
nalog wind speed Motor speed
sovemor command
Vector
instruction

Rotor|
side

Inverter

Stator
side

Three-phase Doubly-fed
asynchronous motor generator

< |<|c

Vector inverter

Figure 7 Simulation model of double-fed grid-connected wind power generation.
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Through the voltage outer loop control, the proportional coefficient ¢,
is set as 1, and the model integral coefficient ¢;; is set as 200;

Under the condition of satisfying the unit power factor, the reactive
power Q* of the wind energy generation system is set as 0 var;

When the wind energy generation system is in operation, the rated power
of the power grid is set to 25 Hz;

When the voltage current loop control is adopted, the current loop pro-
portional coefficient ¢,z in the grid connected doubly-fed wind energy
generation system is 10 and integral coefficient ¢;s is 1;

The filter inductance is set at the side of the power grid, and the
inductance coefficient L is 10 MH;

The equivalent circuit R is 0.1 (2.

After completing the setting of the above parameters, based on the simula-
tion model in Figure 7, the linear control strategy of the converter is adopted.
The reference [6] method and the reference [8] method are selected as the
control group to analyze the output data of the grid-connected doubly-fed
wind power generation control performance.

Under the ideal conditions of the power grid, the control simulation
waveform of the doubly-fed wind turbine is obtained through the control
strategies of different methods, as shown in Figure 8.

1 (50A/grid)
1 (50A/grid)

I‘ (50A/grid)

023 024 025 026 0.27 0.28 0.29 023 024 025 026 027 0.28 029 023 024 025 026 0.27 0.8 029
T (0.1s/grid) T (0.1s/grid) T (0.1s/grid)
(@)The method of this paper (b)Reference [6] method (¢)Reference [8] method

(a) Three-phase current output by grid-connected control of doubly-fed wind turbines
under different control methods

Power /W

Reactive power i Reactive power |

Reactive power

0 02 02 04 02 04 0.6
T (0.25/grid) T (0.2s/grid)

(a)The method of this paper (b)Reference [6] method

04
T (0.25/grid)

(c)Reference [8] method

(b) Grid-connected control simulation waveform under different control methods

Figure 8 Three-phase current simulation waveform of the stator terminal of DFIG under
different control methods.
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Under the ideal conditions of the power grid, the three-phase currents
of the grid-connected control of the doubly-fed wind turbines controlled by
the method of Reference [6] and Reference [8] are unbalanced to varying
degrees. When the linear control strategy of the method in this paper is
adopted, the three-phase current output by the grid-connected control of the
DFIG is always in a balanced state, which meets the grid quality requirements
of the grid for the DFIG. In Figure 8(b), the active power and reactive power
output by the doubly-fed wind turbine under the method of this paper have
been in a stable state, and both can be output independently. However, the
power output by the method of Reference [6] and Reference [8] has unstable
moments.

3.2 Simulation Analysis of Small Signal Stability of Grid
Connected Doubly-Fed Wind Energy Generation System

3.2.1 Stability verification simulation of grid connected doubly
fed wind energy generation system

The electrical parameters will exhibit short-time oscillation characteristics

when the wind energy producing system is subject to an external disturbance.

It is expected that the doubly fed generator set’s output active power rate is

2.0 pu and its speed is 2.4 pu.

The driving shaft of the generator is extremely likely to oscillate while
the wind energy producing equipment is actually in use. The output voltage
and power of the wind energy generation system will be out of balance as
long as there is even a minor interference, which will prevent the power grid
from operating steadily.

Figure 9 is a three-phase voltage waveform output from the stator terminal
of the generator in the doubly-fed wind power generation system.

At simulation periods ranging from 0.7 to 1.0 seconds in Figure 9, the
voltage falls to 165 V. The doubly-fed wind turbine is simulated after 1 s, and
the simulation outcomes demonstrate that the unit’s operational voltage has
stabilized.

Figure 10 is the three-phase current waveform of the wind turbine stator
terminal.

In Figure 10, between 0.625 s and 0.65 s, the current at the stator end
changes greatly, and within 0.7~1.0 seconds, the current reaches a stable
state.

Figure 11 shows the simulation waveform of DC bus voltage of doubly
fed wind turbine.
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Figure 9 Simulation waveform of three-phase voltage at stator end.
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Figure 10 Simulation waveform of three-phase current at stator end.

According to the results in Figure 11, after the system fault is recovered,
the speed of the doubly fed wind turbine still oscillates to a certain extent,
and there will be no obvious jump in energy, resulting in a rapid rise in the
voltage of the DC bus. After a period of time, it returns to the normal state.
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Figure 11 Simulation waveform of DC bus voltage of doubly fed wind turbine.
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Figure 12 Rotor voltage of doubly fed wind energy generation system.

3.2.2 Simulation of grid connection parameters of doubly fed
wind turbine module

The doubly fed induction generator will momentarily oscillate whenever a
disturbance arises due to the influence of damping factors. As a result, the
wind power plant’s electricity quality will be significantly impacted. seriously
impair the electricity grid’s ability to function normally. Different represen-
tative elements are utilized in the simulation of grid-connected parameters
of doubly-fed wind turbines to ascertain the impact of changes in power
parameters on their stability. Figure 12 displays the rotor voltage simulation
results for the doubly-fed wind power system.
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Figure 13  Voltage simulation results of converter output.

According to Figure 12, the DFIG wind power generation system’s rotor
voltage can essentially be kept at a low steady state for the duration of the
simulation, which lasts between 0.6 and 1.0 seconds. The stator voltage of
the DFIG wind turbine is steady for a while after the model is simulated
and the problem is identified, but the rotor voltage swings significantly. This
demonstrates that the doubly-fed grid-connected wind turbine’s capabilities
for steady-state voltage control has some lag.

The voltage simulation of converter output in doubly fed wind energy
generation system is shown in Figure 13.

It can be seen from the results in Figure 13 that during the simulation
period of 0.7 s~1.0 s, the output voltage of the converter decreases to
168 v, but the voltage waveform of the DFIG wind energy generation system
converted by converter does not fluctuate significantly after 1.0 s, indicating
that the grid connected doubly fed wind energy generation still has certain
stability after the fault of the wind energy generation system is removed.

4 Conclusion

In this paper, a research on the stability modeling of grid-connected doubly-
fed wind power generation based on the small-signal model is proposed.
The model is used to analyze the stability performance of grid-connected
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doubly-fed wind power generation. It is reasonable to carry out modeling
analysis. The three-phase current output by the grid-connected control of
the doubly-fed wind turbine under the control of the method in this paper
is always in a balanced state, while the output three-phase current under the
control of the control method is unbalanced to varying degrees. It shows that
the method in this paper ensures the stability of grid-connected doubly-fed
wind power generation. Although the research in this paper can ensure the
stability of wind power generation, there are still certain uncertainties in wind
power generation.
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