Construction of Power Supply Stability
Control Model for Wind Connected
Power Grid

Xiao Xue!, Yangbing Zheng?? and Chao Lu**

LSchool of Information Engineering, Nanyang Institute of Technology, Nanyang
473004, Henan, China

2College of Mechanical and Electronic Engineering, Nanyang Normal University,
Nanyang 473061, Henan, China

3Qinghai Wandong Ecological Environment Development Co.LTD, Geermu
816000, Qinghai, China

4Nanyang Zehui Technology Co.LTD, Nanyang 473000, Henan, China

E-mail: leo_phi856 @ 163.com

*Corresponding Author

Received 14 June 2022; Accepted 14 July 2022;
Publication 13 October 2022

Abstract

There are many problems in the power supply stability control of wind power
generation system, such as large fluctuations, poor control effect and so on.
Therefore, a new stability control model of wind power grid connected is
designed. Determine the DC grid connection mode when the wind farm
is connected, convert the DC power into AC power through the converter
station, and transmit it to the final AC system to realize the grid connection of
wind power and power grid; According to the determined wind power access
mode, calculate the mechanical operation power, mechanical torque and wind
energy utilization coefficient collected by the wind turbine, complete the best
collection of wind energy, and determine the shafting according to the mass
block model of the wind turbine and generator, so as to realize the research on
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the mathematical model of wind power generation. By analyzing the power
flow direction of the stator and rotor of the wind turbine generator set, the
unstable state of the power supply voltage of the wind turbine generator set
after grid connection is determined. The PV curve method is used to calculate
the steady-state voltage stability of grid connected wind turbines, and a power
supply stability control model based on the voltage stability of grid connected
wind turbines is established. The nonlinear objective function method is used
to optimize the critical point of power supply stability, calculate the maximum
load and maximum power of the system, establish the static power supply
and transient power supply stability model after wind power grid connection,
and realize the power supply stability control research of grid connected wind
power through the analysis of power supply characteristics. The experimental
results show that the model is closer to the stability of the actual power
supply in the test of improving the stability of the power supply, ensuring the
quality of power supply, while the test results of the other two methods have
large fluctuations. In the analysis of the change of power supply after grid
connection, the experimental results obtained by the model are very close
to the actual data values. Therefore, this method can effectively improve the
performance of power system.

Keywords: Wind power connected to power grid, power supply, stability,
control model, mechanical torque, pv curve, nonlinear objective function.

1 Introduction

In the world, the sustained and rapid development of economy makes the
problem of energy and environmental protection increasingly prominent. The
energy storage of non renewable energy, including coal and other fuels,
is becoming increasingly scarce, and the use of non renewable energy has
generated a series of environmental problems [1], which have attracted global
attention. In the development of many renewable energy sources, the quality
of coordinated development with the natural environment is getting worse
and worse, and the road of sustainable development is not smooth. Therefore,
in order to obtain more effective resources that do not affect the environ-
ment, renewable energy can become an energy with certain development
potential, which is loved by mankind. As the best and most stable renewable
energy, wind energy has been widely used in power development [2]. Wind
power generation has the advantages of clean and non polluting environment,
short production cycle and no consumption of non renewable energy. As an
effective power generation energy, it has effectively alleviated the problem of
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environmental pollution and the problem between power supply contradiction
and energy structure. As wind energy is widely used in power generation, the
capacity of wind turbine is increasing. The wind power generation process
is affected by its own structure and structural characteristics. The impact
of connecting to the power grid in the process of wind power generation is
becoming greater and greater. In the process of wind power generation, due to
the uncertainty of generator units and the requirements for grid power during
operation, there is also a certain impact on voltage and other factors after
being connected to the grid [3]. Continuous switching and other operations
in the process of wind power connecting to the power grid cause the power
supply and voltage of the power grid to fluctuate continuously. Power supply
power, voltage deviation and other issues will affect the quality of power
after being connected to the power grid, and will ultimately affect the normal
operation of the power system [4]. Therefore, the stability of the power supply
after the wind power is connected to the power grid has a great impact on
wind power generation. How to control the stability of the power supply after
the wind power is connected to the power grid has become a key problem in
the current wind power generation [5]. Therefore, relevant researchers have
studied the problem of power supply stability after connecting to the power
grid from many aspects, and obtained some methods to control its stability.
Xu et al. [6] designed a method to control power stability by tracking
the maximum power supply point of wind power generation system. Aiming
at the problem that the set power of a given wind power generation system
cannot be determined, this method uses the power feedback method to track.
Methods in the design, the change state of power supply under the influence
of stator and rotor copper consumption and iron consumption is determined,
and then the iron consumption is determined by the modified control equa-
tion, the power flow of the generator is determined, and the maximum wind
energy point is determined. Taking the system as the tracking node, the
maximum power output is obtained and the corresponding control scheme is
formulated to realize the steady operation of the power system. This method
can effectively determine the maximum point of power fluctuation and effec-
tively control this position, but the maximum power point determined by
this method is affected by many factors, resulting in low accuracy of power
loss determination. Pan et al. [7] designed a stability control method for
weak current network access of doubly fed fan based on phase locked loop
synchronous control. In view of the instability of power supply caused by the
synchronous control wind turbine connected to the power grid, the causes of
power supply instability are determined. Determine the relationship between
the active power and terminal voltage after the single machine is connected,
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build the signal model, determine the equivalent relationship between the out-
put power and voltage through the model research, introduce the branch gain
into the AC network, determine the boundary conditions for the instability
of the connected power supply, and design the time domain of the control
model to realize the effective control of the stability of the connected power
supply. This method simplifies the control process and improves the work
efficiency through model control, but there is a problem that the control effect
of power gain at different terminals is poor. Ken et al. [8] proposed a series
type wind farm LCC HVDC transmission system without AC harmonic filter
based on line commutation converter. Using the experimental device built
in the laboratory, a set of steady-state equations of the system are derived,
and the steady-state characteristics of the system are verified. This method
is easy to implement, but the cost is high. Kim et al. [9] proposed the
probabilistic modeling of wind energy potential for grid expansion planning,
and estimated the wind energy potential through Weibull distribution, Monte
Carlo simulation and enhanced spatial modeling based on general Kriging.
It is used to formulate the expansion plan of transmission and distribution
facilities, solves the variability and uncertainty of wind power resources, and
significantly affects the stability and reliability of the power grid. However,
this method has a large amount of calculation and cannot be widely used.

On the basis of the above research methods, a new stability control model
of grid connected wind power supply is designed. The model calculates the
steady-state voltage stability of grid connected wind turbine generator sets by
using PV curve method, and uses nonlinear indexes to calculate the maximum
load and maximum power of the system, so as to realize the stability control
of power supply after grid connection.

2 Research on Grid Connection of Wind Farm and
Mathematical Model of Wind Power Generation

2.1 Grid Connection of Wind Farm

As a kind of renewable energy, it is very important to consider the input
and output of wind energy development scale. Therefore, the investment of
wind energy in connecting to the power grid is large, and the type selection,
capacity and transmission distance of wind energy conversion in this process
are directly related to the way wind energy is connected to the power grid.
The modes of wind node grid include AC grid connection and HVDC grid
connection. This technology is now relatively mature in AC grid connection.
The wind farm and the connected system are strictly required to have the
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same frequency and phase in terms of voltage requirements. It is necessary to
add reactive power compensation devices at the outlet end of the wind power
connected to the power grid to improve the fault ride through capability.
This access method is generally required to be less than 100 km, while
DC grid connection has no distance requirements. The transmission capacity
after connecting to the power grid is small, and the power control needs
continuous adjustment, so it is impossible to update in real time. DC grid
connected transmission capacity and power supply are directly related to
the transmission medium, which can be continuously adjusted and updated,
and can fully control the change of power supply [10]. Considering the
characteristics of different wind power connected to the power grid, this paper
realizes the wind power connection through DC grid connection. The HVDC
grid connected wind power access is realized through the converter station.
The basic structure of the access is shown in Figure 1:

System 2

—O

System 1

Qi

Converter station 1
Converter station 2

DC transmission
of wind power

Figure 1 Basic structure of HVDC grid connected wind power access.

In Figure 1, wind power is input from system 1 to system 2 when the wind
power is connected to the power grid. After the wind power is converted by
converter station 1 at first, it is adjusted to the appropriate voltage, and then
transmitted to the next converter station. At this time, the DC power of the
previous stage is converted into transaction current and transmitted to the final
AC system to connect the wind power to the power grid.

2.2 Study on Mathematical Model of Wind Power Generation

Based on the determination of the above wind power grid access technology,
the basic operation principle of wind power generation is studied, which lays
a foundation for the subsequent research on power supply stability control of
wind power grid access. Wind power is connected to the power grid through
wind turbine, which collects wind energy in nature and converts it into a kind
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of mechanical energy through its own advantages. During this process, the
mechanical operating power collected by the wind turbine is:

1
S; = iam“?prS (1)

In formula (1), S; represents the mechanical operating power, a represents
the density value of wind, r represents the length of collecting mechanical
impeller radius, B, represents the wind energy utilization coefficient, and v
represents the size of wind energy.

The mechanical torque of a wind turbine is an important variable in the
process of wind power collection. The calculation method is as follows:

1

Zi = am“ B 5 2)
In formula (2), Z; represents the mechanical torque size value of the wind
motor, and 3 represents the speed ratio of the collected mechanical blade tip.
Among them, the wind energy utilization coefficient is determined by the
speed ratio at the tip of the collecting machine impeller, which is directly
related to the speed ratio at the tip of the impeller and the pitch angle [11],

that is:

By(B,a) =n (Z - 0.4a> e+ 0.00688 3)

In formula (3), o represents the size of the pitch angle.
The variation curve between the coefficient and the ratio of impeller tip
speed and pitch angle is shown in Figure 2:

Wind energy utilization factor

Impeller tip speed ratio
Figure 2 Diagram of relationship between wind energy utilization coefficient and pitch
angle change.

As can be seen from Figure 2, when the value of « is unchanged, the
size of 3 is different and a unique B, exists. For any A and 3 and B,, the «
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value needs to be changed in the actual wind energy acquisition to adjust the
amount of wind energy acquisition. After the wind speed changes, the wind
motor system needs to control the speed of the wind turbine during operation
to ensure that the 3 value is always optimal, and you can obtain more wind

energy, namely:
Qi = ;aﬁr2Bimax(ugf)

In Equation (4), Q; represents the optimal power value of the wind
turbine.

According to the collected air volume, the shafting of the wind turbine
is also a key influencing factor. In normal steady-state operation, equivalent
acquisition can be used. However, due to the existence of objective factors of
the power grid, the shafting vibration of the wind turbine will also change to
some extent. In order to more effectively reflect the disturbance state of the
wind turbine after connection, the mass block model [12] of the wind turbine
and generator is used to represent the shafting, that is:

“4)

QEde/dt = Gn - kﬂ?i - Dt
2Fjd’wj/dt =—Gm + k9 — Dy, 5
dS/dt = w()(Dt — Dh)

In formula (5), F;/F}j represents the moment of inertia during the opera-
tion of the fan, G,/ Gy, represents the electromagnetic torque, k; represents
the ability coefficient to resist elastic deformation when under force, D;/ Dy,
represents the ratio of the rated load impedance to the actual impedance of
the power amplifier, and wq represents the average speed of the fan.

According to the determined wind power access mode, calculate the
mechanical operating power, mechanical torque and wind energy utilization
coefficient collected by the wind turbine, complete the optimal collection
of wind energy, and determine the shafting according to the mass block
model of the wind turbine and generator, so as to realize the research on
the mathematical model of wind power generation.

3 Research on Power Stability Control Model of Wind
Power Connected to Power Grid

In fact, when the grid remains in a steady state, the power supplied by the
power system to the load will vary with the current. According to the degree
of interference, the power supply stability of the power grid is also different.
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In fact, it is a kind of voltage instability, including small disturbance stability
and large disturbance stability [13].

In the process of connecting wind power to the power grid, it is necessary
to constantly control the change of power supply, especially the active power
in the maximum wind energy tracking control. When analyzing the power
supply stability of the wind node power grid, first analyze the power flow
direction of the wind turbine stator and rotor, and then conduct more in-depth
exploration on this basis. Without considering the consumption of stator, rotor
and excitation converter, the active power of wind turbine connected to the
power grid, the active power output of stator and the power output of rotor
meet the following requirements:

E,=E.+ E, (6)

In formula (6), E;, E. and E; respectively represent the AC energy
actually generated or consumed by the wind turbine, stator and rotor in unit
time.

Without considering the consumption of stator, rotor and excitation
converter, the existing relationship is:

E.=——FL

h (7
FEd = T hEt

In formula (7), h represents the transition rate, when h > 0, £, < 0.
After passing the converter to flow from the grid to the rotor, it is now in a
sub-synchronous state, when h < 0, E. > 0, it is now in a hypersynchronous
state.

As wind power has the characteristics of uncertainty, randomness and
other rapid changes, although wind turbine can control a certain power after
being connected to the power grid, when its number increases, the active
output of wind turbine will change greatly with the wind speed, resulting in
the instability of power grid voltage and power supply after being connected
to the power grid.

Through the research of wind turbine stator and rotor tidal direction, the
power supply voltage fluctuation of wind turbine after operation in power grid
is studied. When the grid is connected to the wind turbines, the mechanical
load is assumed to be constant, but the current on the stator line will change
as the voltage at the end of the grid decreases. In this case, when the current



Construction of Power Supply Stability Control Model 1881

value is in a high state, the voltage on the transmission line will continue to
reduce, so that the speed of power supply changes, resulting in reactive power
or reactive power in the power system, but also the voltage of the generator
will continue to reduce, resulting in voltage imbalance. Because the voltage
stability of the system is affected by the constant change of the load, there
is an imbalance at the maximum power point [14]. The steady-state voltage
stability of wind turbine is studied by PV curve.

In the analysis of this method, it can be determined that the key factors
leading to the voltage imbalance after connection include: critical voltage
and limit power. According to the changes of these two values, the voltage
stability after connecting to the power grid is determined. The critical voltage
is:

U=T-— (Rz + le)t (8)

In formula (8), U represents the critical voltage size after access, T’
represents the critical stability threshold, R; represents the power load change
value, f represents the critical coefficient, X; represents the PV curve infinite
value, and ¢ represents the perturbation coefficient.

The limit power after grid connection is expressed as:

— T-U
L URi - fX; ©

In formula (9), L represents the limit power change value after access to
the power grid.

Finally, the power supply stability control model is constructed based on
the voltage stability of wind power after grid connection Grid-connected wind
power power stability control is essentially the control of key power points
for voltage stability after grid connection. That is to say, in the power supply
stability control of wind power connected to the power grid, it is necessary
to control its static stability and transient stability to realize the power supply
stability control of the connected power grid.

In the static stability control of power supply of wind connected power
grid, the critical point of power supply stability is optimized by nonlinear
objective function with the help of nonlinear programming method [15], and
the maximum power load value or any maximum power supply is taken as
the target for control, namely:

P = max|S(x)| (10)

In formula (10), P represents the maximum supply power and the
max |S(x)| optimal nonlinear objective function.
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Set the constraint conditions of the objective function, that is, determine
the power constraint of the generator output when the wind is connected to
the power grid, that is:

Y;min < Y; < Y;max (11)

Under the condition of wind power grid-connected, the safety constraints

of power supply at the generator end are set as follows:
¢t < g < g™ (12)
The change coefficient of the power supply power is 7;(t), which repre-
sents a function of time window [16]. If the total load power at a certain time
after access is set to be A¢(t), the relationship between the power supply
power and the load change amount of each access point can be determined as:

&it) =& + () AL(t) (13)

In formula (13), 5? represents the static power of the load node in the
access state, &;(t) represents the power of the power load node at any time,
and ~y; () represents the distribution rate value of the load.

According to the determined load power value, the static stability of the
power supply after connection is controlled. The control model is:

%) Y &it) = vi) Y& - € (14)
i=1 =1

The transient stability control of the power supply after the wind power
is connected to the power grid is also the key to control the power supply.
After the transient voltage stability is disturbed [17], there will be unstable
fluctuations and other states, which will lead to the instability of power
supply, and the two occur at the same time. Therefore, controlling the stability
of transient voltage can achieve the stability control of power supply. In
the transient voltage stability control, the stability control is realized by
analyzing the power supply characteristics [18]. Assuming that the active
power remains unchanged after being connected to the power grid, and only
the reactive power changes at a certain node, the transient voltage state of the
power grid after being connected is expressed as:

K=Y o (15)
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Where, p; represents the left eigenvector, o; represents the sensitivity
of the transient voltage, and v;;; represents the participation factor of the
characteristic pattern.

Through the transient analysis of electricity, the power of the grid is
obtained, which is expressed as:

p(X,U,0)=0 (16)

In formula (16), X represents the state variable, U represents the control
variable, and O represents the general parameter.

Finally, the transient stability control model of power supply after wind
power is connected to the power grid is constructed to realize the research on
power supply stability control of wind power connected to the power grid,
and the following results are obtained:

i = Aw Y (X,U,0)A\ (17)

In formula (17), Aw represents the flexibility of state variable to power
supply variable, and A\ represents the degree of state variable to parameter
control.

4 Experimental Analysis
4.1 Experimental Scheme

The test object is a specific area of the grid and wind power generation
connection. The structure of the system connected to the power grid is shown

in Figure 3:
éﬂ (220V)

:

Figure 3 Schematic diagram of experimental simulation circuit of wind power connected to
power grid.
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The number 1 in Figure 3 is the node 1 connected to the power grid. The
synchronous unit model of each fan connected can coordinate the system at
the same time. The load is set to 55% of the constant impedance value, and
45% of the induction motor is at the impedance. The wind speed changes
rapidly in the process of wind power connection. Under this background, the
active power output of the generator is easy to change. Therefore, there is
interference in the environment. Set the peak gust wind speed as 5 m/s, and
the wind speed changes from 65 ms. The wind speed change curve during
wind power connection in the experiment is shown in Figure 4:

‘Wind speed (ms)

IIIIIIIIIII|II|I;
50 100 150 200 250 300 350 400

t(ms)

Figure 4 Schematic diagram of wind speed change during wind access.

The installed capacity of the wind farm at each access point in the
experiment is shown in Table 1:

Table 1 Installed capacity of wind farm at access point
Wind Farm Number Installed Capacity/MV

1 200
2 100
3 100
4 200
5 200
6 100
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The initial results of testing the power supply of the grid after each access
point is connected before the experiment are shown in Table 2:

Table 2 Power supply of power grid after the access point is connected
Number Minimum Supply Power Supply (MW)  Maximum Power Supply Value (MW)

1 4.52 5.96
2 4.51 5.95
3 4.52 5.79
4 4.53 5.79
5 4.52 5.86
6 4.52 5.68

According to the above set experimental environment, the experimental
test analysis is carried out to test the stability of power supply control and
the change of power supply value after connecting to the power grid under
different wind speed changes of the methods in this paper, reference [7] and
reference [8] respectively, so as to verify the effectiveness of the proposed
model.

4.2 Analysis of Experimental Results

The stability of power supply is the main reason of affecting the normal
operation of the whole power system. The stability of power supply reflects
the quality of power supply. Therefore, in this test, the stability of power
control after connecting to the power grid under different wind speed changes
is tested. In the experiment, three groups of DC power with different sizes are
selected, and the influence of wind speed on the stability of power supply is
shown in Figure 5:

_— = — Reference [7] method
—_— == Reference [8] method

------------------ Proposed method
————Ideal stability

Power supply after connection (pu)
v

o

Wind speed change /ms

(a) stability analysis of power supply control after grid connection under different wind
speeds when DC is 0.2ka

Figure 5 Continued
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—_—. — Reference [7] method
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% . | |
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(b) stability analysis of power control after grid connection under different wind speeds when
DC is 0.3ka
—_—— — Reference [7] method

5-,- A —_— == Reference [8] method
=}
L [
= Proposed. r.nethod
E Ideal stability
g .
2 18
2
= -
Ny .=
= 12+ -
o
2
-
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% 1
=0 | | | | >
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Wind speed change /ms

(c) stability analysis of power control after grid connection under different wind speeds when
DC is 0.4ka

Figure 5 Stability analysis of power supply power control after connecting to power grid
under different wind speed changes.

According to the analysis in Figure 5, the influence of wind speed on
the stability of power supply when different DC power is on, the stability of
control power supply by reference [7] and reference [8] methods is obviously
different from the ideal situation, and there are large fluctuations. In contrast,
the stability of this method is closer to that of the actual power supply. The
results show that the model can effectively improve the stability of power
control under different wind speeds after grid connection, and it is feasible.

Based on the stability of power supply power control after connecting to
the power grid under different wind speed changes, the experiment further
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tested the change degree of power supply value after connecting to the power
grid under different wind speed changes, and verified the performance of this
method by comparing with the initial set value. The results are shown in
Table 3:

Table 3  Analysis on changes of power supply value after grid connection

Minimum Maximum The Minimum  Maximum Power

Actual Actual Value of Power Supply Value
Power Power Supply in This Value of This

Number  Supply (MW)  Supply (MW) Paper (MW) Method (MW)

1 4.52 5.96 451 597

2 451 5.95 451 5.96

3 4.52 5.79 4.52 5.75

4 4.53 5.79 4.52 5.79

5 452 5.86 451 5.85

6 4.52 5.68 4.52 5.67

Through the analysis of the experimental data in Table 3, it can be
concluded that there is a certain fluctuation in the power supply when the
wind speed is affected by different access points. Among them, the value with
the largest fluctuation of the minimum power supply value is in access points
1 and 4, and the value with the largest fluctuation of the maximum power
supply value is in access point 3. However, it can be seen from the actual
data comparison that although there is fluctuation in the power value of the
power supply after connection, the fluctuation value is very small and can be
basically ignored. It can be seen that the control model in this paper can well
control the change of power supply power after connection and improve the
quality of power supply.

5 Conclusion

In order to solve the stability problem of wind turbine, a new steady state
control mode of wind turbine is proposed. Under the condition of wind power
generation, the DC power is converted into AC power by a converter, and
the wind power generation is combined with the power network through the
final AC. The PV curve method is used to calculate the steady-state voltage
stability of grid-connected wind turbines. The maximum load and maximum
power supply are obtained by nonlinear index. On this basis, the dynamic
simulation and analysis methods of power system are proposed. Simulation
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results show that this method can effectively improve the performance of
power system.
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