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Abstract: With the increase of wind power capacity incorporated into the grid, the permeabil-
ity of wind power increases continuously, which leads to the reduction of the equivalent inertia
of the system. Rotor speed recovery will cause the secondary frequency dips when DFIG uses
rotor inertial control to participate in system frequency modulation. In order to optimize the
secondary frequency dips, this paper uses PSO (Particle Swarm Optimization) to optimize the
Parameters of Variable Power Functions on the basis of the previously proposed variable pow-
er curve strategy. This article simulates this strategy through setting up a system by Simulink.
Simulate the results of optimization, compared with the traditional recovery strategy, validity
of the proposed strategy is demonstrated through simulation and analysis.

1. Introduction

Assuming that DFIG uses rotor inertial control to participate in grid frequency modulation, the rotor
would release the kinetic energy stored in rotor of the wind turbine for the purpose of frequency
support when the system frequency decreases, which leads to a continuous drop of the rotor speed.
When the rotor speed reaches the lower speed limit, the wind turbine must exit frequency modulation,
as a result, the output power drops suddenly causing the secondary dips of the system frequency.
Domestic and overseas scholars have made a large number of researches on frequency regulation of
wind turbines in the power system. Through modelling the mathematical models of frequency
modulation process of the wind turbine, the literature [1] seeks the optimal exit equation group which
can optimize the problem of the secondary frequency dips from the perspective of the moment of
exiting the frequency modulation. But the calculation volume is too large to be applied to engineering
operations. The literature [2, 3] continuously corrects the coefficients of the power tracking curve
online, avoiding the direct drop of the active power output to the MPPT and reducing the secondary
dips of the frequency when the wind turbine exits the frequency modulation. However, this method is
difficult to operate which is usually no way to apply in the project. In literature [4], after exiting the
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frequency modulation, the electromagnetic power is kept linearly decreasing with time to prevent the
frequency from falling for the second times. In the literature [5], the reference speed is controlled to
recover in a step-like manner to avoid the secondary dips caused by the rapid recovery of the
rotational speed which means the rotor speed decrease continuously during the frequency regulation.
In paper [6, 7], a new method has been proposed which uses fixed acceleration torque and PI
controller to recovery the rotor speed respectively and improve the smoothness of the mode switching
as well as the secondary frequency dips. But it needs to change the parameters in real time, and it is
not easy to realize in project because of the complex operation. In article [8], an extended state
observer is applied to estimate the input mechanical power of the wind turbine in real time. Based on
this, a given curve of electromagnetic power is designed to improve the secondary frequency dips.
However, the design criterion of the power curve is not given, which is not easy to achieve in
engineering. In this paper, based on the design of the electromagnetic power curve of the speed
recovery stage, the parameters of the variable power function are optimized by using the particle
swarm algorithm, and the best value for minimizing the secondary drop of frequency is found in the
local area.

2. Rotation Speed Recovery Strategy Based On Variable Power Curve of Inertia Control
from DFIG Wind Turbine

2.1. Working principle

In the process of recovering the rotor speed with MPPT strategy, the sudden drop of the active power
output of the wind turbine causes the secondary dips of the grid frequency. In order to optimize the
secondary dips, a new speed recovery strategy based on the variable power curve is proposed formerly
in this paper. This strategy is mainly designed to change the power curve that make the active power
decrease gradually, so as to achieve the purpose of optimizing the secondary dips. The structure of the
proposed strategy is shown in Figure 1.
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Figure 1. The structure of the proposed speed recovery strategy.  Figure 2. The image of the varia-
ble power function f (t).

In Figure 1, @, presents the reference value of the rotor speed, and @

. . 1S the lower limit speed
of the DFIG when it participates in frequency-modulation. f(t) is a variable power function, it is a hu-

man-set function, and the expression of the variable power curve Pac of the strategy is:
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output electromagnetic power of wind turbine dropping too much at the beginning of the exiting of
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frequency regulation. During the recovery phase, the rotor speed ' restores to and the vari-

able power curve coefficient reduces from 1 to 0 gradually.

2.2. Variable power curve and its design

The image of the variable power function f (t) is shown in the figure 2, where t; is the time of exiting
the frequency regulation, and t; is the time when the variable power function reaches the maximum
value. After t,, f (t) remains unchanged.

3. The algorithm of Particle Swarm Optimization and its optimizing steps

The PSO algorithm was originally designed to graphically simulate the beautiful and unpredictable
movement of a flock of birds. By observing the social behaviour of animals, people found that sharing
information in groups facilitates the advantage in evolution, based on which the PSO algorithm has
been developed. Shi et al. further introduced the inertia weight to form the current conventional parti-
cle swarm algorithm!®.. Similar to the gradient descent algorithm, the particles follow the optimal par-
ticle in the solution space, so that each particle moves in the optimal direction of fitness.

3.1. PSO algorithm optimization steps
PSO algorithm optimization specific steps are as follows:

Step 1, based on the optimization objectives, establish a model in which the DFIG wind turbine
participates in the system frequency modulation, initialize the parameters in the variable power func-
tion, and establish the optimal boundary conditions.

Step 2, set the weight parameters cl and c2 that reflect the cognition ability of the particle itself and
the cognition ability of the social experience, which can be set to 1; set the inertia weight parameterm
€ [0, 1] of the particle to maintain the existing optimization speed, Usually can be set to 0.6; search
target search space is equal to 3, according to the empirical definition of space optimization Sn; define
the number of particles is 100, and randomly generate the particle's initial optimization speed vi (0);
set the search for optimization The maximum number of iterations is 100.

Step 3, insert each particle into the model for simulation. Judge whether the constraint condition is
satisfied, if satisfied, go to step 4; if not, go to step 7.

Step 4, according to the fitness function, calculate the current fitness value of each particle fiti(n).

Step 5, if fiti(n) > fiti, update the particle fitness value, otherwise keep the fitness value unchanged,
and record the optimal space position of each particle until the n-th iterations.

Step 6, if max[fiti] > Fit, Fit = min[fiti], and update the globally optimal particle, otherwise keep
Fit and xg unchanged, where xg is the global optimum based on active search up to the n-th iteration.

Step 7, calculate the spatial position of particles in the n + 1 iterations using the particle velocity
and displacement update formula, as shown in equations (2) and (3), rand(1) is a random number uni-
formly distributed in the interval [0, 1].

Vit =WV, +clrand (1)(P — X[,) +¢2 rand(1)(Pg, — Xi,) )

n+l _ n n+1
Xid - Xid +Vid

3)

3.2. Fitness function
The optimization goal chosen in this paper is to minimize the frequency drop, that is, from the moment
of quitting the frequency modulation, the drop of the grid frequency is minimum in the speed recovery
phase:

J= MAX( fmin)

“4)

3.3. PSO parameters setting
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The specific parameters of the PSO algorithm are set as follows: particle swarm size M=100, maxi-
mum iteration number k=100, dimension D=3, inertia factor ®=0.6, acceleration constant c1=1, c¢2=1,
parameter optimization range is as follows. The results of optimization is a=-0.04, b=0.15 and t2=230.

-0.07<a<-0.06 (5)
0.1<b<0.3 (6)

(7)

220<t, <230

4. Simulation analysis

4.1. Construction of simulation system

A wind power system simulation model has been built which includes both of virtual and conventional
synchronous units to simulate the secondary dips of wind power virtual synchronous machine based
on rotor inertial control strategy. The proposed variable power curve recovery method has been stud-
ied and verified comparing with the classic MPPT recovery method.

Firstly, building a wind power system simulation model first which includes both of virtual syn-
chronous generator (2MW/690V x 31) and conventional synchronous generator (250MVA/13.8kV).
The structure of the system is shown in Figure 3 of which main parameters are given in Tables 1 and 2
[11]

Step-up transformer Step-up transformer

L, R,

wind turbine VSG Conventional synchronizer

Fixed loa Switchable load

Figure 3. Topology diagram of simulation system.

Table 1. Main parameters of normal synchronous generator

drum heat storage
volume time con-
Inertia constant /s 5 stant /s 300
Super heater vol-
frequency regulation ume time con-
coefficient 15 stant /s 10
Load frequency boiler fuel release
modulation coefficient 2 time constant /s 10
One frequency regula- combustion re-
tion limited amplitude | 3.5% lease delay /s 20
drum heat storage
Main steam pressure volume time con-
pipe flow coefficient 3 stant /s 300
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Table 2. Main parameters of wind turbine VSG

inertial frequency
regulation coeffi-

Inertia constant /s 5.005 cient 5
Primary frequency frequency regula-
regulation coeffi- tion speed lower

cient 20 limit /pu 0.83

By the end of 2016, the proportion of new energy machine assembly capacity in the regional power
grids such as the Northwest Power Grid and North China Power Grid has reached about 20% %), In
the event of grid frequency disturbances that have occurred in recent years, the maximum power
shortage is about 4% !''"'%. Therefore, in the simulation, wind power accounts for about 20% of the
installed capacity of the system and power shortage of 4% of the system capacity occurs in the power
grid.

4.2. The Simulation of Optimal Results Based on MPPT Curve and Particle Swarm Optimization

In the engineering, the MPPT-based speed recovery strategy is generally used. The method is simple
and practical. When the wind turbine speed drops to the lower limit of the speed (0.83 pu), compared
with MPPT strategy recovery speed and particle swarm optimization results of this paper, frequency
simulation The comparison chart is shown in Figure 4.
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Figure 4. The contrast diagram of the frequency  Figure 5. The image of the variable power curve
variation. f(t).

It can be seen from Figure 4 that the strategy of changing the power curve for speed recovery pro-
posed in this paper significantly reduces the depth of the second drop. At this time, the variable power
curve Pac is shown in Figure 5.

As shown in Fig. 5, at 173s, the wind turbine speed @, drops to the lower speed limit (0.83p.u.),

and the wind turbine exits the frequency modulation. The variable power curve Pac gradually changes
from negative to zero, and the wind turbine's output electromagnetic power gradually drops to the ini-
tial value. The following compares the output electromagnetic power of two speed recovery strategies,
as shown in Figure 6.
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Figure 6. The contrast diagram of the power var-  Figure 7. The contrast diagram of the rotor
iation. speed variation.

It can be seen from Figure 8 that when the wind turbine exits the frequency modulation, the elec-
tromagnetic power output under the variable power curve strategy proposed in this paper gradually
decreases, and when using the classic MPPT strategy to recover the speed, it will cause the output to
be reduced to the lowest value. Caused a second dip. The following compares the speed changes of
two speed recovery strategies, as shown in Figure 7.

As can be seen from Figure 7, at 173s, the wind turbine speed @, drops to the lower speed limit

(0.83 pu), the wind turbine exits the frequency modulation, when the particle swarm optimization al-
gorithm is used to optimize the speed recovery, the speed will not immediately recover when the out-
put electromagnetic power. Below the mechanical power, the speed is restored. Obviously, using the
variable power curve for speed recovery reduces the secondary drop of the system frequency, but the
speed recovery time is long.

5. Conclusion

In recent years, the cumulative installed capacity of wind power in China has increased rapidly, and
the penetration rate of wind power continues to increase. The instability of wind power has had threat-
en to the safety of power systems. DFIG causes the secondary dips of frequency when rotor inertia
control is applied to frequency regulation. In this paper, particle swarm optimization algorithm is used
to optimize the parameters of the variable power function to reduce the drop of the active power out-
put, so as to reduce the secondary dips of frequency caused by the sudden drop of the active power
output during the speed recovery phase. There are still some deficiencies in this article. At the moment
of exiting frequency modulation, the change of electromagnetic power is not smooth enough, and it
needs to be optimized continuously. For example, to improve the secondary dips, the combination of
energy storage system and wind power system should be applied, as well as a multi-machine coordi-
nated control strategy. In addition, the model predictive control theory can be applied to wind power
frequency regulation which can achieve accurate tracking of frequency, power and speed, so as to
achieve the purpose of reducing secondary dips.
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