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Abstract: The sub-synchronous oscillation accident of large-scale doubly fed wind turbines
connected to a grid through series compensation has caused a serious impact on the power
system. By optimizing the parameters of the doubly fed wind turbines control system, the
system impedance can be effectively improved to solve the problem of sub-synchronous
oscillation. However, owing to the complexity of a grid-connected system of doubly fed
generators connected to wind turbines and the influence of the time-varying oscillation
characteristics of the system, it is often difficult to achieve a successful suppression. To
solve this problem, this paper proposes an optimized additional damping method for
the rotor- and grid-side controllers, which can achieve efficient suppression of the sub-
synchronous oscillation. The parameters of the proposed additional damping method
are optimized for all variable operation conditions using a genetic algorithm under the
established frequency-domain impedance model. The detailed time-domain simulation
model was constructed with the RTLAB platform to verify the proposed method. The
experimental results show that the optimized control strategy can effectively and quickly
suppress the sub-synchronous oscillation under different operating conditions, and the
amplitude suppression rate reached 85.99%, which effectively improved the grid-connected
stability of the wind turbines.

Keywords: additional damping controller; doubly fed induction generator; series
capacitance compensation; sub-synchronous oscillation

1. Introduction

By the end of 2022, the cumulative installed photovoltaic capacity and wind power
capacity in the world were approximately 1.2 TW. The Global Wind Energy Report 2024
highlights increasing momentum of the growth of wind energy worldwide: The total
installations of 117 GW in 2023 represent a 50% year-on-year increase from 2022. Further-
more, 2023 was a year of continued global growth—54 countries representing all continents
built new wind power [1]. GWEC has revised its 2024-2030 growth forecast (1210 GW)
upwards by 10% in response to the establishment of national industrial policies in major
economies [2].

In its latest annual market report on renewable energy in 2023, the International Energy
Agency predicted that the global renewable energy capacity will grow significantly over the
next six years, eventually reaching an ambitious target of 7300 GW [3]. This growing trend
reflects not only the growing global focus on clean energy but also the enormous potential
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for technological advancements and cost reductions [4]. This transformation will have a
profound impact on the global energy structure, marking an important step in the path of
human society toward combating climate change and promoting green development.

Sub-synchronous oscillation (SSO) accidents caused by large-scale doubly fed wind farms
after they are integrated into the grid system through series compensation have become a
major influencing factor that threatens the safe and stable operation of wind turbines and
power grids. In the early 1970s, the first SSO accident occurred at the Mohave power plant
in the United States, which caused a serious accident in which the shafting of the generator
set was broken [5]. In October 2009, owing to a change in the system structure of a doubly
fed wind farm in southern Texas, USA, the series compensation degree increased sharply
from 50% to 75%, triggering an SSO phenomenon of approximately 20 Hz. The voltage and
current waveform distortion was severe, resulting in damage to the crowbar circuit and a
large number of wind turbines going off the grid [6]. From the end of 2012 to the end of 2013,
58 oscillation events occurred on wind farms in Guyuan, Hebei Province, China. In December
2012, a doubly fed wind farm in Guyuan County, Zhangjiakou City, Hebei Province, China
was connected to a power system with a fixed series compensation, causing a major SSO
accident. At the beginning of the accident, the output current of the affected wind turbines
quickly became unstable; its maximum amplitude increased abnormally to more than 30%,
and the oscillation frequency of the current was stable at approximately 7.9 Hz. Because of this
anomaly, the protection mechanism of the wind turbine was triggered, resulting in many wind
turbines tripping and leaving the grid, which in turn caused the current in the grid to exhibit
an attenuation trend. After taking emergency measures such as shutting down some wind
turbines, the entire system gradually returned to a stable state [7]. In 2016, Tongyu County,
Baicheng City, Jilin Province repeatedly encountered SSO phenomena with frequencies of
approximately 5 Hz, but these phenomena disappeared when the related series compensation
system was turned off [8].

After much research, scholars have divided SSO into the following three types accord-
ing to its causes: sub-synchronous resonance (SSR), sub-synchronous torsional interaction
(SSTI), and sub-synchronous control interaction (SSCI). Ref. [9] proposed that with an
increase in the series compensation, the minimum value of the equivalent resistance further
decreases, the natural resonant frequency of the system increases, and the danger area of
the DFIG effect moves to the high-wind-speed region and becomes more intense. Ref. [10]
illustrated that when the equivalent electrical negative damping of the system is greater
than the sum of the equivalent positive damping of the stator and transmission systems,
the output power diverges and oscillates. Ref. [11] pointed out that the SSO caused by the
device is mainly studied in the field of thermal power units, and there are few studies on
wind power, because this problem has not been encountered in actual engineering. Ref. [12]
summarized the mechanism of SSCI and the influence of the controller and system parame-
ters on SSCI and summarized the research methods and main inhibitory measures of SSCI.
Ref. [13] revealed that the interaction between wind turbines and the series compensation
system is the key factor that triggers SSO, and further studies have found that the negative
damping characteristics of DFIG at sub-synchronous frequencies are the main reason for
SSCI. The analysis results show that the oscillation frequency of the wind turbines changes
continuously with time, the grid operation mode, and the number of generators. Refer-
ences [10,11] investigated the influencing factors of SSO. In this paper, a model was built
in Simulink and experiments were conducted to verify the impact of external operating
conditions on SSO. On the basis of the former theory, this paper further validated the
influence of the proportional coefficients of the outer loops of the rotor-side converter (RSC)
and the grid-side converter (GSC) on SSO, discovering that a larger proportional coefficient
in the outer loops intensifies SSO. Ref. [14] proposed a control method for attaching a
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virtual impedance to the rotor-side converter of a doubly fed wind turbine, where the real
part of the virtual impedance improves the damping characteristics of the system and thus
suppresses the SSO. Ref. [15] proposed a sub-synchronous virtual resistance strategy, which
plays the role of increasing the sub-synchronous oscillation damping and suppressing the
oscillations by introducing a virtual resistance in the sub-synchronous frequency band
in the control of the wind turbine motor side, which can be physically interpreted as a
series of virtual resistors in the rotor circuit of the motor. Ref. [16] designed an additional
power-controlled sub-synchronous damping controller and provided a strategy for tuning
the parameters of this controller to optimize its performance. Ref. [17] proposed a damping
controller design method that is more adaptive than the traditional damping controller,
which is mainly based on a self-immobilizing controller that can effectively inhibit the SSO
phenomenon in a doubly fed wind power system under different operating conditions and
improve the stability of the system. Ref. [18] proposed an SSCI damping control strategy
based on the multiple-input multiple-output state-space approach and pointed out that the
configuration of the SSDC in the rotor-side converter has a better damping performance
with a more significant effect than the inclusion of the GSC. The control methods proposed
in References [12,13,16-18] incorporate adding damping controllers only in the grid-side or
rotor-side control system on one side. This paper presents a control strategy that introduces
a sub-synchronous damping controller (SDC) simultaneously on both the grid and rotor
sides, with experimental verification showing superior suppression effectiveness. Refer-
ences [14,15] presented parameter optimization strategies. This paper utilizes the genetic
algorithm to optimize the parameters of the SDC, achieving parameter optimization across
all operating conditions. Furthermore, the primary objective of the method proposed in this
paper is to enhance the SSO damping of the DFIG itself, particularly the oscillations between
the DFIG and series compensation. When other types of wind turbines are connected in the
vicinity, the improved damping of the DFIG itself can still effectively suppress the oscillations.
There are primarily three existing methods to suppress SSO: The first is to disconnect
series compensation, but this can reduce the transmission capacity of wind power. The
second method involves utilizing an SVG (Static Var Generator) or STATCOM (Static Syn-
chronous Compensator) to add supplementary damping control for oscillation suppression,
although this approach is constrained by the capacity of the SVG or STATCOM. The third
method involves modifying the control of wind turbines, mainly by altering the strategies
for stator and rotor control. This paper focuses on the third method and, building upon
previous research, is the first to address the optimization of controllers on both sides. The
research results demonstrate that the proposed method achieves better damping effects.
At present, research on the mechanism of SSO has been relatively sufficient, but there
is no effective, efficient, and convenient method for the optimization and transformation
of doubly fed wind turbines and the inhibition and solution of SSO problems. Based on
the research of scholars, this study analyzes the factors influencing SSO through frequency
domain impedance modeling and time domain simulation analysis, proposes an opti-
mal suppression strategy based on the sub-synchronous damping controller (SDC), and
optimizes the parameters through a large number of experiments to achieve the best sup-
pression effect to improve the stability and reliability of the overall operation of the system.
The main contributions of this study can be summarized as follows:

e  For the first time, the cooperative damping method for the grid-side and rotor-side
control systems of the DFIG is proposed to solve the SSO problem of doubly fed wind
power via a series-capacitor grid-connected system.

e  The parameters, including the gain and phase shift of the proposed SSO damping
method, are optimized using the genetic algorithm to achieve the best performance
for all variable operation conditions.
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e  The proposed optimized SSO damping method is verified with the established model
under the RTLAB platform.

The structure of the paper is as follows: The second part establishes the mathematical
model and frequency domain impedance model of the doubly fed wind turbine grid-
connected system via series compensation, and deduces the impedance function of the
system, to reasonably speculate the influence of the parameters on the SSO. The third
part designs the SDC, which is added into the control system of the doubly fed wind
turbine, and the fourth part of the article utilizes the genetic algorithm to obtain the
optimal parameter settings. The fifth part builds a time-domain simulation model in the
RTLAB platform, verifies the suppression effect of the SDC, and obtains the control table of
parameter settings and SSO amplitude suppression rate through experiments to realize the
optimal suppression effect. Finally, the summary and outlook are obtained.

2. Modeling of the Grid-Connected Systems of Doubly Fed Wind
Turbines Through Series Compensation

2.1. Mathematical Model of Doubly Fed Asynchronous Wind Turbines

Doubly fed induction generators (DFIGs) are not only the core components of variable-
speed constant-frequency wind turbines, but are also a key component in the process of
promoting the localization of wind turbines. The design and application of DFIGs are of
great significance for improving the efficiency and reliability of wind power systems.

The “doubly fed” in DFIG’s name comes from its unique structure: the stator is
directly connected to the grid, the rotor is connected to the grid through a set of back-
to-back converters, and both the stator and rotor are involved in feeding power to the
grid. The doubly fed wind turbine mainly includes a wind turbine, transmission system,
doubly fed induction motor, back-to-back power converter, and control system, and its
complete topology is shown in Figure 1. These components work together to ensure that
the wind turbines can efficiently and consistently convert wind energy into electricity. The
back-to-back power converters of the DFIG are composed of rotor-side converters (RSCs)
and grid-side converters (GSCs) to achieve stable energy flow. Xr is the reactance of the
step-up transformer, and Ry, and X, are the equivalent resistance and reactance of the
transmission line, respectively. Xc is the reactance of the series compensation capacitor of
the transmission line.
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Figure 1. The topology of the doubly fed wind turbine is connected to the grid through series
compensation with the SDC connected to both the rotor side and grid side.
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This paper proposes an optimized additional damping method for both the rotor-
and grid-side controllers, which can achieve efficient suppression of sub-synchronous
oscillations.

2.2. Grid-Side Converter Control Model

The typical control structure of the GSC is shown in the “Grid-Side Converter Control”
part in Figure 1, which consists of two control parts: the outer loop of the DC voltage and
the inner loop of the AC current. The balance of the instantaneous active power between
the RSC and GSC determines the DC voltage, which is achieved by controlling the active
component of the GSC AC current, that is, the d-axis component. Power factor control can
be achieved by adjusting the reactive component of the GSC AC current, that is, the g-axis
component [19].

The voltage difference between the three modulation voltages of the GSC and that of
the three-phase AC port acts on the filter inductor to generate a three-phase AC current.
The GSC AC loop time—domain model can be expressed as

Vg = I(mvdcmgl =0v+ SLfigi (1)
Table 1 lists the meaning of each physical quantity.

Table 1. Meaning of each physical quantity in Equations (1) and (2).

Parameter Meaning Parameter Meaning
GSC three-phase AC .
Vgl modulation voltage Ko PWM gain
Vil RSC thre?-phase AC K. Stator and rotor turns ratio
modulation voltage
GSC three-phase AC
Vde DC voltage Mg modulation signal
. GSC three-phase
] Three-phase AC voltage gl AC current

2.3. Rotor-Side Converter Control Model

The typical control structure of the RSC is shown in the “Rotor-Side Converter Control”
part of Figure 1. Links related to the slip rate are added to the rotor current control. The
DFIG unit’s total output power is regulated through the active and reactive powers of
the outer control loop. In the inner AC control loop, the active power can be controlled
by adjusting the d-axis component of the rotor winding’s alternating current, while the
reactive power can be managed by modifying the g-axis component of the rotor winding’s

alternating current [20].
The RSC AC port is connected to the rotor winding, its modulation voltage acts directly
on the rotor winding, and the time domain model of the RSC AC loop is

0y = KeKnvgemy 2)
Table 1 lists the meaning of each physical quantity.

2.4. Frequency Domain Impedance Model

According to Figure 2, the impedance function of the system is constructed as follows:

Zgsc * Zrsc
= = 1+ 72+ 7Z 3
Zgsc + Zrsc : T ®)
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where Z is the total impedance of the system, Zj is the line impedance, Z; is the grid-side
impedance, Z; is the rotor-side impedance, and Zggc and Zrgc are the impedances of GSC
and RSC in the control system, respectively. Each component is given by Equation (4):

Z =R+sL— &
Zs = Rs + sLy;

Zr = er»*]%m + SLlr (4)
K;
ZGSC = s—fwm KPS + s—]('gw)

_ _s K;
ZRSC = =i \Kpr + sfljra))

where R, Rg, and R; are the line, stator-side, and rotor-side resistances, respectively. L,
Lis, Lir, and Ly are the line inductance, grid-side inductance, rotor-side inductance, and
grid and rotor mutual inductance, respectively; Kpg and Kjg are the proportional and
integral coefficients, respectively, in the GSC. Kp,; and K;; are the proportional and integral
coefficients of RSC, respectively. w is the nominal angular velocity, taken as 377 rad/s;
W is the angular velocity of the rotor; C is the series compensation capacitance; j is the
imaginary number unit; and the resonant frequency can be obtained from s = jwy. The
electrical power from the rotor side is converted to the grid side.

sy’ sLis sL

R s/(s=jw)

Zgsc

SLMg AC "9

Figure 2. System impedance modeling.

From Equations (3) and (4), it can be seen that the changes in the proportional coef-
ficients of series capacitors C, GSC, and RSC, Ky¢ and Ky, directly affect the size of the
system impedance, while the number of fans affects the system torque, and the wind speed
affects the rotor speed and indirectly changes the size of the system impedance. When the
real part of the impedance is negative, the system presents a negative damping state, and
there is a risk of SSO.

3. Additional Damping Controller Design

A traditional sub-synchronous damping controller (SDC) is generally a single-input,
single-output system that includes gain, phase shifting, and clipping. The controller often
uses the speed deviation signal Aw, active output Pmeas of the fan, and voltage as feedback
signals [21].

In this study, an additional damping controller installed in the DFIG control system
GSC and RSC is used, and the electrical characteristics of the access point can be equivalent
to a controllable impedance. The bus voltage u,p. of the doubly fed wind turbine is selected
as the SDC feedback signal, which not only circumvents the problem of communication
delays, but also behaves as an open circuit in the industrial frequency range and does not
contain components complementary to the sub-synchronous mode in frequency.

3.1. Filter

The filter is used to extract the sub-synchronous signal based on the oscillating com-
ponent of the feedback signal. As the core element in this process, it allows specific
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sub-synchronous frequency components of the signal to pass through while greatly attenu-
ating other non-essential frequency components [22]. Through this process, the filtering
link can ensure that the control system accurately identifies and processes the SSO, pro-
vides accurate and reliable signal input for the subsequent gain and phase compensation
links, optimizes the interaction between the DFIG and the power grid, and improves the
stability and performance of the system. In this study, the filtering link in the SDC includes
two parts: a band-stop filter and a band-pass filter. The combined transfer function H(s) is

T 27sS s \2
13+ (a%)
where Hg(s) is the transfer function of the band-stop filter and Hp(s) is the transfer function
of the band-pass filter.

3.2. Gain

The effectiveness of the additional damping control on the SSO does not depend solely
on the choice of the feedback signal of the access point and the design of the filter, but also
on the design of a well-designed gain link. By appropriately setting the gain coefficient, the
control system can promptly and precisely output the corresponding voltage signal upon
detecting the SSO, thereby effectively curbing the oscillation’s progression and enhancing
the overall stability and reliability of the power system. Within a certain parameter range,
increasing the gain K leads to a more effective suppression of the SSO. However, the
limiting link needs to be considered, so it should not be set too large.

3.3. Phase Shifting

The PID phase compensation controller has the advantages of a simple structure, easy
implementation of the algorithm, and strong robustness. In this study, a simple leading-lag
control structure is used to generate a reference signal for the voltage loop, which makes
it easy to adjust the gain and phase compensation parameters. The phase compensation

f lai follows:
ormula is as follows 1 Ts

14+ Ts

where T is the time constant of the phase compensation link.

(6)

3.4. Add the Impedance Transfer Function of SDC

SDC is added to the rotor-side and grid-side control systems, as shown in Figure 3.

Us
Ugq abc U, ‘® Vout
_— ;@ -
]
Vo Va

Vpc_B690

Filtering Gain Phase shifting

Figure 3. Impedance schematic with SDC added.
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Let the impedance transfer function after adding SDC be G(s), then,
Vout
G(s) = )
( ) uabc

Taking phase A as an example, then,

Vaour — Ug+Vy _ Vi
Ga(S)ZTat—ULa—l‘i_m (8)
V, 1-Ts )2]

=1+ %ﬂégo[H[ﬁ@) + Kp + (ﬁ
where Vot is the output voltage after adding the SDC, and Uy, is the output voltage of
the control system without the SDC. V,0ut is the output voltage of phase A after adding the
SDC, U, is the phase A voltage at the output terminal of the control system without SDC,
Va is the equivalent injection voltage of the SDC, V ,.peop) is the voltage of phase A of the
generator, the transfer function of the filter link Hg(s) is given by Equation(5), and Kp is
the gain.

4. Parameter Optimization

The genetic algorithm (GA) is an approach that probabilistically seeks the optimal
solution by mimicking the natural evolutionary process [23]. By utilizing mathematical
techniques and computer simulations, it transforms the problem-solving process into one
that resembles the biological evolution processes of selection, crossover, and mutation of
chromosome genes. After multiple iterations and updates, the optimal solution to the
problem is attained.

GA avoids the issue of traditional optimization algorithms easily becoming stuck
in local optimal solutions by conducting a global population search. Additionally, GA
exhibits strong adaptability and is suitable for complex optimization problems, making it
well suited for parameter optimization in the control system of SDCs for doubly fed wind
turbines. Thirdly, GA possesses robustness and is insensitive to the selection of the initial
population, thus having low requirements for the manually set initial parameter values.

The parameter optimization method based on GA takes the fitness function as the
evaluation criterion, uses MATLAB programming to realize the iterative calculation of the
parameters of the SDC, and efficiently and quickly calculates the optimal parameters that
should be set under different operating conditions to obtain the optimal suppression effect
of the SSO.

Figure 4 shows the flow chart of the GA algorithm implementation. The algorithm
implementation steps are as follows:

1. Initialize the population: select the dataset within the controllable range of the target
parameters, and select the phase shift angle, gain, and serial compensation degree
as the “genes” that can be operated. The initial parameters are set as follows: the
crossing probability P, is 0.5, the mutation probability Py, is 0.001, and the maximum
number of iterations T is five.

2. Calculate the fitness values for different parameter combinations.

3. The cross-matching order is randomly generated, the cross-matching sequence is
determined according to the crossover probability P., and the cross-operation is
carried out one by one to generate a new group.

4. Individuals are randomly selected to determine whether the gene fragment is mutated
according to the mutation probability P, and the mutation operation of the single
gene fragment is performed to generate a new population.
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5. Determine whether the suppression requirements are met; otherwise, proceed to
Step 2 until the maximum number of iterations is reached, and the optimal solution
is retained.

Initialize the
settings

l

The first generation t

k

)

Calculate fitness

YES

Meet the
condition

Select
Cross
Mutate

l

Output the optimal
solution

The next generation of - \I/ -
populations t+1 SSO is effectively
suppressed

Figure 4. Algorithm implementation step diagram.

The optimization objective of this study is to calculate the optimal setting values of
the gain K and phase-shift time constant T in the SDC for any operating condition using
the GA algorithm to maximize the SSO amplitude rejection rate.

The index of the amplitude suppression rate is defined to describe the suppression
effect of the SSO phenomenon under different SDC parameters. The relevant amplitude
suppression rate is expressed as follows:

Hg_Hb

b=""p ©)

where H, and Hy, represent the amplitude of the oscillation of the output waveform of the
a-phase current I, before and after the addition of the SDC, respectively.

A mathematical model for parameter optimization is developed as shown in
Equation (10):
maxC(B,K,T)
0<p<1
—10 < Kg < —64
—-30 <K, < -120
02 < T, <099
02<T, <099

(10)

5. Simulation and Verification of SDC Inhibition Effect
5.1. Simulation and Verification of the Suppression Effect of SDCs Added to the Control System

The SDC are installed in the abc axis control structure at the output of the GSC and
RSC and are enabled simultaneously.

In order to verify that the proposed optimization method can effectively suppress
SSOs under all operating conditions, the time domain simulation was carried out with
parameters such as the gain and phase-shift time constant in SDC as variables. Table 2 lists
the parameters of the DFIG. The rated power and voltage of the stator were selected as
the reference values. I,, is the phase A current of the bus on the grid side The following
operating conditions are taken as an example for simulation experiments. The wind
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speed was set to 6 m/s, the capacity of each DFIG was 1.5 MW, and the number of wind
turbines was 100, and they were connected to the infinite power grid through the series
compensation capacitor of 445F.

Table 2. DFIG parameters.

Parameter Value Parameter Value
Rated power 1.5 MW Rotor resistance 0.01827 p.u.
Rated frequency 50 Hz Rotor self-sensing 0.2222 p.u.
Stator rated voltage 0.690 kV Excitation inductance 15.71 p.u.
Rotor rated voltage 1.975 kV Stator resistance 0.01638 p.u.
Constant of inertia 0.0685 s Stator self-sensing 0.2552 p.u.
GSC scale factor 0.83 GSC points factor 5
RSC scale factor 0.6 RSC points factor 8

As shown in Figure 5, the proposed method was tested with the RTLAB platform.
In Simulink, a model for the grid-connected system of a DFIG with series compensation
was built. The process involved several steps: firstly, dividing the system into subsystems;
secondly, adding the OpComm module; thirdly, maximizing parallel execution and config-
uring priority/state variables; fourthly, setting real-time parameters; and finally, running
the model offline.

OPAL-RT

TECHNOLOGIES

R

S
P L0 T

wwwwwwwwwww BASED REALTIME SIMULATOR

Figure 5. Testing with RTLAB platform.

The SDC gains K¢ and K; installed in both the GSC and RSC, as well as the phase shift
time constants Tg and Ty, were calculated from the GA. The current waveform without SDC
under the same operating conditions was compared, and the amplitude suppression rate {3
was calculated according to Equation (9); results are shown in Table 3. Figures 6 and 7 show
the comparison of the current I, output waveform of phase A before and after adding the
SDC; the red line in the figure is the I, output waveform before adding the SDC, and the
blue line is the I, output waveform after the SDC is added.
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Table 3. GSC + RSC-SDC parameters and results.
Number Kg Tg Kr Tr B

1 —64 0.99 —110 0.99 84.70%
2 —68 0.99 -120 0.99 85.15%
3 —-10 0.2 -30 0.2 37.14%
4 -25 0.5 —60 0.5 65.58%
5 —50 0.8 -70 0.8 78.22%
6 —64 0.95 —100 0.95 85.99%
x10°

— aftor Optimization
—Before Optimization;

10 11 12 13 14 15

Figure 6. Comparison of I, output waveforms of the SDC added only in the GSC.

La(A) 0

5
1. 10
—After Optimization
—Betore Optimization

0.5

10 1 12 13 14 15
Time (s)

Figure 7. Comparison of I, output waveforms with the joint addition of the SDC in the GSC and RSC.

After many experiments and analyses of the experimental results, the following

conclusions were obtained:

Comparing Figures 6 and 7, the optimization effect of adding SDC on both the grid side
and rotor side is obviously better than adding SDC to the single-side controller only.
To achieve optimization under this working condition, the value range of the SDC
gain Kg in the GSC is [-10, —64], the value range of the SDC gain K; in the RSC is
[—30, —120], and the value range of the phase-shift time constant T in the two control
systems is [0.2, 0.99].

The gain K is related to the phase-shift time constant T, and the parameters should
be synchronously increased or decreased. When the absolute value of K is extremely
large and that of T is extremely small, the system becomes unstable, as shown in
Figure 8a. When the absolute value of K is too small and that of T is too large, the
inhibition effect is extremely insignificant, as shown in Figure 8b.

When the absolute values of K and T were increased, the inhibition effect was better.
The combined inhibition effect was the best at 85.99% when Kg = —64, Tg = 0.95,
K: = —100, and T; = 0.95, as shown in Figure 7.
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Figure 8. Invalid verification.

5.2. Simulation and Verification of the Suppression Effect of SDC Added into the Control
System Alone

In this study, SDC is added into the GSC and RSC control systems, the suppression
effect is explored through simulation experiments, and a comparison table between the
parameters and the SSO amplitude suppression rate is obtained. The three-dimensional dia-
gram is drawn with code in MATLAB, as shown in Figures 9 and 10, so that the relationship
between the parameter setting and the suppression effect can be intuitively seen.
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Figure 9. GSC parameter settings and results.
RSC parameters and results
0.7
£ 0.8 0.6
=] W
S S . = Bos
Zos ot &
0.4
Zo4 02
(=9
] 0.4
< 06 0.3
0.2 - Phase shift
-120 -100 -80 | 0.8 time constant
Gain ~60 -40 20 !

Figure 10. RSC parameter settings and results.

Comparing the inhibition effect with that of the combined addition of SDC, as shown
in Table 4, it can be concluded that the joint inhibition effect when SDC is added to both
the GSC and RSC systems is better than that of SDC alone in the control system under the
same conditions.
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Table 4. Comparison of the effects of different SDC addition positions.
Group SDC Location Kg Tg K; T, B

GSC —10 0.2 - - 31.09%

1 RSC - - —30 0.2 21.77%

GSC + RSC -10 0.2 -30 0.2 37.14%

GSC —25 0.5 - - 58.88%

2 RSC - - —60 0.5 52.73%

GSC + RSC —25 0.5 —60 0.5 65.58%

GSC -50 0.8 - - 75.72%

3 RSC - - —-70 0.8 56.27%

GSC + RSC -50 0.8 —70 0.8 78.22%

GSC —64 0.95 - - 83.31%

4 RSC - - —100 0.95 73.35%

GSC + RSC —64 0.95 —100 0.95 85.99%

6. Conclusions

To solve the SSO problem, this paper proposes an optimized additional damping

method for the rotor- and grid-side control system of the DFIG, which can suppress the

5SSO successfully under variable operating conditions. First, the impedance model of the

DFIG is established. Subsequently, a joint optimization strategy with SDC on both the grid

and the rotor sides is proposed. Finally, the model is verified. The verification results show

the following:

An innovative optimization method based on coordinated control of the rotor and
grid sides was proposed. Compared with the method of adding an SDC on only one
side of the rotor or grid control system, the combined optimization effect was better,
with an amplitude suppression rate reaching 85.99%, which can more effectively solve
the SSO problem existing in the doubly fed wind power grid-connected system via
series compensation.

The genetic algorithm was used to optimize the design of the parameters of the
SDC. Through the optimization algorithm, optimized suppression under all operating
conditions can be achieved with different series compensation degrees, wind speeds,
and numbers of wind turbines.

The experimental module was established on the RTLAB platform to simulate the
experimental effects under different operating conditions and conduct the simulation
research. The experimental results are consistent with theoretical derivations, and
the experimental conclusions provide a reference value for the setting of various
parameter thresholds in engineering practice.

In summary, the SSO suppression method for doubly fed wind turbines based on

the GA proposed in this paper has a certain practical application value in addressing the

challenges of power system stability and security, and also features both economy and

convenience. It provides a guarantee for the safe and stable operation and efficient power

transmission of wind farms and offers new ideas for the integration of artificial intelligence

into new power systems.
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7. Outlook

Based on the research in this paper, the following recommendations are proposed: It
is recommended to incorporate SDCs on both the grid and rotor sides of doubly fed wind
turbines connected to the grid via series compensation in order to reduce system damping,
decrease the occurrence of SSO, and effectively lower the oscillation amplitude of SSO if it
does occur. Additionally, the GA should be applied to optimize the parameters of the SDC,
ensuring its effectiveness under all operating conditions.

For future work, we have the following plans:

e  To explore the impact of adding the point location of the SDC in the control system on
the SSO suppression effect.

o To investigate how to improve the fitness of the GA algorithm for the SDC model,
thereby further enhancing the SSO suppression effect.
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