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Abstract: To address the issue that small-signal oscillations on the rotor side of
doubly fed wind turbines may propagate through multiple transmission paths and
induce subsynchronous oscillations, this paper proposes a small-signal oscillation
suppression strategy based on the combined contro! of linear active disturbance
rejection control (LADRC) and adaptive quasi-proportionai resonant (AQPR) control.
LADRC is employed to replace the conventicnal Pl controller in the inner current
loop of the rotor-side converter, where real-time disturbance estimation and
compensation effectively block the propagation of small-signal oscillations within
the current loop. Meanwhile, by integrating the intrinsic time-scale decomposition
(ITD)-based oscillation frequency identification algorithm with a frequency-locking
update module, an AQPR suppressor is constructed to achieve frequency-selective
suppression of time-varying small-signal oscillations embedded in cross-coupled
current signals. Based on this framework, an LADRC-AQPR combined current-loop
control system is established, and key parameters are optimally designed to
mitigate subsynchronous control interactions. Simulation and experimental results
further provide systematic comparisons between LADRC-, QPR-, and ITD-based
methods and their conventional counterparts in terms of oscillation identification
and suppression performance, demonstrating that the proposed method exhibits
superior dynamic response and enhanced robustness. Moreover, comparative
validations under three typical operating conditions confirm that the proposed
combined control strategy significantly outperforms conventional approaches in
suppressing small-signal oscillations and can effectively mitigate time-varying
small-signal oscillations in grid-connected doubly fed wind turbine systems.

Keywords: Doubly-fed wind turbine; Rotor side converter; Small interference
oscillation; Linear active disturbance rejection controller; Adaptive quasi-
proportional resonance suppressor

1. Introduction
In order to realize China 's carbon peak and carbon neutrality strategic
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objectives, wind energy, as a clean energy source in the power system, has
experienced rapid and sustained development. Since most wind power generation
bases in China are located in remote areas, fixed or controllable series
compensation is often adopted to increase line transmission capacity due to long
transmission distances and large-scale power delivery [1]. Sub-synchronous
oscillation (SSO) accidents caused by series compensation have occurred
repeatedly. For example, in 2009, an SSO accident with an oscillation frequency of
approximately 25 Hz occurred in a wind farm in Texas, USA [2,3]; in 2012 and 2016,
oscillations occurred in wind farms in Guyuan, Hebei Province, and Tongyu, Jilin
Province, respectively, where the wind farms were connected to the grid through
series-compensated transmission lines, with oscillation frequencies of 6-8 Hz in
2012 and 5.33 Hz in 2016 [4]. Therefore, it is of great significance to study system-
level SSO suppression strategies for doubly fed induction generator (DFIG) wind
turbine systems connected to the grid via series-compensated transmission lines.

SSO suppression strategies at this stage are generally categorized into three
types. For the first type, the key control parameters of the wind turbine converters
are adjusted. Literature [5] concludes, through theoretical derivation and
simulation verification, that appropriate parameter selection can effectively reduce
the occurrence of SSO. This method is easy to implement; however, modifying the
key control parameters of the wind turbine converters may adversely affect their
dynamic performance and fault ride-through capability, and therefore it is not an
ideal solution.

The second type of method is to employ advanced nonlinear controllers to
replace conventional proportional-integral (PI) controllers or to introduce additional
damping control. For exampie, Hx robust controllers [6], feedback linearization
controllers [7], and sliding mode controllers [8,9] have been reported. Although
these controllers can achieve better control performance, the oscillation
suppression strategies rely on accurate modeling of the doubly fed wind turbine
system, resulting in relatively complex control structures, and their stable operation
is easily affected by external disturbances. In the doubly fed induction generator
(DFIG) system, supplementary sub-synchronous damping control is usually
implemented in the rotor-side converter (RSC) or grid-side converter (GSC).
According to different input signals, supplementary sub-synchronous damping
control is generally divided into three types:

1) The RMS value of the line compensation capacitor voltage is used as the
input control signal. For example, in literature [10], the line compensation
capacitor voltage RMS (lt) is employed as the input signal of the
supplementary sub-synchronous damping controller (SSDC), and its output is
embedded in the grid-side converter (GSC). The results show that using It as
the control signal has a good suppression effect on SSO.

2) The rotor speed is used as the input control signal. As reported in literature

[11,12], the rotor speed is simultaneously embedded into the output voltage

control loops of the d-axis and g-axis of the rotor-side converter (RSC), and the

controller parameters are optimized using an improved particle swarm



optimization algorithm, thereby achieving effective SSO suppression under

various operating conditions.

3) The rotor current is used as the input control signal. In literature [13], the d-

axis and g-axis components of the rotor current are adopted as input signals,

where /- and /- serve as the control inputs. Based on /g and /4, a rotor-side

SSDC is designed for a system in which SSO actually occurs, and the controller

performance is verified using a small-signal impedance model.

Literature [14] compares the control effects of the above three SSDCs and
concludes that the third type exhibits better control performance; however, it still
suffers from the complexity of parameter optimization. Similar to the third type of
SSDC, literature [15-17] proposes an SSO suppression strategy by attaching a sub-
synchronous notch filter (SNF) to the rotor-side converter (RSC) of the DFIG, and
the optimal attachment position of the SNF is determined using a quantitative
method based on numerical comparison, which is easy to implement. This type of
scheme has the advantages of simple implementation and straightforward
parameter tuning. Its limitation is that it is mainly suitable for SSO suppression
within a fixed frequency band and cannot effectively suppress SSO outside this
frequency range.

The third type of method utilizes flexible AC transmission system (FACTS)
devices to achieve centralized suppression of sub-synchronous control interaction
(SSCI). Active disturbance rejection control (ADRC) does not rely on an accurate
mathematical model of the system and exhibits strong robustness in nonlinear,
strongly coupled, and time-varying systems. In literature [18], an additional ADRC-
based damping controller is incorporated into a static synchronous compensator
(STATCOM) to address the limitation that filter-based suppression strategies cannot
adapt to varying operating conditions, which poses challenges in practical
engineering applications. In literature [19,20], linear active disturbance rejection
control (LADRC) is further proposed, which reduces the number of control
parameters to two without degrading control performance. However, the time-
delay factor is usually neglected, resulting in a mismatch between observer inputs
on the time axis, thereby reducing tracking accuracy and adversely affecting
control reliability.

Although the above methods can suppress small-signal oscillations in DFIG grid-
connected systems to a certain extent, existing studies on improving wind turbine
control strategies mainly focus on suppressing small-signal oscillations within a
specific frequency range [21-23]. In practical engineering applications, the
oscillation frequency associated with small-signal oscillations varies in real time due
to changes in grid conditions and control strategies. As a result, the following two
issues arise: (i) when small-signal oscillations occur, multiple oscillation
transmission paths exist in the rotor-side converter (RSC) of the doubly fed wind
turbine, and the oscillation frequency varies in real time, which increases the
difficulty of suppression using conventional turbine control strategy improvements;
(ii) the oscillation frequency of small-signal oscillations in the cross-coupled control
signals of the RSC also changes in real time, and when the oscillation frequency



varies, the corresponding oscillation frequency in the rotor-side converter of the
doubly fed wind turbine changes accordingly, such that the conventional inner-loop
current control strategy of the RSC cannot achieve effective suppression.

In summary, this paper has the following three main contributions:

(1) From a mechanism-oriented perspective, the multi-path propagation
characteristics of small-signal oscillations in the rotor-side converter of a doubly fed
wind turbine through both the current inner loop and the cross-coupling channels
are systematically revealed. Meanwhile, the individual components of the LADRC
model are introduced in detail, and the conventional Pl controller is replaced by
LADRC. Comparative experimental results demonstrate that the proposed LADRC-
based current inner-loop control can effectively block the propagation paths of
small-signal oscillation frequencies in the rotor-side converter.

(2) Based on the mathematical model of the rotor-side controller of the doubly
fed wind turbine, an adaptive quasi-proportional resonant (AQPR) suppressor is
constructed by integrating the intrinsic time-scale decomposition (ITD) algorithm
for oscillation frequency identification with a frequency-locked update module. The
proposed AQPR suppressor replaces the conventional SSDC controller, and its key
parameters are optimized to achieve effective tracking and suppression of small-
signal oscillation frequencies in the current inner-loop contro! signals of the rotor-
side converter.

(3) By combining LADRC and AQPR, a novel integrated control scheme is
developed. On a simulation platform of a doubly fed wind turbine grid-connected
system with series-compensated transmission lines, simulation results verify that
the proposed integrated control strategy outperforms the traditional PI-, PI+SSDC-,
and single-controller schemes in terms of oscillation suppression effectiveness,
dynamic performance, and robustness.

The rest of this paper is organized as follows:

Section 2 explains the mechanism of small-signal oscillations based on the
construction of a grid-connected doubly fed wind turbine system model. Section 3
constructs a joint controller based on the ITD algorithm combined with AQPR and
LADRC, and describes the operating principles of the controllers. Section 4
constructs the overall control structure diagram of the joint controller and calibrates
the key parameters. Section 5 builds a simulation model of a grid-connected doubly
fed wind turbine connected to a series-compensated transmission line on the
MATLAB/Simulink platform and analyzes the operational performance of the LADRC
suppressor, the AQPR suppressor, and the joint suppressor, respectively. Section 6
summarizes the whole paper.

2. Modelling of doubly-fed wind turbine grid-connected system with
explanation of small disturbance oscillation mechanism

2.1, Modeling of grid-connected doubly-fed fan system

The overall model of the doubly fed wind farm connected to a transmission-
line-based grid is shown in Figure 1. The doubly fed wind farm consists of 66
individual doubly fed wind turbines with a rated capacity of 1.5 MW each. In the
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traditional control of doubly fed wind turbines, the rotor-side converter (RSC)
employs decoupled active and reactive power control to achieve maximum power
point tracking (MPPT), while the grid-side converter (GSC) adopts fixed DC-link
voltage control and reactive power factor control to stabilize the grid-connected AC
voltage. A phase-locked loop (PLL) is used to maintain synchronous operation
between the wind turbine system and the power grid. The physical meanings of the
variables shown in the figure are listed in Table 1 in Section 5.

In Figure 1, the series compensation degree K: of the transmission line is
defined as:

K=y e 010
& (X +X)

Where Xc and X_ are the equivalent capacitive reactance and inductive
reactance of the series-compensated transmission line, respectively, and Xt is the
equivalent inductive reactance of the transformer.
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Figure 1. Structure diagram of doubly-fed wind farm system with series-
complement transmission lines connected to the grid

Literature [24] points out that variations in wind turbine control components
and transmission line parameters can induce small-signal oscillations in the overall
grid-connected wind farm system, while representing the entire wind farm as an
equivalent single wind turbine remains analytically valid. Therefore, it is assumed
that the operating points of all wind turbines in the wind farm are essentially
identical at the same time, and the parameters of a single equivalent wind turbine
are obtained from the aggregated parameters of the wind farm. Based on capacity
weighting, the wind farm can be equivalently represented by a single doubly fed
wind turbine model, which is connected to a transmission line containing series
compensation capacitors through two-stage step-up transformers T; and Ts.
Accordingly, this paper employs a single doubly fed wind turbine to represent the
entire wind farm for comprehensive analysis.

2.2. Mathematical model of doubly fed induction generator

Under ideal conditions, such as neglecting magnetic saturation and leakage

effects, the air-gap magnetic field is assumed to be sinusoidally distributed, and



the windings of the doubly fed induction generator can be equivalently represented
by the physical model shown in Figure 2.

C,

Figure 2. The equivalent physical model of doubly-fed induction generator

The Park transformation is used to convert the three-phase stationary model of
a doubly fed induction generator into a two-phase dqg rotating coordinate system,
and the resulting mathematical equations are equivalent to those in a synchronous
rotating coordinate system with stator voltage vector orientation:
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In the formula, [sq.[sq:.lrq and Urq are the ¢'and g axis components ofstator

and rotor voltages, respectively. Dsj.i;q,.rd and iq are the d and ¢ axis

components of stator and rotor currents, respectively. Lg and L, are the self-
inductance of the stator and rotor windings, respectively. L., is the mutual
inductance between the stator and rotor windings. R and R, are the stator and
rotor resistances, respectively. Ws and Wy are the operating angular frequency

and slip angular frequency, respectively (Ws; = SgjipWs, Ssip is the slip rate), and

p is the differential operator.
2.3. Double-fed fan rotor side mathematical mode/

The stator resistance is relatively small compared with other parameters of an
induction motor, such as reactance. Under steady-state conditions, the stator
current is mainly influenced by the stator inductance and the load, while the effect
of the stator resistance is negligible. Therefore, the stator resistance can be ignored
to simplify the mathematical model. Under this assumption, the active and reactive
powers of the doubly fed wind turbine can be approximately decoupled. When the
rotor-side converter of the doubly fed wind turbine adopts stator-voltage-oriented
vector control, the active and reactive output powers can be independently
regulated by the d-axis and g-axis components of the rotor current, respectively.
The mathematical equations of the rotor-side controller can be expressed as:



i . di, L. .
1 Uy, =Rl +s 2y —U - ws L
.Itqd R d Lr dt S| M{LS sl LI’ q DBD
d

I .
T +ws L,

4o =Rig+s L,

Where: w; is the angular frequency of the grid voltage; O is the magnetic
leakage coefficient.

Further, the mathematical expressions of the active and reactive power at the
stator side of the doubly fed wind turbine can be obtained as follows:

— UV Lofiy) 040

Where: Ysq and Ysq are the dand g-axis components of the stator flux.

Formula (4) shows that when the doubly fed wind turbine operates in a steady
state, the stator active power A is mainly determined by the d-axis component /g4
of the rotor current, while the reactive power Qs is mainly determined by the g-axis
component /q of the rotor current.

Other detailed mathematical modeling of doubly fed wind turbines can be
referred to in literature [27],
2.4. Explanation of oscillation mechanism of small interference

In a doubly fed wind turbine grid-connected system, the equivalent resistance

on the rotor side can be expressed as Rysc = R/Sqip (R is the equivalent
resistance of the rotor), where the slip ratio Sgj;p is:

- 050

Where: ws is the operating angular frequency; w, is the rotor angular
frequency.

When the system operates in the frequency range of the disturbance
component and Ws<W, <Wgr , corresponding to the frequency band where the
slip ratio Sgip < 0, the equivalent rotor-side resistance Fs. becomes negative.
When the absolute value of the rotor-side equivalent resistance is greater than the
equivalent resistance of the stator side and its external circuit, the overall system
exhibits a “negative resistance effect”. This effect leads to a gradual increase in
line output voltage, current, and power dissipation oscillations, eventually causing
system instability. Conversely, when the overall system is capable of dissipating
the energy of the oscillatory components, a larger equivalent resistance provides a
higher positive damping ratio, resulting in improved system stability. The
mechanism of small-signal oscillations in the grid-connected doubly fed wind
turbine system is illustrated in Figure 3.



Stator current

*
I
e I
I
L

35/110KV

0.69/35KV

(66x1.5) MW
DFIG Wind power plant

Figure 3. Propagation response diagram of small disturbance oscillation
component

In order to ensure that the grid-connected doubly fed wind turbine system can
maintain stable power quality even under small-signal oscillation conditions, the
traditional control strategy for doubly fed wind turbines is relatively strict. Most
existing strategies for suppressing small-signal oscillations involve designing a
virtual damping controller (SSDC) based on the Pl double closed-loop control of the
wind turbine to mitigate system instability caused by small-signal oscillations. The
overall control and suppression strategy structure of the rotor-side converter in the
traditional doubly fed wind turbine system is shown in Figure 4.

Figure 4. Structure diagram of Pl control +SSDC control strategy for traditional
doubly-fed fan rotor side converter

where ref denotes the reference quantity. At this stage, two issues need to be
addressed in the study of small-signal oscillation suppression strategies for
traditional grid-connected doubly fed wind turbine systems. On the one hand,
during the actual operation of doubly fed wind turbines, the Pl control loops in the
turbine control system are unable to effectively suppress small-signal oscillations
generated in the system and may even contribute to the progressive propagation
of oscillation frequencies. On the other hand, random fluctuations in the overall
wind power output result in real-time and uncertain variations in oscillation
frequency, making it difficult to apply virtual damping controllers designed for a
specific oscillation frequency in practice. Virtual damping controllers tuned for a
fixed frequency are therefore often incapable of handling real-time variations in
small-signal oscillation frequency. Consequently, based on the above two issues,
this paper elaborates on the operating principles of the LADRC controller and the
AQPR suppressor in Section lll and adopts a combined LADRC+AQPR controller in



Section IV to block and suppress small-signal oscillations within the rotor-side
converter of the doubly fed wind turbine, thereby addressing the problem of small-
signal oscillations in the system.

3. Construct LADRC+AQPR joint controller

3.1. Building the LADRC Controller

In view of problems such as the stepwise propagation of small-signal oscillation
frequency caused by variations under multiple operating conditions in a doubly fed
wind turbine system connected to series-compensated transmission lines and the
power grid, an LADRC controller is adopted in this section to replace the Pl controller
in the rotor-side current inner loop to track and suppress the small-signal oscillation
frequency generated in the system. In this way, the coupling effect of oscillation
frequency between the wind turbine controller and the series-compensated
transmission line is effectively blocked. The LADRC controller does not require
additional hardware devices and features strong robustness and simple parameter
tuning, making it well suited for practical engineering applications. The structural
diagram of the LADRC controller is shown in Figure 5.

Vol#) AL~ Lo Controlled | y»
—— TD [ %__ew . |LSEF - 0,
| Object

|

Figure 5. Structure diagram of LADRC

A.Tracking Differentiator (TD)

The role of the tracking differentiator (TD) is to provide two signals: a transition
signal toward the target point and a differential signal. As an inertial element, the
transition signal generates a smooth trajectory approaching the target point, during
which no sudden change or overshoot occurs.

The principle of the TD can be derived from the closed-loop transfer function of
a second-order system:

74
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Where : § is the damping ratio; W, is the natural oscillation angular frequency.

When § =1, this is the ideal TD. At this time, the convergence rate of the
system can be adjusted by adjusting the parameter Wy, so that the set value can
be reached faster.

From equation (6), the differential equation of the linear TD for a second-order
system can be obtained as follows:

y—%”z = 5 Yo +2a 1 Y 070

Set Umd=X1md and Umg=Vmd, Where Ximg is the current state of the TD and



Vmd is the target state. The relationship after setting is:

\:, g =Xy
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Where: X1mg is the transition curve, which will always track the output Vmg;
Xo>mg is the differential of the transition curve.
B.Linear extended State Observer (LESO)

According to the d-axis equation of the rotor current controlling the active
power output in equations (3) and (4), the derivative of both sides of the equation
is simplified as follows:
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The coupling terms and uncertainties that affect the controlled output in

equation (9) are represented by [, and the second-order control object is obtained:
&y _

df 7

Where :b is the controller gain, b=Rr/(02Lf): As a new state variable of the

system, f can be regarded as the total disturbance inside and outside the system.
Then, the state equation of the system can be expressed as:
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Where : X=[x71,X5,Xx3]"is the state vector of the system; [J3 is the total
disturbance [0 of the system, and its derivation is h(X,w). W is the external
disturbance of the system; [l;4 is the control input signal output by LADRC to the
rotor side. iq is the system output, which is also the input to the LESO and is
controlled to quickly track the given reference value ird_ref.

The LESO is designed based on the linear system (11) to estimate and online
compensate the total disturbance of a grid-connected doubly fed wind turbine
system in real time. The state equation is as follows:

10X =Pk +h(X- X)
[ P =0k +h (X~ X)+hu, 01200
ok =4(x- X)

Where: >A<1 and >A(2 are the system state estimators; >A(3 is the estimator of
the total disturbance caused by small disturbances. [l1, [ and [l3 are observer
gain parameters. [lp is the compensation factor of the LESO used to estimate
the controller gain b. The parameters in the observer (12) are rounded as follows:
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The order n obtained from equation (11) is 2. In order to ensure the stability of
the system and provide a good transition process, the characteristic equation of
the third-order LESO can be expressed as follows:

/(9 =S +a,w, ¢ +a,ms+a, i} =(s+w)’ 0140

It can be seen that the observer n+1 gain coefficient [ is simplified to the
bandwidth wg of the observer, and wg usually has good robustness and
adaptability, and has a wide adaptation range ,which makes it easy to debug.
C.Disturbance estimation compensation

According to the LESO estimation of the total disturbance inside and outside
the system, the disturbance feedback quantity is used to dynamically compensate
the small disturbance. Then, the final control quantity is formed to suppress the
small-signal oscillation frequency in the rotor-side control system of the doubly fed
wind turbine.

The LESO can observe the total system disturbance in real time when:

% » x5 = F (i, WD) 0150
The control quantity Ug rer Of the final system is designed as:
u"_ref =l- % DlGD

Where: [l is the virtua! control quantity; [y is the controller gain value in
equation (10).

D.Linear State Error Feedback(LSEF)

Proper linear state error feedback can improve the anti-interference ability of
the system and thus increase the stability of the controller. Equation (16) is
substituted into the second-order state equation (10), and under the condition bg=
b, it becomes the following new series integral system

P2 (0 =by (D 0170

The voltage virtual control quantity [lp in equation (17) is based on the
following proportional and higher-order differential feedback control law:

t=k(5- %) +k(5- %) 4 +&(7- X)+7 0180
In the formula, [J; to k, are controller gain parameters. And it has:
(a5 | =18 ., ] 0190
E.Overall LADRC design

Where the LESO in the LADRC replaces the nonlinear ESO as:
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Where: h is the integral step; B; and B, are adjustable observer gain
coefficients. by is the compensation factor of the nonlinear state observer; []] is
the state estimate of the tracking output [;z, is the estimate of the total
disturbance of the system. ffal(e,a,8) is a nonlinear power function:

1 e
fal(ea,o’)=|lF'|el£d |:|21D

flef sgn(a,|el>d

Where: @ is a power parameter, usually with a value of 0.5; O is the length of
the linear segment interval, which can be the sampling step; sgn(e) is the sign
function.

Using the fastest feedback function fhan, the following nonlinear state error
feedback is constructed:

022[

In this equation, €; represents the tracking error of the system; the parameter
c is a nonlinear feedback gain introduced to achieve a trade-off between the system
response speed and chattering suppressicn; r controls the response speed of the
tracking differentiator to input signal variations and is generally chosen to be on
the same order of magnitude as the desired closed-loop bandwidth; h; is the
sampling period.

The fhan function can be expressed as:
1 i r*sgn(a),|al>d

fhan =-
: % rald|alE d

% +(a- d)san(1)12.] yI> 0 0230
X +yl A YIE g
Go =\/m
P Y=Xx+hx
L =hd
td=rh
In this equation, ¥,a, and oo denote the internal variables of the fhan function.
The parameters dd =rh1 and dO =hd define the nonlinear piecewise thresholds that
separate the linear and nonlinear error regions, ensuring continuity and robustness
of the control law near the error zero-crossing. The parameter configuration is
consistent with the standard design guidelines of active disturbance rejection
control (ADRC) theory.
For the establishment of the above LADRC controller, its operating mechanism
lies in that, when the RSC adopts stator-voltage-oriented vector control, according
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to (3), the rotor-side closed-loop controller regulates the rotor current jrdandjrq by
controlling the d-axis and g-axis components of the rotor voltage, thereby
stabilizing the output power of the DFIG. Therefore, the linear ADRC control



principle for the doubly fed wind turbine in this paper can be summarized as follows:
the rotor-side outer loop compares the reference values of the turbine output active
and reactive power with the measured values, and then generates the d-axis and
g-axis reference values of the rotor current through PI control as the inputs of the
inner loop. Subsequently, by regulating the d-axis and g-axis components of the
rotor voltage, decoupled control of the active and reactive power of the doubly fed
wind turbine is achieved. In Fig. 5, the linear ADRC replaces the conventional PI
controller in the inner loop. The tracking differentiator (TD) arranges the transition
process for the d-axis component of the rotor current %4 avoiding excessive
overshoot during system start-up and obtaining its differential signal. The target
error and differential error are then input into the LESO. As the core of ADRC, the
LESO observes the total disturbance of each system state based on the input and
output data. The linear state error feedback (LSEF) effectively suppresses
disturbances and enhances system stability through the designed proportional and
higher-order differential feedback control law. Finally, according to (16), a
compensation process is applied to the feedback control quantity, enabling
dynamic compensation of subsynchronous disturbances, suppression of SSCI, and
generation of the final control signal urq.

The purpose is to improve the tracking performance of the rotor-side control
system of the doubly fed wind turbine with respect to the target signal while
blocking the transmission path of small-signal oscillation frequency, thereby
satisfying the performance requirements for stabilized control of the rotor-side
converter of the doubly fed wind turbine [25].

3.2. Construct AQPR suppressor

The LADRC controller can block the propagation path of small-signal oscillation
frequency from the inner current loop of the rotor-side converter of the doubly fed
wind turbine; however, a certain level of small-signal oscillation frequency may still
exist in the control current signals [,y and qu, introduced by the cross-coupling
terms of the rotor-side converter. Therefore, simply replacing the Pl controller in
the inner loop of the rotor-side converter with the LADRC controller cannot
completely suppress small-signal oscillations in the control system. To ensure
stable power quality of the entire wind turbine system, this paper further employs
an AQPR suppressor to track and suppress small-signal oscillation frequencies in
the cross-control current signals [,y and [yq.

The transfer function of a conventional quasi-proportional resonant (QPR)
suppressor is given as follows:

a9 =/g+§2ﬂ 0240
2w s+

Where K, is the proportional gain coefficient, K, is the integral gain
coefficient, W¢ is the cut-off frequency, and w, is the center frequency.

Traditional QPR suppressors also belong to the category of SSDC controllers.
They adjust a fixed center frequency W, to match the small-signal oscillation
frequency Wer, so that the oscillation component can be accurately tracked without
amplitude gain or phase offset, and the value of W, is typically determined based



on historical experience or offline data. However, in practical operation of the wind
turbine system, Wer varies in real time. For traditional QPR suppressors, the
inability to adapt to real-time variations in oscillation frequency makes their
suppression performance difficult to guarantee [26]. Therefore, this section designs
an AQPR suppressor by employing an ITD algorithm capable of extracting Wer in
real time and combining it with a frequency-locking update module that can lock
and update the center frequency w, of the QPR suppressor. As a result, the rotor-
side control system of the doubly fed wind turbine can maintain good control
performance even when Wer changes dynamically.
A. ITD algorithm

The selection of a small-signal oscillation frequency extraction algorithm with
low computational complexity, a simple structure, and good performance is
beneficial for real-time monitoring and extraction of oscillation frequency signals.
The ITD algorithm is widely used in signal processing due to its fast convergence
speed and good error performance. In this paper, the ITD algorithm is employed to
provide small-signal oscillation frequency information for the traditional QPR
suppressor.

For the original signal X#%=0), a low-frequency oscillation signal extraction
operator P is defined, which separates the signal into a low-ifrequency oscillation
component L; and a high-frequency component H;, and Xy can be expressed as:

VX =r X HL )X =L +H,
= Jel

1 H =0 X
Determine all extreme points in the original signal X; interval X (k=1,2,3,...)
and the corresponding time Ty, as shown in Figure 6.
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Figure 6. Decomposition principle
Suppose that L; and Hgexist in the interval [0, T4], and X, exists in [0,
Tk+2]. Assume that L, is an affine linear approximation of X, over the interval
(TarTag1l, icen, Ly = mXs+ ne where t&(T,, Tiy1]. Then, within the interval (T,
T«+11, a low-frequency signal extraction operator P can be defined as:

r)(t=Lt=Lk+M()(t- Xk) a (tk'tk+1] (0260
Xea™ X

Where Lg=L(Ty). Liy1 determines the low-frequency signal, resulting in:

é - u
Lo =o.5éXk+M(Xk+2- X )G +t0.5X, 0270
e k2 Lk u

After signal decomposition, the remaining high-frequency signal H; is defined,
and its corresponding extraction operator € is given as follows:



H,=X,- L,=(1- r) X, =exX, 10280

Let the sampling frequency of the algorithm be 1000 Hz. The three-phase
current signal of the doubly fed wind turbine output in the Cartesian coordinate
system is used to identify oscillations. After the algorithm is decomposed, the low-
frequency component L: corresponds to the small-signal oscillation frequency
component, while the high-frequency component H; corresponds to the
fundamental wave component.

Because the original ITD algorithm needs to store a large amount of data to
retain continuous extreme points within the time window, its real-time
computational performance is limited. For this reason, an improved iterative
operation is adopted to ensure real-time performance and achieve better extraction
accuracy.

As can be seen from Equation (25), the key pointLy of the oscillatory
component is determined by the extreme point of the original signal X. For two
consecutive extreme points satisfying Equation (29), there must exist a zero
crossing (t,, L), where t€(Tx Ti+1)], and the corresporiding value X, can be
obtained from Equation (30).

Lyl <O 0290
Lig- 1L,

Ly=L,+*—"£(X,- X)=0 0300
M~ Tk

Since the original curve is monotonic between two extreme points, the
horizontal coordinate of X,can be calculated, that is, the horizontal coordinate t,
of the zero crossing of the oscillation component.

From the horizontal coordinates [J,—; and t, of the two consecutive zero-
crossing points of the oscillation curve, the oscillation frequency Wer can be
obtained as:

w, =n/gt- t,)ab 0310

Where: 0tg is the sampling time of X; andwe, is updated once every time a
zero crossing is detected. The ITD pseudocode is shown in Figure 7.



Algorithm 1 Improved I'TD-Based Oscillation Frequency Estimation

Require: Sampled signal z[n]|, sampling period T
Ensure: Estimated oscillation frequency w,

1: Initialize extrema list & < ()

2: Initialize frequency list F <+ 0

3: for each new sample z[n| do

4: Detect extrema of x[n] and update £

5: if |£] < 3 then

6: continue

71 end if

8: Take last three extrema (tp_—1,@r—1), (tr, Tk )y (b1, Tht1)
9: Compute low-frequency components Ly, Lj 1

10: if Ly - Ly1 < 0 then
11: Tutm'p()]:«l‘te zero-crossing time £,

12: Compute w,. = 7/(te — tp—1)
13: Append w, to F

14: Optionally smooth w,

15: end if

16: end for
17: return the latest w,.

Figure 7 Pseudocode for the ITD Algorithm

The improved ITD algorithm, after undergoing iterative cperation, significantly
reduces the amount of data required. Compared with the commonly used Prony,
ERA, and other oscillation extraction algorithms with compiex matrix operations, its
computational burden is smaller, and it is more suitable for real-time monitoring
and extraction. Subsequently, the monitoring and extraction performance of the
Prony algorithm, ERA algorithm, and improved ITD algorithm are compared,
respectively, with the input of certain measured signals.

The time window of each algorithm is uniformly selected as 100 ms, and the
sampling frequency is 1000 Hz. The measured signal input is:

1 y=100cos(2n " 608) +10cos(2n " £ t)
fw, =21 £,

0320

In the formula, fer is the frequency signal that varies in the range of 4 to 48
Hz. Figure 8 shows the frequency tracking performance of the Prony, ERA, and ITD
algorithms, in which fp, fg and f; respectively represent the oscillation
frequencies identified by the Prony, ERA, and ITD algorithms. It can be seen that
the three methods can track the oscillation frequency, and the calculation result of
the ITD algorithm is more accurate.
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Figure 8. Comparison of frequency tracking performance of three oscillatory
identification algorithms

In practical applications, a certain delay exists when using the improved ITD
algorithm to adjust the center frequency w, of the QPR suppressor, which mainly
arises from hardware computation and frequency measurement delays. Therefore,
based on historical oscillation data and simulation results, it can be observed that
setting the maximum delay of the ITD algorithm to [Ip=101 ms can effectively
mitigate the above delay issue.After the delay tg, the ITD algorithm can accurately
extract the oscillation frequency, and the frequency is then locked in real time
through the subsequent frequency-locking update module to update the center
frequency w, of the QPR suppressor, which significantly improves its suppression
performance.
B. Frequency locking update module

Ideal QPR controllers may lead to system stability problems when implemented
in practical systems due to the infinite quality factor resulting from their infinite
gain [27]. In addition, when the frequency of the input signal slightly deviates from
the base frequency of an ideal PR controller, its gain is significantly reduced, which
may prevent the controller from properly regulating the reference signal.n
practical grid-connected inverter systems, the grid voltage frequency is not
constant but fluctuates within a certain range. As a result, ideal PR controllers
cannot effectively cope with grid frequency deviations and therefore fail to
eliminate steady-state errors, which limits their application in practical inverter-
based grid-connected systems.To addiess this issue, non-ideal QPR controllers are
introduced to increase system damping [28,29], and the transfer function of the
non-ideal QPR controller is given in Equation (32).

_ 2Kw.s 0330
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WhereWcis the system cut-off frequency, K: is the gain coefficient, and W, is
the resonant frequency. Based on the transfer function of the QPR controller, the
corresponding Bode plot is drawn and compared with that of the ideal PR
controller.From Figure 9, it can be observed that the introduction of the cut-off
frequency enables the PR controller to obtain high gain over a wide bandwidth,
thereby reducing its sensitivity to grid frequency variations. Although the
introduction of system damping reduces the gain of the non-ideal PR controller at
the fundamental frequency, the gain remains sufficiently large to achieve a near-
zero steady-state error.This ensures that the gain provided by the QPR controller is
not significantly affected by grid frequency fluctuations, allowing the system to
operate in a safe and stable manner.

According to Equation (32) and Figure 9, the amplitude gain of the controller is
positively correlated with the value of K. When K; is fixed, the amplitude and phase
characteristics of the quasi-resonant controller tend to become smoother with
increasing Wcg; that is, the value of w¢ is negatively correlated with the degree to
which G(s) is affected by frequency variations.However, regardless of the variations



in Wcand K;, once W, is determined, the quasi-resonant controller exhibits the
best tracking performance at that frequency. Therefore, it is feasible to use the
quasi-resonant controller to regulate the small-signal oscillation (S50) components
in the DFIG system.However, the quasi-resonant controller can only effectively
control AC signals at specific frequencies, and when the input signal frequency
deviates from the resonant frequency w,, its control performance deteriorates
significantly. Considering the variation of the SSO frequency, an adaptive algorithm
is required to enhance the performance of the quasi-resonant controller.
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Figure 9. Bird's plot of PR and QPR controllers

This article employs the aforementiched QPR controller to ensure
compensation at the fundamental frequency. In addition, a frequency-locking
update module is integrated into the QPR controller, as shown in Figure 10. The
basic principle is to extract the small-signal oscillation frequency using the ITD
algorithm.Subsequently, the frequency-locking update module locks and updates
the extracted small-signal oscillation frequency and replaces the center frequency
w, of the QPR supprassor in real time. The updated frequency is then used as the
input of the QPR controller to track the small-signal oscillation frequency and
eliminate oscillations.
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Figure 10. Overall structure of AQPR suppressor

Since the ITD algorithm is susceptible to sudden changes in frequency
amplitude during the frequency identification process, which may result in obvious
output jumps, the frequency-locking module of the AQPR suppressor is designed to
filter out the jump components in the oscillation frequency Wwe, extracted by the
ITD algorithm. Subsequently, it replaces the output wer with the center frequency
w, of the AQPR suppressor in real time. The workflow of the AQPR suppressor for



adaptively adjusting the oscillation frequency is described as follows: when the
small-signal oscillation frequency Wer falls within the small-signal oscillation
frequency band [W) er,Wh er] @and remains unchanged for a duration of T; (where
Ty is generally selected as 50 ms, corresponding to 2.5 fundamental frequency
cycles), the frequency-locking update module updates the center frequency W, to
Wer and keeps it unchanged. The value of W, ranges from 2n x (4Hz to 48 Hz).

4. Inhibition strategies of joint control by LADRC and AQPR

4.1. Integrated joint controller control structure

In order to optimize the tracking performance of the rotor-side converter of the
doubly fed wind turbine for the DC component and to enhance the suppression
performance of small-signal oscillation frequency, the control model structure of
the LADRC + AQPR joint controller proposed in this paper is shown in Figure 11.
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M. AQPR controller
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Figure 11. Structure diagram of control system of LADRC+AQPR joint controller
based on rotor side of doubly-fed fan
4.2. Integral joint controller parameter tuning
A. LADRC parameter setting

The control structure of the LADRC controller is shown in the blue block of Fig.
11, and its parameters are tuned using a bandwidth-parameterization-based LADRC
design approach.

Compared with nonlinear ADRC [22], whose tuning process involves the
nonlinear functions fal(-) and fhan(-) with inflection points, a relatively large number
of tuning parameters, and high tuning difficulty, the parameter tuning procedure of
the LADRC controller is considerably simplified. In contrast to the nonlinear ADRC
controller, the LADRC controller only requires the adjustment of four parameters,
namely k; ,ky,bg, and wg .Among them, Wodenotes the bandwidth parameter of
the extended state observer (ESO), and its selection directly determines the
dynamic response speed and estimation accuracy of disturbance estimation.
During the tuning process, Wo is first selected according to the desired closed-loop
bandwidth of the system and is typically set to 3-5 times the bandwidth of the inner
current loop, so as to achieve rapid estimation and compensation of small
disturbances and parameter uncertainties while ensuring system stability.Based on
this, the ESO gains ki1and k2are determined according to the standard LADRC



bandwidth configuration relationships to guarantee the dynamic convergence of
the observer estimation error.

The compensation factor is tuned to be close to the true value of the control
gain R/(o0? Lf) and is then fine-tuned within a small range in simulation to meet the
requirements of closed-loop stability and transient response.With the above
parameter configuration, the LADRC achieves a sufficient stability margin, good
disturbance rejection performance, and interpretable physical meaning in the inner
current loop, thereby laying a foundation for the subsequent design of the
combined control strategy.

B. AQPR suppressor parameter tuning

The control structure of the AQPR suppressor is shown in the purple block
diagram in Figure 11.

Since the ITD algorithm can extract the oscillation frequency in real time and
the center frequency w, of the AQPR suppressor can be tracked and updated
through the frequency-locking update module, it is only necessary to set the
proportional gain Ky, integral gain K and parameter w. for the AQPR
suppressor.According to the control principle, the parameter W, is selected as a
small value (such as 2nx0.1, 2nx0.5, 2nx1) to ensure that the bandwidth around
the oscillation frequency is kept within a narrow range, thereby preventing adverse
effects caused by fluctuations in small-signal oscillation frequency.Therefore, the
only parameters that require tuning optimizationi are K, and K;. In the following,
the control variable method is adopted to tune each parameter of the AQPR
suppressor.

a) Proportional gain K, parameter tuning

For the proportional gain Kyparameter, K,=100 and w.=314 are fixed, and
Kpvalues are selected as 0.1, 1, and 10. The corresponding Bode frequency
characteristics are shown in Figure 12.
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Figure 12. Bode diagram of proportional gain K, parameter change of AQPR
suppressor

As can be seen from Figure 12, with the increase of the proportional gain K
of the AQPR suppressor, the overall phase margin and frequency bandwidth are
influenced by variations in K,. However, the amplitude at the fundamental
frequency remains unchanged and only increases at non-fundamental frequencies,
while the corresponding bandwidth decreases as K, increases. Therefore, as K,
increases, the anti-interference capability of the system is enhanced. Nevertheless,



Kp cannot be increased indefinitely, as an excessively large value may introduce
additional oscillations and adversely affect overall system stability. Based on the
above analysis and the requirements of this experimental study, the proportional
gain K, is set to 6.5.

b) Integral gain K. parameter tuning

For the integral gain parameter K, ,with K,=10 and w.=314,the values of K, are
selected as 10, 100 ,and 1000, and the corresponding Bode frequency
characteristics are shown in Figurel3 .
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Figure 13. Bode diagram of AQPR suppressor integral gain K, parameter change

As can be seen from Figure 13, with the increase of the integral gain K, of the
AQPR suppressor, the overall amplitude of the suppressor increases continuously,
and its stability is correspondingly enhanced, while the frequency bandwidth of the
suppressor remains unchanged. However, an excessive increase in K, may lead to
the amplification of harmonic components. Therefore, K, should be selected
appropriately to ensure a sufficiently large gain at the center frequency while
providing a certain attenuation of small-signal oscillation frequencies. Based on the
above analysis and the reqguirements of this experimental study, the integral gain
K, is set to 120.

Based on the above analysis, the parameter tuning of the controller in this
paper mainly follows the principle of combining bandwidth configuration with
stability margin constraints. For the LADRC controller, the ESO bandwidth
parameter ( wq ) is first selected based on the desired dynamic performance of the
system (typically 3 to 5 times the bandwidth of the inner current loop), and the ESO
gain parameters are determined according to the bandwidth configuration
relationship to ensure a balance between disturbance estimation speed and system
stability. For the AQPR suppressor, the proportional gain ( K, ) and integral gain
( K- ) are mainly adjusted to achieve high suppression gain near the target
oscillation frequency while ensuring the system maintains sufficient stability
margin.

5. Simulation verification

In order to verify the ability of the LADRC+AQPR joint controller to suppress
small-signal oscillations without affecting the steady-state and transient stability
performance of the doubly fed wind turbine, this paper establishes a simulation
model of a doubly fed wind turbine system connected to the grid through series-



compensated transmission lines using MATLAB R2023b and Simulink R2023b
(MathWorks). The parameters of the doubly fed wind turbine, transmission line, and
control system are listed in Table 1.

Table 1. Initial values of circuit and control parameters of grid-connected douply-
fed fan system

argument Numerical value
Operating power /MW 100
Rated frequency /Hz 50
switching frequency/Hz 5000
Stator operating power Us/V 690
Dc voltage Udc/kV 1.15
Number of poles 2
Stator resistance Rs/p.u. 0.0048
Stator leakage reactance Xls/p.u. 0.17
Rotor resistance Rr/p.u. 0.0064
Rotor leakage reactance Xlr/p.u. 0.24
Field reactance Xm/p.u. 3.34
Transmission line resistance Rl/p.u. 0.02
Transmission line reactance Xl/p.u. 0.59
Transformer T1 reactance XT1/ p.u. 0.14
Transformer T1 reactance XT2/ p.u. 0.22
Line series complement 10% 161uF
GSC voltage outer loop K,=0.2 K=40
GSC current inner loop _;‘3_:0.3 Ki=30

5.1. LADRC controller operation performance analysis

In order to verify that the LADRC controller does not affect the stable operation
capability of the overall grid-connected dcubly fed wind turbine system, the control
performances of the LADRC and Pl controllers are simulated and compared. Initially,
the wind speed is set to v=10m/s, and the series compensation level of the
transmission line is Kt=10%. At 3 s, the wind speed of the wind farm is changed
from 10 m/s to 12 m/s; at 6 s, the series compensation level K; is increased from
10% to 18%. Through simulation studies, the output of the rotor-side inner-loop
control signal urdl* is compared between the LADRC and Pl controllers, and the
corresponding results are shown in Figure 14.

Qutput Response Diagram of Pl Controller versus LADRC Controller
1 T T T T T T

0.2

Control signal urd1*

-0.2

Figure 14. Output response of Pl controller and LADRC controller to control signal
urdl*

As can be observed from Figure 14, when the wind speed increases at 3 s, the



LADRC controller exhibits less overshoot and a more stable final output of the
control signal urd1* compared with the Pl controller. This is because, in the initial
stage of Pl control, the error feedback is directly used to eliminate the error, which
leads to an excessively large initial control action and results in overshoot.
Furthermore, when the series compensation level of the transmission line increases
at 6 s, the small-signal oscillations in the control signal urdl* generated by the
LADRC controller are effectively suppressed, allowing the control signal to converge
rapidly. In contrast, the PI controller requires a longer time to achieve oscillation
suppression. Therefore, the experimental results demonstrate that the LADRC
controller can not only block the transmission path of small-signal oscillations but
also improve the tracking performance of the target control signal.

Table 2. Performance Comparison of Pl and LADRC Inhibitor Output Signal Urd2

Metric PI Controller LADRC Controller

L1[J0-1s[JJOvershoot (%) 42.537 12.434
L1[Settling time (£2%) (s) 0.403 0.132

L2[]Steady-state error egs -0.0143 -0.0025
L1Standard deviation o 0.068 0.033
L2[]Overshoot (%) 11.232 2.253
L2[Settling time (x2%) (s) 0.271 0.052
L2[]Steady-state error eg 0.043 0.012
L2[]Standard deviation o 0.038 0.012
L3[Oscillation amplitude 0.112 0.063
L3|]Equwa|entcdamp|ng ratio 0.011 0.209
L3[Steady-state error eg -0.012 -0.003
L3Standard deviation o 0.067 0.023

5.2. AQOPR suppressor operation performance analysis

In order to verify the ability of the AQPR suppressor to track and suppress small-
signal oscillations in real time when the oscillation frequency varies dynamically,
the traditional QPR suppressor with a fixed center frequency is compared with the
AQPR suppressor proposed in this paper. The experimental design is as follows:
under the conditions of a fixed wind speed v=10m/s and a series compensation
level of the transmission line Kc=10%, small-signal oscillations with a harmonic
frequency of 25 Hz are injected into the cross-control current signals [,y and [lq
at 3 s. At t=6s, the injected harmonic frequency is changed to 34 Hz. The output
response of the final control signal urd2* is shown in Figure 15. It should be noted
that the center frequency of the traditional QPR suppressor is fixed at 25 Hz.
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(a) Output response diagram of control signal urd2* with two different suppressors

(b)Oscillation detection with harmonic freq. 25 - 34Hz for frequency - locked module

Figure 15. Experimental comparison of 2 suppressors at 25Hz -34Hz low - interference
frequencies

As can be seen from Figure 15(a), when the small-signal oscillation frequency
in the inner-loop cross-control signal [;y and [rqon the rotor side of the doubly fed
wind turbine is 25 Hz, both suppressors are capable of effectively suppressing the
small-signal oscillations. When the oscillation frequency increases to 34 Hz, the
traditional QPR suppressor loses its suppression capability because its center
frequency significantly deviates from the small-signal oscillation frequency. In
contrast, when the AQPR suppressor is applied, its center frequency can be locked
and updated in real time according to the variation of the oscillation frequency,
thereby enabling effective suppression of time-varying small-signal oscillations in
the control signal. Meanwhile, as shown in Figure 15(b)(c), the frequency-locking
update module can effectively filter out output jumps in the estimated oscillation
frequency after identification by the ITD algorithm, thus reducing unnecessary
disturbances to the control system. In addition, the frequency-locking update
module in the AQPR suppressor maintains the previous frequency value after the
oscillations subside, which ensures stable system operation under this condition
and demonstrates the superior control performance of the AQPR suppressor.

Table 3. Performance Comparison of QPR and AQPR Suppressor Output Signal
urd2

Metric OPR F(_)Rroller AQPR Controller
L1(0-1s)[JOvershoot (%) 27.573 14.132
L1[Settling time (£2%) (s) 0.396 0.087
L1[]Steady-state error e -0.014 -0.003
L1Standard deviation o 0.071 0.033
L2(3-5s)[JOvershoot (%) 14.292 4,711
L2[Settling time (£2%) (s) 1.504 1.145
L2[]Steady-state error eg 0.006 -0.002
L2[]Standard deviation o 0.024 0.011
L3(6-1OS)DQSC|IIat|on 0.132 0.022

amplitude

L3|]Equwa|entcdamp|ng ratio 0.274 0.281
L3[]Steady-state error eg -0.006 -0.002
L3Standard deviation o 0.074 0.011

5.3. Suppression performance analysis of LADRC+AQPR joint controller

In this section, the LADRC+AQPR joint controller (referred to as the new
controller in the simulation results) is compared with the traditional PI control +
SSDC controller[29] (referred to as the conventional controller in the simulation
results) proposed in the literature for small-signal oscillation suppression under
multiple operating conditions, including different wind speeds v and series
compensation levels K. The operating conditions are listed in Table 4.



Figures 16, 17, 18, and 19 present the comparative waveforms of the three-
phase stator currents, DC-bus voltage, active power, and reactive power output of
the doubly fed induction generator (DFIG) under operating condition A, respectively.
It can be observed that although both controllers exhibit good convergence
performance, the LADRC+AQPR combined controller achieves better dynamic
performance than the traditional controller in all four output waveforms, with faster
convergence speed and smaller overshoot.

Figures 21 and 22 show the comparison of the three-phase stator currents and
DC-bus voltage of the DFIG under operating condition B. Combined with Table 5, it
can be seen that the three-phase stator currents under the traditional controller
exhibit slight oscillatory convergence deviation; however, convergence can still be
achieved after a relatively long suppression process. This is because the small-
signal oscillation frequency only slightly deviates from the center frequency of the
SSDC controller. In contrast, the system controlled by the LADRC+AQPR combined
controller maintains good suppression performance, with faster convergence speed
and smaller overshoot than the traditional controller. Figures 23 and 24 present the
comparisons of active and reactive power outputs under operating condition B for
the traditional controller and the PI+SSDC controller. As shown in Table 5, the active
and reactive power outputs of the LADRC+AQPR cornbined controller are also
superior to those of the traditional controller.

Figures 26 and 27 show the comparison of the three-phase stator currents and
DC-bus voltage of the DFIG under operating condition C. It is evident that the
system stability of the traditional PI+-SSDC controller deteriorates significantly.
When KcK_cKc increases to 35%, the traditional PI+SSDC controller, whose center
frequency is fixed at 20 Hz, fails to suppress the 36 Hz small-signal oscillation,
resulting in oscillatory diveragence and loss of system stability. Figures 28 and 29
present the comparison of active power output under operating condition C for the
traditional PI+SSDC controller. As can be seen from Table 5, the advantage of the
LADRC+AQPR combined controller over the traditional controller in terms of active
power output becomes even more pronounced.

Figures 20, 25, and 30 show the frequency-locking module updates of the
LADRC+AQPR combined controller under operating conditions A, B, and C,
respectively. It can be observed that the LADRC+AQPR combined controller
effectively performs real-time frequency extraction, locking, and updating, thereby
enabling rapid suppression of small-disturbance oscillations in the DFIG grid-
connected system.

Table 4. Working conditions under different wind speed v and series complement

K
Working Initial line series Line series complement
Wind speed v (m/s)
condition complement K (%) after change K (%)
A 9 10 28
B 11 10 32

C 13 10 35
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Figure 17 Working Condition A: Bus voltage output waveform of a doubly fed generator
Figure 18 Working Condition A:Active power output waveform of a doubly fed generator

Oscillation results of the lock-in-frequency module under the ITD algorithm
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Figure 19 Working Condition A: Qg output waveform of a doubly fed generator
Figure 20 Working Condition A: Small interference oscillation detection results
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Figure 21 Working Condition B: Three-phase stator current output waveform of doubly-
fed fan



DC b It: tput f f ly fi ind turbi . . .
1.3 C bus voltage output waveform 9 doubly fed wind turbines Active power output waveform of doubly fed wind turbines

Conventional controller
New controller 140 N 1
1.25 ew controller
Conventional controller
120 |
1.2
|
g = N
=° 115 .éloo ”“ T anﬁII\\lilH\
[
11 80
1.05 60|
27 32 37 42 0 3 3.5 4 4.5
Us t/s

Figure 22 Working Condition B: Bus voltage output waveform of a doubly fed generator
Figure 23 Working Condition B: Active power output waveform of a doubly fed
generator

Grid-side reactive power output waveform of doubly fed wind turbines
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Figure 24 Working Condition B: Qg output waveform of a doubly fed generator
Figure 25 Working Condition B: Small interference oscillation detection results
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Figure 26 Working Condition C: Three-phase stator current output waveform of doubly-
fed fan
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Figure 27 Working Condition C: Bus voltage output waveform of a doubly fed generator
Figure 28 Working Condition C: Active power output waveform of doubly-fed fan
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Figure 29 Working Condition C: Qg output waveform of a doubly fed generator
Figure 30 Working Condition C: Small interference oscillation detection results

Table 5. Performance indicators of output power of different suppressors under
three operating conditions

Metric .| __(,ntventional controller New controller

AllOvershoot (%) 7.511 6.183
A[]Settling time (£2%) (s) 0.457 0.251
A[lSteady-state error egs(MW) 0.176 0.152
A[lTotal power output(MW) 135.47 137.88
B[JOvershoot (%) 18.609 9.802
B[JSettling time (+2%) (s) 1.053 0.318
B[JSteady-state error ess(MW) 1.055 0.276

B[JTotal power output(MW) 147.831 152.712
C[]Overshoot (%) 21.503 0.281
C[Settling time (£2%) (s) 1.178 0.283
C[Steady-state error ess(MW) 3.101 0.347

C[OTotal power output(MW) 164.821 155.301

6. Conclusions

In order to impede the propagation of small-signal oscillation frequency within
the rotor-side converter of a doubly fed wind turbine system connected to the grid
via a series-compensated transmission line, while simultaneously considering the
impact of real-time variations in small-signal oscillation frequency on system
stability, this paper proposes a small-signal oscillation suppression strategy based
on the joint control of LADRC and AQPR for doubly fed wind turbines. The main



findings are as follows.

1) For the small-signal oscillation frequencies existing in the current inner
loop of the rotor-side converter of a doubly fed wind turbine, replacing the
conventional Pl controller with a linear active disturbance rejection controller
(LADRC) can effectively block the propagation of these oscillations. Experimental
results demonstrate that the LADRC controller achieves fast and accurate tracking
of the current inner-loop control objectives of the rotor-side converter, and its
control performance is significantly superior to that of the traditional PI controller.

2) For the time-varying small-signal oscillation frequencies arising from the
cross-coupling effects in the rotor-side converter of a doubly fed wind turbine, an
adaptive quasi-proportional resonant (AQPR) suppressor, constructed by combining
the intrinsic timescale decomposition (ITD) algorithm with a frequency-locked
update module, is proposed. By appropriately tuning the key parameters of the
AQPR suppressor, this issue can be effectively addressed. Comparative
experimental results with the conventional PR controller indicate that the AQPR
suppressor provides more effective suppression of small-signal oscillations over a
wide frequency range with real-time frequency variations.

3) Based on a doubly fed wind turbine grid-connected system with series-
compensated transmission lines, a comprehensive suppressiorn strategy integrating
LADRC and AQPR is developed. By systematically considering the stability issues
induced by small-signal oscillations in the system, simulation results verify that the
proposed suppression strategy can significantly enhance the disturbance rejection
capability of the overall system under smail-signal oscillation conditions, thereby
ensuring the stable operation of the grid-connected doubly fed wind turbine system.
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