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ABSTRACT This paper presents an active disturbance rejection control (ADRC) method to mitigate
subsynchronous resonance (SSR) in a doubly-fed induction generator (DFIG)-based wind farm connected
to series compensated transmission lines. First, the frequency of the SSR and its influencing factors are
analyzed, and the limitation of the traditional damping controller based on phase compensation is discussed.
Then, a damping controller is designed using the ADRC method, which is adapted to the uncertainty SSR
frequency of wind farms. The stator current of the DFIG that contain apparent SSR frequency is adopted
as the input signals of the ADRC damping controller, and the outputs are added to the current inner loop
of the rotor side converter (RSC), which has fast response speed. The performances of the ADRC damping
controller are tested in different compensation levels, numbers of DFIG in wind farm, and parameters of
the converter control. The simulation results indicate that the ADRC damping controller is superior to the
traditional damping controller for mitigating the SSR because it can automatically estimate and compensate
the uncertainty disturbances.

INDEX TERMS Active disturbance rejection control, doubly-fed induction generator, rotor side converter,
subsynchronous resonance, series capacitor compensation.

I. INTRODUCTION
Doubly-fed induction generator (DFIG) has become a very
popular option in wind farms, due to its cost advantage com-
pared with fully rated converter-based wind turbines. Series
capacitor compensation is an economical way to increase the
power transfer capability of the transmission line connecting
the wind farm and the gird. However, the potential risk of sub-
synchronous resonance (SSR) may cause equipment damage
in wind farm or power grid. In 2009, a 345kV transmission
line in the southern Electric Reliability Council of Texas
(ERCOT) was tripped after a fault, which made the Zorillo
Gulf wind farm radically connected to a 50% series compen-
sated line. As a result, SSR with a frequency of about 20 Hz
occurred between the DFIG-based wind farm and the series
compensated line, which caused a lot of DIFG crowbar circuit
damage [1]. Since 2011, the DFIG wind farms located in
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the Guyuan area of Hebei Province in China have undergone
SSR events hundreds of times caused by interaction between
the wind farms and the series compensated lines, of which the
oscillation frequency changes from 3 to10Hz, leading to the
abnormal vibration of the transformers and a large number
of wind turbines to be disconnected [2]–[4]. Therefore, it is
necessary to study the countermeasures for SSR between
DIFG wind farm and series compensated lines.

Mitigation of SSR using FACTS such as SVC [5],
STATCOM [6], [7], gate-controlled series capacitor [8], [9],
and TCSC [5], [10]–[12] have been present. TCSC and SVC
are both effective in damping SSR due to torsional interac-
tions as well as induction generator effect (IGE), and TCSC
current control is better than SVC in mitigating SSR [5].
Traditional damping controllers based on phase compensa-
tion are designed, and the angular velocity or active power is
adopted as the input signal [6]–[7]. However, the modifica-
tion of the wind turbine control system is cheaper than using
FACTS and can be quickly implemented. Reference [13]
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explores the control capability of DFIG-based wind farms for
SSR mitigation, and the dc-link voltage is a valid signal to
damp SSR. In literature [14], modulating the reactive power
of the GSCs of DFIG is proposed for damping SSR between
DFIG-based wind farms and series capacitor compensated
transmission systems. The state-space methodology is used
to design the SSR damping controller in the literature [15],
and the RSC damping control presents a higher damping
performance than the GSC damping control. Reference [16]
and [17] use the residue-based and root locus methods to find
the optimum input control signal and point to introduce the
SSR damping controller. A two-degree-of-freedom control
strategy is used in the literature [18] to alleviate the SSR.
Reference [19] proposes a method to mitigate SSR by embed-
ding subsynchronous notch filters into the converter con-
trollers of DFIGs. A parallel-damping controller is designed
based on the rotor torque analysis method in [20]. The liter-
ature [21] introduces an active damping strategy to mitigate
high-frequency resonance by inserting the virtual impedance
to reshape the impedance of the DFIG system. An improved
particle swarm optimization algorithm is proposed in refer-
ence [22] to optimize the SSR damping controller parameters.

The above SSR damping controllers are mainly designed
based on the linearized power system model, which are
difficult to tune with the changing atmospheric condition
and lack of robustness. So the nonlinear damping controller
using partial feedback linearization is proposed to miti-
gate SSR [23]–[25]. However, the feedback linearization is
a model-based nonlinear controller design method, which
requires accurate model. Active disturbance rejection control
(ADRC) technology is a kind of nonlinear control technology
with strong adaptability and robustness. It does not depend
on the accuracy of a mathematical model, and all sorts of
random uncertain factors in the system are unified into the
total disturbance of the system, which can be automatically
estimated and compensated [26].

In the existing literature, most of the SSR damping con-
trollers are designed by the phase compensation method.
However, the much randomness and variation of the wind
farm hindered the extensive use of the traditional damping
controller because it may not be useful in some cases. The
contributions of this paper are as follows. Firstly, a damping
controller is designed using the ADRC method to mitigate
SSR in DIFG-based wind farm. The input signals of the
ADRC damping controller adopt d-axis and q axis compo-
nents of stator current, and the outputs are added to the current
inner loop of the rotor side converter. Secondly, the small-
signal and large disturbance performances of the ADRC
damping controller are tested in a simple system with differ-
ent compensation levels, numbers of DFIG in wind farm, and
parameters of converter control. Finally, the feasibility and
performance of the ADRC damping controller are checked
with a practical system SSR case.

The rest of this paper is organized as follows: Firstly,
we analyze the frequency of wind farm SSR and its influence
factors in section II. Then in section III, the limitations of

FIGURE 1. DFIG-based series compensated system.

traditional SSR damping controller are analyzed, and the
principle of ADRC is introduced. In section IV, the ADRC
is used to design the damping controller for mitigating wind
farm SSR. The simulations are carried out using MATLAB/
SIMULINK to demonstrate the effectiveness of the ADRC
damping controller in section V. Section VI concludes the
whole paper.

II. THE FREQUENCY OF SSR AND ITS INFLUENCING
FACTORS
A. THE FREQUENCY OF SSR
The typical DFIG-based wind farm connecting to the series
compensated system is shown in Fig.1.

The degree of compensation is defined as follows:

kc =
Xc

XL
×100% (1)

where XC is the capacitance of the series capacitor, XL is the
reactance of the transmission line. Theoretically, the degree
of compensation could be 100%. However, its practical lim-
itation is about 80% since a high KC highlights the problem
in protective relays configuration.

In a radial series compensated power system as shown
in Fig.1, the electrical resonance frequency is given by

fer = fs

√
Xc

XL6
(2)

where fs is the synchronous frequency, XL6 is the sum of
the equivalent reactance of the wind farm, transformer, and
transmission line. The equivalent degree of compensation is
defined as followed:

kec =
Xc

XL6
×100% (3)

Since the reactance of the generator and transformer is
larger than the reactance of the transmission line, the equiva-
lent compensation degree is much lower than 80%.

For a wind farm consisting of identical DIFGs, if we
neglect concentrating network, the electrical resonance fre-
quency is given by

fer = fs

√
kcXL

XG
/
n+ XT + XL

(4)
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where n is the number of DFIG, XG is the reactance of
one DIFG, XT is the reactance of the transformer.
According to the theory of the rotation generator, the oscil-

lation frequency of the active power is complementary to the
resonance frequency of the stator current [4].

fp = fs − fer (5)

where fp is the oscillation frequency of the active power.
For the IGE phenomenon, the above frequency relation-

ships are sufficient. However, sub-synchronous control inter-
action (SSCI) is much more complex than IGE. SSCI is
mainly due to the interactions between DFIG wind turbine
controllers and the series compensated transmission line. The
mechanism of SSCI can be interpreted as follows.

1) When a disturbance occurred in the DFIG-based series
compensated system, distorted voltages and currents contain-
ing electrical resonance frequency components are measured
and fed to the controllers.

2) The RSC and GSC controllers process the distorted
information, and the output signals of the controllers are
adjusted.

3) The above output signals are fed to the PWM pulse
generator and contain sub-synchronous distortion, whichmay
intensify the sub-synchronous components in the stator.

4) The closed-loop system response, including the series
compensated line, the RSC and GSC controllers and the
DFIG converters, has negative damping, leading to SSCI.

B. INFLUENCING FACTORS OF THE SSR FREQUENCY
According to the above analysis, the frequency of SSR
depends not only on the configuration of the series compen-
sated transmission line and induction generator parameters
but also on the wind turbine controller configuration and
parameters.

Taking the DFIG-based series compensated system
in Fig.1 as an example, the detailed parameters given in
Appendix A Table 1, we analyze the influence of the degree
of series compensation, the number of DFIG, the RSC and
GSC controller proportional gains on the frequency of SSR
as shown in Fig.2.

From Fig.2, we can find that the frequency of SSR is
mainly relative to the degree of series compensation kc,
the number of DFIG n and the RSC proportional coeffi-
cient kp_rsc. The GSC proportional coefficient kp_gsc has little
effect on the frequency of SSR.

III. THE TRADITIONAL DAMPING CONTROLLER
AND THE ADRC METHOD
A. THE TRADITONAL DAMPING CONTROLLER
AND ITS LIMITATION
The damping coefficient De of DFIG can be expressed as

De= Re
(
1Te

/
1ω

)
(6)

where 1Te and 1ω are the increments of electromagnetic
torque and the speed of rotor respectively. When the phase

FIGURE 2. The relationship of the SSR frequency with the wind turbine
and gird parameters.

FIGURE 3. Vector diagram of the electromagnetic torque.

difference between the increments of electromagnetic torque
and the speed of the rotor exceeds 90◦, a negative damping
effect will occur, as shown by 1T

′

e in Fig.3. The purpose of
traditional damping controller is to generate a purely positive
damping torque 1TD making the negative damping torque
1T

′

e become the positive damping torque 1Te.
The common suppression strategies use an additional

damping controller, which can be added to the active power
outer loop of the RSC. Select the speed deviation 1ω as the
input of the controller, generate the output signal1Pr through
the band-pass filtering, phase shifting link and the gain, and
add it to active power outer loop of the rotor side to gen-
erate an additional electromagnetic torque to suppress SSR.
Its structure is as follows.

The traditional damping controller mainly depends on the
phase shifting link to provide phase compensation. As a
result, the damping torque becomes positive to mitigate
SSR [18], [21]. But the phase shifting link is effective for
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FIGURE 4. The structure diagram of the traditional damping controller.

FIGURE 5. Bode diagram of the phase shifting link.

a given frequency extent. Due to the considerable variation
of SSR frequency in wind farm, the function of traditional
damping controller will be limited. We only draw the Bode
diagram of the phase shifting link as follows.

It can be found from the Fig.5 that when frequencies
of the subsynchronous oscillation in the system differ sig-
nificantly, the phase-frequency characteristics of the phase
shifting link vary greatly. For example, when the parame-
ters are designed for a subsynchronous oscillation frequency
of 30 Hz, the desired phase compensation can be achieved,
resulting in positive damping. However, when the oscilla-
tion frequency becomes 13 Hz, if the phase shifting link
still uses the original parameters, the phase compensation
will cause a significant deviation, and negative damping will
occur. It is noted that if the oscillation frequency of the
wind power changes considerably, the traditional damping
controller designed for a specific situation may be ineffec-
tive or even exacerbate the oscillation.

To solve this problem, this paper applies the ADRCmethod
to mitigate SSR. The factors influencing SSR frequency will
be taken as disturbances, and ADRC can timely estimate and
compensate these disturbances so that the SSR of the wind
farm can be mitigated.

B. THE ADRC METHOD
The complete structure of the ADRC is shown in Fig.6.

The ADRC is composed of a tracking differentiator (TD),
a nonlinear state error feedback (NLSEF), an extended
state observer (ESO), and a disturbance estimation

FIGURE 6. The structure diagram of the ADRC.

FIGURE 7. The control strategy of the rotor side converter.

compensation [26]. The core of ADRC’s control is dynamic
estimation and compensation of the sum disturbance, and
the state variable motion model of the controlled object
determines the feedback control. Firstly, the disturbance that
can affect the controlled output is expanded into a new state
variable by the ESO.

Set the second-order nonlinear system as
·
x1 = x2
·
x2 = f (x1, x2)+ bu
y = x1

(7)

where y is the output of the system, and u is the input of the
system; f (x1, x2) is the function of both the model of con-
trolled object and external disturbances. Let x3 = f (x1, x2),
which is expanded into a new state variable, and define it as
a total disturbance. In the content of feedback control, it is
something that needs to be overcome by the control signal.
Therefore, we turn the model definition into a disturbance
compensation problem. Let

·
x3(t) = G(t) (8)

The (7) can be described as

·
x1 = x2
·
x2 = x3 + bu
·
x3 = G(t)
y = x1

(9)
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We establish a state observer for the system as follows.
e1 = z1 − y
·
z1 = z2 − β01g1(e1)
·
z2 = z3 − β02g2(e1)+ bu
·
z3 = −β03g3(e1)

(10)

where z1, z2 are the estimated values of the ESO for the
system state variables x1, x2, and z3 is an estimated value of
the total disturbance x3; e1 is the error, and β01, β02, β03 are
proportional coefficients; The function gn(e1) is the selected
nonlinear function, set

gn(e1) = |e1|
1

2n−1 sign(e1) (11)

Let e1 = z1−x1, e2 = z2−x2 and e3 = z3−x3. When
G (t) = g0, the error equation is

·
e1 = e2 − β01g(e1)
·
e2 = e3 − β02g2(e1)
·
e3 = g0 − β03g3(e1)

(12)

When the system enters a steady state, the right end of
the equation converges to zero. It explains that as long as
the parameters are properly selected, the system can track
and eliminate errors very well without knowing the specific
expression of the controlled object.

The working principle of the ADRC suppressing SSR is
as follows. When SSR occurs, the ESO will produce the
estimated state variables z1, z2, and total disturbance z3 of the
system according to the input y and control signal u. With
the stator current reference v0, the TD arranges a suitable
transition process v1 and extracts the differential signal v2
in order to track the input signal as soon as possible. Then
the NLSEF uses the state error signals e1, e2 to generate
the error feedback control u0. Finally, the control signal u is
formed through the estimation and compensation of the total
disturbance, which is added to the current inner loop control
of RSC as an additional control signal to mitigate SSR.

The complete ADRC algorithm is as follows, which is the
specific mathematical expression of the ADRC. The order of
this formula is based on TD, ESO, NLSEF, and the dynamic
compensation.

fh = fhan(v1 − v0, v2, r0, h)
v1 = v1 + hv2
v2 = v2 + hfh
e = z1 − y, fe = fal(e, 0.5, h), fe1 = fal(e, 0.25, h)
z1 = z1 + h(z2 − β01e)
z2 = z2 + h(z3 − β02fe+ u)
z3 = z3 + h(−β03fe1)
e1 = v1 − z1, e2 = v2 − z2
u0 = −fhan(e1, ce2, r, h1)
u = u0 − z3

(13)

where h is the sampling step, r is the velocity factor, and
h1 is the filtering factor. The fhan is the fastest control syn-
thesis function, and we use it for feedback control. In the TD
and disturbance compensation, it can eliminate the overshoot
in the speed curve, which can well suppress the noise amplifi-
cation in the differential signal. The fal is a continuous power
function with a linear segment near the origin, which can
avoid high frequency chattering in ESO. The specific form of
the two functions has been placed in the appendix B. As to the
reasonwhy the effects of the two functions above can achieve,
it is explained in [26].

In the DFIG-based series compensated system, due to
natural reasons such as wind speed, the wind power output
has high volatility and randomness, and the uncertainty of the
load will make the operating condition of the system change
regularly. The subsynchronous oscillation problem will be
affected by this change. According to the analysis of influenc-
ing factors on SSR frequency in section II, the degree of series
compensation, the number of DFIG, and the proportional
gain of RSC will have a significant effect on SSR frequency.
ADRC can unify all kinds of uncertain factors in the system
into the total disturbance of the system regardless of any
form of the mathematical model, using the ESO to estimate
the state variable in real time automatically and dynamically
compensate for eliminating the effect of disturbance, thereby
mitigating SSR under different operatingmanners in the wind
farm [27].

C. THE IMPROVEMENT OF THE ADRC METHOD TO THE
PID CONTROL IN SSR SUPPRESSION
The traditional damping controller mostly adopts the
PID control, which can achieve good performance under cer-
tain conditions. However, the PID based controller requires
an accurate model of the controlled object. The wind power
system is a strong nonlinear time-varying system, and it
has high randomness. Therefore, the accurate model of the
wind farm is difficult to acquire. Moreover, the oscillation
frequency may change with the disturbances at any time,
which makes the application of the traditional damping con-
troller limited, and cannot suppress SSR under the multi-state
operation of the wind system.

The ADRC is different from the PID controller in the
working principle. TheADRC only needs tomeet the require-
ments that track the disturbance input fast and accurately
and minimize the error. At the same time, the ESO of the
ADRC treats all the internal and external variations as the
total disturbance and expands it into a new state variable.
By this means, the ADRC realized automatic estimation and
compensation without knowing the specific expression of the
controlled object and the disturbance. Consequently, it is not
necessary for the ADRC to know the oscillation frequency
of SSR. The specific explanations in principle are as follows.

The equation of the d-axis rotor current is

didr
dt
= x3 + budr (14)
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where x3 is the total disturbance, including the operating state
of the DFIG and the sub-synchronous disturbance informa-
tion. The (7) can be expressed as

·
x1 = x2
·
x2 = x3 + budr
y = x1 = idr

(15)

According to the error expression in (12), when the whole
system enters the steady state, the equation should converge
to zero. 

e2 − β01e1 = 0

e3 − β02 |e1|
1
2 sign(e1) = 0

g0 − β03 |e1|
1
4 sign(e1) = 0

(16)

Therefore, the steady state error of the system is

|e1| = (
g0
β03

)4, |e2| = β01(
g0
β03

)4, |e3| = β02(
g0
β03

)2 (17)

These estimation errors are small enough as long as
β03 is much greater than g0. It is proved that regardless of the
disturbance form, as long as its action amount in the process
is bounded, we can always choose the parameters reasonably,
so that the ESO can estimate the state of the controlled object
well and minimize the error.

According to the ADRC algorithm of (13) and the specific
expression in the appendix, the final additional control signal
can be expressed as

1udr = u0 − z3
= −fhan(v1 − z1, c(v2 − z2), r, h1)− z3 (18)

We can find that it is independent of the frequency of
SSR and the specific expression of the disturbance. So the
ADRC can accurately and quickly compensate for the sub-
synchronous disturbance. Even if the operating state of the
wind power system changed, the ADRC still could provide
sufficient damping to mitigate the SSR.

IV. DESIGN OF THE ADRC DAMPING CONTROLLER
The DFIG provides the excitation voltage through the rotor
side converter, which also decouples the active and reactive
power output of the generator. The entire controller con-
sists of current inner loop control and a power outer loop
control [10], [12]. The control block diagram is as follows.

To effectively mitigate the SSR of the DFIG-based wind
farm, this paper uses ADRC control to replace the phase
shifting link and gain of the traditional damping controller,
as shown in Fig.4. The specific design block diagram of the
ADRC-based damping controller is as follows.

According to the mechanism analysis above, when the
SSR phenomenon occurs, the stator current of DFIG contains
the subsynchronous resonant component. Although the speed
deviation also contains SSR information, the stator current
is more directly affected by SSR and has more abundant
frequency spectrum information. On the other hand, the input
of the ADRC and the output of the controlled object need

FIGURE 8. The ADRC damping controller.

FIGURE 9. Active power response without damping controller.

to adopt the same type variable. Therefore, the disturbing
component of the stator current is extracted as the input of the
ADRC damping controller. In order to eliminate the influence
of the steady-state DC component, a Butterworth band-pass
filter is used, and the ADRC damping control does not affect
the transfer function with power frequency. At the same time,
regarding response time and speed, the power loop is the outer
loop, of which the dynamic response time is long, but the
current loop is the inner loop, of which the response speed is
fast. To achieve fast-tracking of the current reference value,
the output of the controller is added to the current inner loop
of the rotor side converter, and the output voltage of the rotor
is adjusted. Finally, the damping torque can be generated to
mitigate the SSR phenomenon.

The corresponding relationship between the input and out-
put quantities of the ADRCmethod and the additional control
quantity is: the input value v0 of the ADRC is the stator
current reference iqs and ids of DFIG; the output u of the
ADRC is the rotor voltage, which is the quantity that we
want to control by adding ADRC damping control; the input
signal y of ESO is the stator current, that is estimated and
compensated for the fast tracking of iqs and ids. The ADRC
controller has many parameters. The speed factor r and the
sampling step h are basic parameters, β01, β02, β03 are the
gain coefficients in the ESO, and the nonlinear state error
feedback parameter is c. The parameters of each part can be
adjusted according to the principle of separation [26]. Since
ADRC performance has a small dependence on settings,
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FIGURE 10. Active power responses with different damping controller.

FIGURE 11. Active power responses under different degree of series
compensation.

it possesses strong adaptability and robustness, which means
that most parameters can achieve better results after simple
tuning. In this paper, we take c = 0.5 and r = 0.5/h2.
There are many ways to choose β01, β02, β03. Here, we set
β01 = 1/h, β02 = 1/3h2, and β03 = 1/32h3.

V. TIME DOMAIN SIMULATION ANALYSIS
To demonstrate the effectiveness of the ADRC damping
controller, the simulation platform of the DFIG-based series
compensated system shown in Fig.1 is put up using Matlab/
Simulink. The rated power of DFIG is set to 1.5MW, the volt-
age of the connection point of DFIG is 575V, the wind speed
is set to 12m/s, and the equivalent degree of series compen-
sation is 55%. The series compensated capacitor is added

FIGURE 12. Active power responses under different parameters of DFIG.
(a) Different number of the DFIG. (b) Different proportion coefficient of
the RSC.

at t = 3s. When there is no damping controller, the line active
power response characteristics are shown in the Fig.9.

It can be seen from the Fig.9 that when there is no
damping controller, the SSR phenomenon occurs after the
series compensated capacitors put into use, and active
power begins to diverge. By performing spectrum analysis
on the active power, the oscillation frequency is about 13 Hz.

68818 VOLUME 7, 2019



Y. Xu, S. Zhao: Mitigation of SSR in Series-Compensated DFIG Wind Farm Using ADRC

FIGURE 13. Active power responses with different damping controller under the three-phase short-circuit fault. (a) Different degree of series
compensation. (b) Different number of DFIG. (c) Different proportion coefficient of RSC.

While maintaining the conditions above, the traditional
damping controller and the ADRC damping controller is
separately applied at t = 5 s, and the simulation results are as
follows.

It can be seen from the Fig.10 that after adding the tra-
ditional or the ADRC damping controller, both can pro-
vide sufficient positive damping for mitigating SSR. It is

indicated that the traditional damping controller designed
for this frequency can still have a good mitigating effect,
which is not much different from the ADRC controller,
but the latter’s convergence speed is faster. Next, we study
the output response of DFIG with traditional damping con-
troller and the ADRC damping controller under different
conditions.
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A. DIFFERENT DEGREE OF SERIES COMPENSATION
Change the equivalent degree of series compensation of the
line and observe the response of the active power of the line
under different damping controllers.

It can be seen from Fig.11 that after the series compensated
capacitor is added at t = 3s, the system without damping
controller exhibits a divergent or equal amplitude oscilla-
tion state. After adding the traditional damping controller,
the oscillation can be attenuated to some extent, but the effect
is not good. Due to the change of the degree of series com-
pensation, the SSR frequency of the system is shifted. The
traditional damping controller is sensitive to the frequency,
and the parameters cannot be adjusted according to the real-
time operating state of the system, which makes the mitigat-
ing effect of the traditional controller designed for specific
operating conditions is not effective. The ADRC damping
controller can perform real-time estimation and feedback
compensation for the disturbance, and quickly suppress the
SSR. Its mitigating effect is less affected by the change of
the degree of series compensation, which can ensure the
stable power transmission of the system, showing its good
adaptability, and it is consistent with the theoretical analysis
in section III.

B. DIFFERENT PARAMETERS OF THE DFIG
Observe the response characteristics of the line active power
under a different number of DFIG and the RSC parameters,
and compare the mitigating effect of the traditional damping
controller and the ADRC.

From Fig.12, we can see that the ADRC damping con-
troller can achieve better results under different numbers of
the wind turbine and RSC control parameters, reflecting its
adaptability and robustness to system operating conditions
and model parameters. However, when the traditional damp-
ing controller is out of the adjusted situation, it is challenging
to mitigate SSR, and the parameters may need to be re-tuned.

The simulation results show that the proposed ADRC
damping controller has strong robustness, and is less affected
by the operating state of DFIG, and exhibits good anti-
interference ability when the parameters change. It has strong
adaptability and good mitigating effect, ensuring stable oper-
ation of the system.

C. PERFORMANCE OF THE ADRC UNDER LARGE
DISTURBANCE
The transient response of the system is evaluated by apply-
ing a 200-ms three-phase short-circuit fault in the series-
compensated transmission line, and the fault occurs at t=1s.
The simulation results with and without damping controllers
are presented as follows.

The simulation results show that the ADRC damping
controller also has good mitigating effect under a large dis-
turbance, which proves its strong robustness and good anti-
interference ability when the parameters change, ensuring
stable operation of the system.

FIGURE 14. Diagram of wind farms integration in Guyuan area.

D. PERFORMANCE OF THE ADRC WITH A PRACTICAL
SYSTEM
In this paper, a practical wind-farm system locating in
Guyuan, Hebei Province, China is adopted to check the
performance of the ADRC damping controller as shown
in Fig.14.

There are six large-scale wind farms, namely Lian-
huatan, Jiulongquan, Bailongshan, Hengtai, Chabei, and
Yiyuan. These wind farms are collected by transformers of
0.69/35/220 kV, then connected to the main grid of North
China and Inner Mongolia through 500kV transmission lines
with 45% or 40% series compensation respectively.

Subsynchronous resonance has been detected many times
in Guyuan area since 2010. Only from the end of 2012 to
the end of 2013, as many as 58 oscillation events occurred.
The resonant frequency of the current is about 6 to 8 Hz,
and an equivalent electric circuit is deduced to explain why
SSR happens in [2]. The [3] has demonstrated that the con-
verter control of DFIG produces negative resistance at the
slip frequency and thus causes unstable SSR. An improved
impedance method using aggregated RLC circuit model is
proposed in [4] and applied for SSR analysis of Guyuan area.
Subsynchronous notch filters are embedded into DFIG con-
verter controllers to mitigate SSR and applied to Guyuan area
series-compensated wind-farm system as a case study [19].
To test the performance of theADRCdamping controller with
the practical system above, we set the wind speed of 8m/s and
1500 identical 1.5MW DFIGs online. The specific parame-
ters of transmission lines are the same as that in [19] and are
listed in Appendix A Table 2. The series compensations are
put in at t = 2s. The time domain simulation results with and
without mitigating measures are as follows.

According to (5) in section II, the frequency of active
power is complementary to the resonance frequency of stator
current, so the simulation results as shown in Fig.15 are
identical to that of [19] from frequency characteristic point
of view. It can be seen that the ADRC damping controller has
good potential in mitigating SSR of practical systems.

68820 VOLUME 7, 2019



Y. Xu, S. Zhao: Mitigation of SSR in Series-Compensated DFIG Wind Farm Using ADRC

FIGURE 15. The 220kV-side active power of the transformers at Guyuan
substation.

TABLE 1. The main parameters of the system.

VI. CONCLUSION
To mitigate the SSR of DFIG-based wind farm connecting to
the series compensated system, this paper presents a damping
controller design based on ADRC. Through theoretical anal-
ysis and time domain simulation, the following conclusions
are arrived at.

1) The frequency of SSR has a considerable variation with
the series compensation level, the number of DFIG in
wind farm and the parameter of RSC control, which
will make the traditional damping controller invalid in
some cases.

2) The ADRC damping controller added to the current
inner loop of RSC can automatically estimate the state
variable in real time and dynamically compensate for
eliminating the effect of disturbance.

3) The ADRC damping controller has stronger adapt-
ability than traditional damping controller, which can
effectively mitigate SSR of the DFIG based wind farm
under different operating conditions.

4) The ADRC has more parameters than the traditional
PID controller. Therefore, how to simplify the parame-
ters setting of the ADRC should be the focus of future
research.

APPENDIX A
See Table 1 and 2.

TABLE 2. Parameters of transmission lines in the practical system of
Guyuan.

APPENDIX B
The complete algorithm for the ADRC method with distur-
bance tracking compensation is as follows.

1) Arrange the transition process with the set value v0 as
input 

e = v1 − v0
fh = fhan(e, v2, r0, h)
v1 = v10 + hv2
v2 = v20 + hfh

The fastest control integrating function is recorded as
fhan(x1, x2, r, h). Its algorithm formula is as follows.

u = fhan(x1, x2, r, h)

d = rh
d0 = hd
y = x1 + hx2
a0 =

√
d2 + 8r |y|

a =

x2 +
(a0 − d)

2
sign(y), |y| > d0

x2 +
y
h
, |y| ≤ d0

fhan = −

{
rsign(a), |a| > d

r
a
d
, |a| ≤ d

where d, d0 are the length of the linear segment of the function
fhan, and y, a, a0 are internal variables.
2) Track and estimate the status and disturbance of the

system with the system output y and input u
e1 = z1 − y, fe = fal(e1, 0.5, δ), fe’ = fal(e1, 0.25, δ)
z1 = z10 + h(z2 − β01e1)
z2 = z20 + h(z3 − β02fe+ u)
z3 = z30 + h(−β03fe’)

In the formula, β01, β02, β03 are a set of parameters. The
function fal is

fal(x, α, δ) =
x

δ1−α
fsg(x, δ)+ |fdb(x, δ)| |x|α sign(x)

fsg(x, δ) =
sign(x + δ)− sign(x − δ)

2

fdb(x, δ) =
sign(x + δ)+ sign(x − δ)

2

VOLUME 7, 2019 68821



Y. Xu, S. Zhao: Mitigation of SSR in Series-Compensated DFIG Wind Farm Using ADRC

where α is a power function, δ is the the length of the linear
segment, and sign is the symbol function.

3) The state error feedback law is{
et1 = v1 − z1, et2 = v2 − z2
u0 = −fhan(et1, cet2, r, h1)

4) The process of disturbance compensation is

u = u0 − z3
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