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ABSTRACT This paper focuses on the power grid oscillation of grid-side converter (GSC) in doubly-fed
induction generator (DFIG) caused by grid sub-synchronous oscillation (SSO), and designs a measure to
improve the output power quality of GSC. Firstly, the influence mechanism of multipath disturbance of GSC
under SSO is sorted out, and the disturbance factors and action modes are clarified. Secondly, the influence
of SSO on the output estimation of phase-locked loop (PLL) in the control strategy and power calculation
process is analyzed. Furthermore, the mathematical model of GSC output power considering the influence of
PLL is established. At the same time, the key factors of SSO for GSC power oscillation suppression strategy
are determined by analyzing the oscillation suppression effect of quasi-resonant controller when SSO
amplitude, frequency and phase change. Based on the above theoretical analysis and research, the resonant
controller is used to eliminate the estimation error of the PLL; at the same time, an adaptive algorithm is
designed according to the mechanism analysis of SSO characteristic changes to improve the fixed resonant
frequency of the quasi-resonant controller, and a DFIG-GSC sub-synchronous power oscillation suppression
strategy based on the adaptive quasi-resonant controller is proposed, thus eliminating the influence of SSO
on the multipath disturbance of GSC and improving the power quality of its output. Finally, the effectiveness
of the proposed suppression strategy is verified by simulation and experimental results.

INDEX TERMS Power quality, doubly-fed induction generator (DFIG), grid side converter (GSC), phase
locked loop (PLL), sub-synchronous oscillation frequency change, adaptive quasi-resonant controller.

I. INTRODUCTION
The rapid development of new energy technology has further
increased the installed capacity of wind power. Doubly-fed
induction generator (DFIG) has been widely used in the field
of wind power generation because of its small converter
capacity and variable speed constant frequency power gen-
eration [1]. However, a large number of static Var compen-
sators and series compensation capacitors are connected to
the power grid in the process of UHV power transmission,
resulting in sub-synchronous oscillation (SSO) and power
quality decline [2], [3], [4]. Power grid SSO will affect the
stability of wind power generation, which will lead to wind
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turbine off-grid, thermal power and other generator tripping
accidents [5], [6], [7], [8]. In 2009, a SSO accident occurred
in the United States, resulting in an urgent abandonment of
the wind [5]. Since 2010, there have been more than ten
SSO accidents with oscillation frequency between 4∼8 Hz
in North China [6]; there have also been many SSO accidents
in the northwest region, and the oscillation frequency is in
the range of 10∼20 Hz, resulting in the shutdown of thermal
power units hundreds of kilometers away from the wind
farm [7]. In 2019, a SSO accident occurred at the Horn wind
farm in the UK, resulting in a loss of 3.2% of the load,
affecting about 1 million users [8].

Researches have shown that SSO has complex mechanism,
fuzzy transient model, various types and wide-area propaga-
tion characteristics [9], [10]. The reference [10] introduces
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the evolution of SSO in the grid and the classification of
existing forms, and the new SSO problem characterized by
the interaction between converter and power grid in recent
years were studied. After the SSO generated by any reason
is input into the wind turbine, the fault form is to cause
the power oscillation of the unit output, which will cause
the power quality of the power grid to decrease. Therefore,
it is necessary to design a corresponding power oscillation
suppression strategy.

As an important part of the DFIG unit, the grid side
converter (GSC) is directly connected to the grid and
has an important impact on the power quality of the
power grid [11], [12]. Most scholars focus on the trans-
mission of oscillation power between GSC in DFIG unit
and power grid under the condition of high harmonics of
grid voltage, which affects the power quality of power
grid [13], [14], [15], [16], [17]. In reference [13], aiming at
the problem of miscontrol of GSC in the case of harmonics
in the power grid, notch filter is adopted to improve the
GSC control strategy, so as to make it output stable active
power and improve the power quality of GSC output. Refer-
ence [14] analyzed the influence of higher harmonics on the
output power of GSC system by establishing a mathematical
model, and proposed the resonant sliding mode algorithm to
improve the control strategy of GSC system and suppress
the power oscillation of GSC. However, these methods rely
on the precise modeling of DFIG and are very sensitive to
the parameters of the motor, which may vary during the
operation of the motor. Reference [15] propose a direct power
control (DPC) strategy based on quasi-resonance to suppress
the pulsation component in the output power of GSC by
analyzing the working state of GSC under the condition of
harmonic voltage in the power grid. References [16] and [17]
analyze the influence of double frequency generated by neg-
ative sequence component on GSC, and proposed the method
of model predictive control to improve the robustness of GSC
system, so as to improve the power quality of the system
output. However, this kind of fuzzy control method is not
mature enough, and the design process is more complex,
it needs a lot of existing data to fully predict it. At present,
there are few researches on the output power quality of GSC
in SSO state of power grid. In reference [18], linear extended
state observer is used to improve the traditional static reactive
power compensator, so as to realize the estimation and com-
pensation of sub-synchronous components, and then suppress
the influence of external sub-synchronous disturbance com-
ponents on GSC power. In reference [19], SSO damping con-
troller was added to GSC double closed loop and feedforward
compensation loop respectively. By analyzing the running
state under different conditions, it was concluded that adding
damping controller to the current inner loop could obtain the
optimal power oscillation suppression effect. References [20]
and [21] studied the additional damping control strategy in the
GSC control strategy to reduce the output oscillation power

TABLE 1. Common SSO suppression strategies.

of GSC. Common SSO suppression strategies are listed in
Table 1.

References [22] and [23] showed that SSO in DFIG is
jointly affected by many factors such as power generation
parameters and power grid parameters, so SSO characteristics
are different under different operating conditions. The exist-
ing control strategy has the disadvantages of complex design
and low adaptability, which can’t well meet the suppression
requirements under the change of SSO characteristics. At the
same time, according to the analysis in this paper, the distur-
bance generated by the grid SSO on the GSC is not unique,
including the influence of the oscillation power output of the
GSC on the grid, but also the influence of the SSO voltage on
the estimated value of the Phase-locked loop (PLL), so the
corresponding oscillation suppression measures should be
taken.

Based on the above problems, this paper focuses on the
research of suppressing the oscillating power of GSC in SSO
state. Firstly, the disturbance mode of power grid SSO in
GSC system is analyzed. Secondly, the influence of SSO on
PLL is analyzed, and the function relationship of GSC power
with PLL influence in SSO state is established. At the same
time, the influence of SSO characteristics on the suppression
strategy of GSC power oscillation is analyzed. Furthermore,
an improved PLL using resonant controller is designed to
improve the accuracy of PLL output. At the same time,
an improved control strategy of GSC based on adaptive
quasi-resonant controller is designed to realize the suppres-
sion of GSC oscillation power. Finally, a DFIG system vibra-
tion suppression simulation model and experimental platform
were built to verify the effectiveness of the proposed oscilla-
tion suppression strategy.
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II. MECHANISM ANALYSIS OF MULTIPLE DISTURBANCE
FACTORS OF POWER GRID SSO TO GSC
A. ANALYSIS OF INFLUENCE OF GRID SSO ON GSC
WITHOUT PLL PHASE ERROR
Without counting the PLL output error, if SSO frequency is
ωsso, the expression of grid side voltage in d-q coordinate
system is shown in (1):

ugd = ugd0 + ugdsso
= Ug + Usso cos[(ω1 − ωsso)t + ϕusso]
ugq = ugq0 + ugqsub
= 0 + Usso sin[(ω1 − ωsso)t + ϕusso]

(1)

In (1), Ug and Usso are the amplitudes of power grid funda-
mental wave voltage and SSO voltage vector respectively; ω1
is the angular velocity of the fundamental wave voltage of the
grid; ϕusso is the initial phase angle of grid SSO voltage in d-q
coordinate system.

Similarly, the current at the GSC can be expressed in the
d-q coordinate system as:

igd = igd0 + igdsso
= Ig + Isso cos[(ω1 − ωsso)t + ϕisso]
igq = igq0 + igqsso
= 0 + Isso sin[(ω1 − ωsso)t + ϕisso]

(2)

In (2), Ig and Isso are the amplitudes of ideal current and SSO
current vectors; ϕisso is the initial phase angle of SSO current
in the d-q coordinate system.

By combining (1) and (2), the active power expression of
GSC system can be obtained as shown in (3):

Pg = −
3
2
(u∗

gdigd + u∗
gqigq)

= −
3
2
[(ugd0 + ugdsso)∗(igd0 + igdsso) + u∗

gqssoigqsso]

= −
3
2


UgIg+
UssoIssocos(ϕusso − ϕisso)+
UssoIgcos[(ω1 − ωsso)t + ϕusso]+
UgIssocos[(ω1 − ωsso)t + ϕisso]

 (3)

Similarly, the reactive power of GSC system can be
expressed as:

Qg = −
3
2
(u∗

gqigd − u∗

gdigq)

= −
3
2
[u∗

gqsso(igd0 + igdsso) − (ugd0 + ugdsso)∗igqsso]

= −
3
2

UssoIssosin(ϕusso − ϕisso)+
UssoIgsin[(ω1 − ωsso)t + ϕusso]−
UgIssosin[(ω1 − ωsso)t + ϕisso]

 (4)

Equations (3) and (4) are GSC power expressions without
considering PLL output error when SSO occurs in the power
grid. However, under the influence of grid SSO, in practical
engineering, GSC system will be affected by PLL output
error when calculating power, and the control strategy of GSC
will also be interfered by PLL output error. Therefore, it is
necessary to establish a more accurate mathematical model

of the output power of GSC system considering the influence
of PLL.

B. INFLUENCE ANALYSIS OF GRID SSO WITH PLL OUTPUT
ERROR ON GSC
In the SSO state of power grid, the control effect of PLL will
be interfered, affecting the control strategy of GSC system
and the calculation process of GSC power. It will make
the process of control strategy and power calculation more
complicated. The multi-input disturbance diagram of GSC
system under SSO state of power grid is shown in Fig. 1.
In Fig. 1, C is the dc bus support capacitance; Vdc repre-

sents dc bus voltage; Iload indicates the load current; Uga0,
Ugb0, Ugc0, and Iga0, Igb0, and Igc0 represent the three-phase
voltage and current of the power grid respectively; Ugasso,
Ugbsso, Ugcsso and Igasso, Igbsso and Igcsso respectively repre-
sent the sub-synchronous voltage and sub-synchronous cur-
rent components of the grid; R and L represent filter resis-
tance and inductance respectively; θ1 is the phase of the ideal
grid voltage; δθ is the error between pll output voltage phase
and ideal voltage phase in sso state.

As shown in Fig. 1, power grid sso has input characteristics
of multi-disturbance factors to gsc, including error signal
generates by pll, current disturbances in actual converter,
and coupling effects between them. Specific analysis are as
follows:

The signal disturbance is the pll output error in the sso state
of the power grid, in which the phase signal with the error
has an impact on the coordinate transformation process of
the gsc control system, and it is difficult to lock the signal of
the power grid fundamental wave voltage, which causes the
feedforward decoupling compensation term in the gsc control
strategy to oscillate.

The physical quantity disturbance is the current distur-
bance in the actual converter, and the grid side current oscilla-
tion will cause the dc component of the converter to oscillate
in the d-q coordinate system.

At the same time, the grid-side current disturbance caused
by the coupling of pll output error signal and converter current
oscillation is superimposed with grid-side oscillation current
caused by grid sso, which aggravates the complexity of gsc
output power oscillation.

Therefore, pll will be improved later in this paper to ensure
the accuracy of its output phase, voltage amplitude and fre-
quency estimates. At the same time, by improving the control
strategy of gsc, the output power stability of the system is
improved.

C. INFLUENCE ANALYSIS OF GRID SSO WITH PLL OUTPUT
ERROR ON GSC
Synchronous reference frame-phase-locked loop (srf-pll) is
commonly used in grid-connected systems. in order to ana-
lyze the influence of grid sso on gsc under the influence of pll
phase error, the srf-pll mathematical model in the case of grid
sso should first be established. The block diagram of srf-pll
in the case of grid sso is shown in Fig. 2.

VOLUME 11, 2023 48883



D. Sun et al.: Multi-Disturbance Factors Analysis and Suppression Strategy of SSO on DFIG GSC

FIGURE 1. Diagram of multi-disturbance factors of GSC system in SSO state of power grid.

FIGURE 2. SRF-PLL block diagram in SSO state of power grid.

It can be seen from (1) that the grid voltage all contains
AC components in the d-q coordinate system. According to
Fig. 2, q-axis component is used for closed-loop control, and
the transfer function of loop filter is assumed to be:

G1(s) = kpll1 +
kpll2
s

(5)

after passing through the loop filter, the oscillation compo-
nent of the Q-AXIS can be expressed as:

1ω = Ussokpll1sin [(ωsso − ω1) t + (ϕusso − ϕ1)]

+ Ussokpll2

∫
sin [(ωsso − ω1) t + (ϕusso − ϕ1)] dt

= asin
[

(ωsso − ω1) t

+

(
ϕusso − ϕ1 − arctan

kpll2
kpll1 (ωsso − ω1)

)]
(6)

In (6), a = Usso

√
k2pll1 +

(
kpll2

ωsso−ω1

)2
.

at this time, the output error phase of the voltage-controlled
oscillator is:

1θ = a
∫

sin [(ωsso − ω1) t

+

(
ϕusso−ϕ1−arctan

kpll2
kpll1 (ωsso − ω1)

)]
dt% (2π)

= −
a

(ωsso − ω1)
cos

[
(ωsso − ω1) t

+

(
ϕusso − ϕ1 − arctan

kpll2
kpll1 (ωsso − ω1)

)]
% (2π)

(7)

In order to explore the influence of grid SSO on PLL output
angular velocity and phase estimation, relevant simulation
analysis is carried out. In the simulation process, the power
grid fundamental wave voltage amplitude is 690 V, frequency
is 50 Hz, SSO voltage amplitude is 138 V (20% of the
fundamental wave voltage), frequency ωsso is 20 Hz.
Fig. 3(a) is the estimated valueωPLL of PLL output angular

velocity in the SSO state of the grid, which including the
oscillation component with frequency ω1 − ωsso. Fig. 3(b) is
the estimated value of PLL output phase θPLL in SSO state of
the power grid. It can be seen from the Fig. 3(b) that there is
also error disturbance in the estimated value of phase, which
damages the stability of the control strategy.

It can be seen from (7) that the phase output of PLL con-
tains periodic oscillation component, which further affects
the angle required by park transformation.

Considering the influence of oscillation voltage at the junc-
tion point on PLL, the output phase θPLL can be expressed
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FIGURE 3. Estimated angular velocity and phase of PLL output in grid SSO
state.

by (8):

θPLL(t) = θ1(t) + 1θ (t) (8)

In (8), θ1(t) represents the phase of the fundamental voltage
of the dot junction. 1θ (t) represents the phase disturbance
component corresponding to the SSO voltage of the dot
alignment.

According to the coordinate transformation Angle θPLL
obtained by the PLL, the corresponding Park transformation
matrix can be expressed as:

T2s/2r(θPLL) =

[
cos θPLL sin θPLL

− sin θPLL cos θPLL

]
(9)

In (9), the expression of cosθPLL and sinθPLL is:
cos θPLL = cos θ1 cos1θ − sin θ1 sin1θ

≈ cos θ1 − 1θ sin θ1

sinθPLL = sin θ1 cos1θ + cos θ1 sin1θ

≈ sin θ1 + 1θ cos θ1

(10)

By substituting (10) into (9) and linearizing, the Park transfor-
mation matrix under SSO state of power grid can be obtained
as [24]:

T2s/2r(θPLL) = T2s/2r(1θ) · T2s/2r(θ1)

≈

[
1 1θ

−1θ 1

]
·

[
cos θ1 sin θ1

− sin θ1 cos θ1

]
(11)

Combined (1) and (11), the voltage in d-q coordinate system
can be expressed as:

ugd = ugd0 + ugdsso
≈ Ug +

√
1 + 1θ2Ussosin[(ωsso − ω1) t

+ (ϕusso − ϕ1 − arctan1θ)]
ugq = ugq0 + ugqsso
≈ −Ug1θ +

√
1 + 1θ2Usso

sin [(ωsso − ω1) t + (ϕusso − ϕ1 − arctan1θ)]

(12)

The simulation in Fig. 4 is the voltage amplitude estimate
of PLL under SSO state in the grid. The simulation results
confirm that there is an oscillation component with frequency
ofω1−ωsso in the voltage amplitude estimation results of PLL
output in the SSO state of the power grid, which also verifies
the accuracy of (12)

FIGURE 4. PLL output estimation voltage under grid SSO state.

Similarly, (2) can be further accurately expressed as (14),
as shown at the bottom of the next page.

igd = Ig +

√
1 + 1θ2Isso

sin[(ωsso − ω1)t + ϕisso − ϕ1 + arctan
1

1θ
]

igq = −1θ · Ig +

√
1 + 1θ2Isso

sin[(ωsso − ω1)t + ϕisso − ϕ1 + arctan
1

1θ
]

(13)

At this time, the power expression of GSC considering the
influence of PLL is (15), as shown at the bottom of the next
page. In (14), A =

√
1 + 1θ2(1 − 1θ )(UgIsso + UssoIg).

Equation (14) reflects the oscillation quantity of grid
voltage and current coupling with 1θ , which increases the
complexity of GSC system oscillation modes. At this time,
according to (14), the SSO component of the power grid
acts on the GSC system, making the active power produce
the AC component of frequency. At this time, the variation
of the active power oscillation component Pgsso is affected
by multiple factors such as the amplitude, frequency and
phase angle of the secondary synchronous voltage. Therefore,
when designing the oscillation power suppression strategy,
it is necessary to make it able to effectively suppress the
oscillation power even when the above three factors change.

D. ANALYSIS OF QUASI-RESONANT CONTROL EFFECT
UNDER SSO VARIATION IN POWER GRID
It can be seen from the above analysis that the changes of
SSO amplitude, frequency and phase Angle in the power grid
have varying degrees of influence on the active power Pg of
GSC. Therefore, the changes of the above factors should be
considered when designing the suppression strategy of SSO.

In order to verify the impact of SSO characteristic changes
on the designed oscillation suppression strategy, based on
literature [25], the ω0 of the quasi-resonant controller was set
as 40Hz, and the relevant simulation analysis was performed
on the GSC power oscillation suppression strategy based
on the quasi-resonant controller when DFIG was running at
the super-synchronous speed of 1800r/min. The parameters
adopted in the simulation are shown in Table 2.

The simulation conditions are as follows: when the simu-
lation runs to 3.0 s, the SSO voltage is put in, runs to 3.2 s,
the quasi-resonant suppressor is added, runs to 3.5 s, the SSO
characteristics change.
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TABLE 2. Simulation related parameters.

FIGURE 5. Suppression effect of quasi-resonant controller under SSO
characteristic variation.

According to the simulation in Fig. 5, the oscillation com-
ponent of the active power in the GSC system decreases
significantly during the T2 period. In Fig. 5(b), the SSO
amplitude of the grid in T3 period changes from 5% of
the fundamental wave voltage to 20%, and the Pg oscilla-
tion amplitude increases instantaneously. However, after the
adjustment of the quasi-resonant controller, the oscillation
component of the GSC system is still effectively suppressed.
In Fig. 5(c), the frequency of SSO in the grid during T3 period

changes from 10Hz to 30 Hz, and the oscillation frequency of
Pg occurs at 20 Hz. According to the results, the suppression
strategy fails at this time, and Pg in the GSC system will
maintain oscillation. In Fig. 5(d), the SSO phase angle of
the grid changes suddenly during T3 period. The simulation
results in Fig. 5(d) confirm that the quasi-resonant controller
can still effectively suppress the oscillation component in Pg,
which proves that the phase angle has little influence on the
control strategy.

III. RESEARCH ON THE SUPPRESSION METHOD OF PLL
ESTIMATION ERROR UNDER THE INFLUENCE
OF GRID SSO
A. SSO SUPPRESSOR BASED ON
RESONANT CONTROLLER
According to the above analysis, when there is SSO voltage
with a frequency of ωsso in the power grid, the working
performance of the PLL will be interfered by oscillating
voltage, which will affect the stability of the GSC control
strategy. It also increases the complexity of Pg oscillations in
GSC. Therefore, in order to eliminate the errors in PLL output
estimates in the SSO state of the power grid, it is necessary
to design corresponding suppression strategies to ensure the
accuracy of the PLL operation.

In the AC component control, the resonant controller is
often used. Therefore, a resonant controller is also considered
in this paper to suppress the input oscillation voltage to the
PLL. The transfer function of the resonant controller is as
follows [26]:

G1(s) =
KRs

s2 + ω2
0

(16)

In (16), KR is the gain coefficient of resonance control; ω0 is
the resonant frequency.

In order to further verify the working characteristics of
(16), Bode diagram is used for corresponding analysis and
discussion. The ω0 of the resonant controller is set as 50 Hz,
and when KR changes, the amplitude-frequency and phase-
frequency diagrams of the resonant controller shown in (16)
are shown in Fig. 6.

Pg = −
3
2
(u∗

gdigd + u∗
gqigq)

= −
3
2

[
(ugd0 + ugd1 + ugd2 + ugd3)∗(igd0 + igd1 + igd2 + igd3)
+(ugq0 + ugq1 + ugq2 + ugq3)∗(igq0 + igq1 + igq2 + igq3)

]
≈ −

3
2

(
UgIg + 1θ2UgIg + (1 + 1θ2)UssoIsso
+A sin[(ωsso − ω1)t + ϕusso − arctan1θ ]

)
(14)

Qg = −
3
2
(u∗

gqigd − u∗

gdigq)

= −
3
2

[
(ugq0 + ugq1 + ugq2 + ugq3)∗(igd0 + igd1 + igd2 + igd3)
−(ugd0 + ugd1 + ugd2 + ugd3)∗(igq0 + igq1 + igq2 + igq3)

]
≈ 0 (15)
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FIGURE 6. Bode diagram analysis of resonant controller.

FIGURE 7. Improved PLL of series resonant controller.

The simulation results in Fig. 6 show that the resonant
controller shown in (16) has extremely high gain only at
the resonant frequency, and its gain is positively correlated
with the gain coefficient KR of the resonant control. Since
the resonant controller only controls the signal with the same
frequency as the resonant frequency, it can be considered to
filter out the sub-synchronous component input to the PLL by
taking full advantage of this characteristic.

B. RESEARCH ON IMPROVING PLL CONTROL
STRATEGY IN SSO STATE
When the power grid voltage contains SSO component, the
voltage estimated amplitude, angular velocity estimated value
and phase estimated value of PLL output all have errors,
resulting in PLL’s difficulty in meeting the requirements of
vector control in terms of phase locking accuracy and affect-
ing the accuracy of control strategy. Therefore, PLL needs to
be improved.

Based on the above analysis of the operating characteristics
of the resonant controller, a resonant controller with a reso-
nant frequency of 50Hz is connected in series at the input end
of the PLL, so that only power frequency signals are allowed
to enter the PLL, so as to avoid the influence of oscillating
voltage on the PLL, so as to ensure the accuracy of the PLL.
The improved PLL shown in Figure 7.

In order to verify the performance of the designed
improved PLL in the SSO state of the power grid, the esti-
mated output values of the improved PLL and the traditional
PLL were compared and analyzed in the SSO state of the
power grid. In the simulation process, the power grid voltage
was 690V and the frequencywas 50Hz. At 1.5 s, SSO voltage
with the fundamental wave voltage amplitude of 20% and the
frequency of 20 Hz was added. The simulation results are
shown in Figure 8.

By observing Fig. 8(a) and (b), it can be seen that compared
with the traditional PLL, the voltage fluctuation amplitude of
the improved PLL of the proposed series resonance controller
is significantly reduced in the d-q coordinate system. The
simulation results in Fig. 8 show that the proposed improved
PLL can accurately lock the fundamental voltage of the grid,

FIGURE 8. Improved PLL simulation effect.

FIGURE 9. Adaptive quasi-resonant control structure.

thus avoiding the adverse influence of PLL errors on the
control strategy of the GSC system. At the same time, the
complexity of GSC power oscillation can be reduced.

IV. DFIG-GSC POWER OSCILLATION SUPPRESSION
STRATEGY BASED ON ADAPTIVE QUASI-RESONANT
CONTROLLER
A. DESIGN OF SUB-SYNCHRONOUS OSCILLATION
SUPPRESSOR BASED ON ADAPTIVE QUASI-RESONANT
CONTROLLER
According to the analysis in Section II-D above, it is clear that
SSO frequency variation has the most significant effect on the
oscillation suppression strategy based on the quasi-resonant
controller. Therefore, a frequency adaptive algorithm is
designed in this paper to change the resonant frequency of
the quasi-resonant controller in real time, so as to suppress
the power oscillation of the GSC system.

The transfer function of the quasi-resonant controller is
shown below [27]:

G2(s) =
2KRωcs

s2 + 2ωcs+ ω2
0

(17)

In (17), ωc represents cutoff frequency.
By transforming (17), we can obtain:

G3(s) =
Hs

s2 + HKs+MH
(18)

In (18), H = 2KRωc K =
1
KR

M =
ω2
0

2KRωc
.

According to (18), ω0 is directly related to M , and
the ω0 can be controlled by adjusting M . The adaptive
quasi-resonant controller designed according to (18) is shown
in Fig. 9.
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FIGURE 10. The effect diagram of the adaptive quasi-resonant controller
when the input signal changes.

Set the input signal of the adaptive quasi-resonant con-
troller shown in Fig. 9 as vin = Asin(ω0t). At this time,
in order to realize the tracking of input signals, combinedwith
(18), the output vout can be expressed as:

vout = A |G3(jω)| sin(ω0t + ̸ G(jω)) (19)

In (19):


̸ G3(jω) =

π

2
− arctan

HKω0

MH − ω2
0

|G3(jω)| =
Hω0√

(MH − ω2
0)

2 + (HKω0)2

.

According to Fig. 9 and (19), when the resonant fre-
quency of the quasi-resonant controller is ω0, if the input
signal frequency is also ω0, then the output signal vout =

(A/K )sin(ω0t). Let K = 1, then the input and output signals
are the same.When the frequency of vin changes abruptly, the
relationship between vin and vout can be approximately linear
in a small range centered on the zero crossing of vout due to
the existence of the limiting value, and the parameter M can
be changed through PI controller. Therefore, the difference
between vin and vout can be utilized for real-time adaptive
adjustment ofM , so as to achieve the purpose of changing the
resonant frequency of the quasi-resonant controller in quasi-
real time [28].

The simulation of the adaptive quasi-resonant controller
was built according to Fig. 9, and K = 1 and H = 100 were
set. The initial resonant angular frequency ω0 is 10 Hz. The
control effect of the adaptive quasi-resonant controller is
shown in Fig. 10 below:

As shown in Fig. 10, the original input voltage amplitude
is 10 V and frequency is 10 Hz. At 0.5 s, the input voltage
amplitude, frequency and phase all change. At this time, the
parameter M of the adaptive quasi-resonant controller will
change, and the input voltage signal tracking with variable
frequency, amplitude and phase will be completed.

B. SUPPRESSION STRATEGY OF GSC POWER
OSCILLATION IN SSO WITH PLL INFLUENCE
Based on the above theoretical research and simulation analy-
sis, this paper proposes aDFIG-GSC power suppression strat-
egy based on an adaptive quasi-resonant controller, as shown
in Fig.11.

In Fig. 11, DFIG-GSC power oscillation suppression
strategies include: ① is improved PLL structure; ② is the
GSC’s main circuit topology; ③ is the GSC’s main cir-
cuit power calculation unit; ④ is DFIG-GSC power oscilla-
tion suppression strategy based on adaptive quasi-resonant
control.

According to Fig. 11, after the improved PLL is applied
to the GSC system, the phase required by the coordinate
transformation process in its control strategy is an accurate
phase because it can accurately lock the fundamental wave
voltage of the power grid. At the same time, the feedforward
decoupling oscillation in the control strategy is significantly
reduced, and the complexity of GSC power calculation is also
reduced.

Aiming at the power oscillation component in the GSC sys-
tem, an adaptive quasi-resonant controller is used to suppress
it. The process is as follows:

There is no SSO component in the power grid, and there
is no oscillation component in the GSC system during sta-
ble operation. The two control objectives of the GSC are
to maintain the Vdc voltage stability of the DC bus and to
maintain the power factor of the converter is 1. In this case,
the active power of the GSC system is the fundamental direct
flow. The adaptive quasi-resonant controller has no control
over the DC component, that is, the output of vd2 is 0. In this
case, the above goals can be achieved using only the PI
controller.

When SSO exists in the grid, the grid side voltage and
current both contain sub-synchronous components. Accord-
ing to (14), at this time, the active power Pg flowing
through the grid side of GSC will produce corresponding
oscillation. Because the oscillation is AC and the ampli-
tude of oscillation is high, the PI controller cannot real-
ize the tracking control of the sub-synchronous component
only.

When SSO component exists in the power grid, there is
a certain oscillation component in the grid side voltage and
current. At the time, according to (14), the grid side active
power Pg flowing through GSC will produce corresponding
oscillation. In addition, according to the above simulation, the
amplitude of power oscillation is high, and the PI controller
alone cannot effectively control the sub-synchronous compo-
nent.

In this paper, an adaptive quasi-resonant controller is
designed to suppress the oscillating power in the GSC system.
Specifically, the difference between the reference value and
the actual value of the active power oscillation of the GSC
system is used as the input signal of the adaptive quasi-
resonant controller, and the sub-synchronous component of
the input signal is tracked in real time using the adaptive algo-
rithm shown in Fig. 9. The output voltage vd2 of the adaptive
quasi-resonant controller is used as the voltage to suppress the
active power oscillation. Combined with the control voltage
vd1 generated by the PI controller, the oscillation component
in Pg can be finally suppressed by controlling the current of
GSC.

48888 VOLUME 11, 2023



D. Sun et al.: Multi-Disturbance Factors Analysis and Suppression Strategy of SSO on DFIG GSC

FIGURE 11. DFIG-GSC power oscillation suppression strategy based on adaptive quasi resonator.

FIGURE 12. Oscillation suppression diagram of power grid SSO
frequency 10 Hz.

The adaptive quasi-resonant controller can effectively sup-
press the active power oscillation of the GSC system when
SSO occurs and improve the stability of the GSC system.

V. SIMULATION ANALYSIS AND EXPERIMENTAL
VERIFICATION
A. SIMULATION ANALYSIS
In this paper, a DFIG-GSCPg oscillation suppression strategy
based on an adaptive quasi-resonant controller is proposed,
and the suppression effect of the aligning resonant controller
and the adaptive quasi-resonant controller on the GSC power
oscillation is compared under the condition of 1800r/min.

The simulation conditions are as follows: in the SSO state
of the power grid, two controllers are put in when running to
3.4 s, and the resonant frequency is set as 40 Hz, and the SSO
voltage amplitude is 20% of the fundamental wave voltage
amplitude.

The simulation results in Fig. 12 to Fig. 13 show that the
quasi-resonant controller can only suppress the oscillation
component when the SSO frequency is 10 Hz, and the sup-
pression effect is not good for the oscillation component when
the SSO frequency is 30 Hz. The simulation in Fig. 12(d) and

FIGURE 13. Oscillation suppression diagram of power grid SSO
frequency 30 Hz.

TABLE 3. DFIG experimental platform related parameters.

Fig. 13(d) shows that SSO frequency change has no influence
on the suppression effect of the adaptive quasi-resonant con-
troller, and can effectively suppress the oscillation power of
GSC.

B. EXPERIMENTAL VERIFICATION
To verify the effectiveness of the proposed suppression strat-
egy, a 15 kw DFIG system vibration suppression experiment
platform was built. Parameters of the experimental platform
are shown in Table 3.
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FIGURE 14. DFIG grid-connected system oscillation suppression
experimental platform.

According to the DFIG grid-connected system oscillation
suppression experimental platform shown in Fig. 14, it is seen
that the platform consists of six parts, which are ① is simulate
wind turbine-DFIG system, ② is simulate power grid, ③ is
GSC control system, ④ is RSC control system, ⑤ is SSO
simulate system, ⑥ is variable resistance load.

The simulate wind turbine is generated by driving the
asynchronous motor by the frequency converter. The rotor of
the asynchronous motor is connected with the rotor of DFIG.
Simulate power grid is generated by synchronous motor;
DSP28335 is used as the control chip of GSC and RSC. The
SSO simulation system is generated by another synchronous
motor whose output voltage is regulated by a frequency con-
verter so that oscillating voltages of any frequency can be
simulated.

Before experimental verification, it is necessary to verify
whether the built experimental platform meets the require-
ments of grid connection. Before grid-connection, A-phase
voltage of DFIG stator and A-phase voltage waveform of
analog grid are shown in Fig. 15. As can be seen from Fig. 15,
the three elements of DFIG stator voltage and grid voltage
as well as the phase sequence are the same. Therefore, the
experimental platform built has grid-connection conditions
and can be grid-connected.

In the process of SSO suppression experiment of DFIG-
GSC system, the stator output power of DFIGwas set to 5 kW,
the speed was set to 1200 r/min, and the voltage amplitude of
SSO was set to 20% of the voltage amplitude of the analog
grid, the frequencies were respectively 10 Hz and 30 Hz, and
the resonant frequency of the two controllers was 40 Hz. The
experimental results are shown in Fig. 16∼17.

Through the experimental results in Fig. 16∼17, it can
be seen that consistent with the aforementioned simulation
analysis, the quasi-resonant controller can only suppress the
oscillation components with the same resonant frequency,
while the adaptive quasi-resonant controller can effectively

FIGURE 15. DFIG stator A-phase voltage and analog grid A-phase voltage
waveform before grid-connection.

FIGURE 16. Effect diagram of oscillation suppression when SSO
frequency of power grid is 10 Hz.

FIGURE 17. Effect diagram of oscillation suppression when SSO
frequency of power grid is 30 Hz.

suppress the active power oscillation of GSC at different
frequencies.

Finally, the effectiveness of the proposed oscillation sup-
pression strategy is verified when SSO frequency changes.
The experimental results are shown in Fig. 18.
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FIGURE 18. The suppression effect of adaptive quasi-resonant controller
on variable frequency oscillation.

In Fig. 18(a), the initial frequency of SSO voltage is 10 Hz,
and the amplitude is 20% of the analog grid voltage. An adap-
tive quasi-resonant controller was put in at T1 to suppress
the GSC power oscillation. By observing Pgwaveform in
Fig. 18(b), it can be seen that the oscillation component of
Pg is significantly weakened after the adaptive quasi-resonant
controller is put into operation. The SSO frequency changed
at T2, and the oscillatory component in Pg was suppressed
after 90 ms of adjustment time. The experiment proves the
effectiveness of the strategy mentioned in this paper.

VI. CONSLUSION
In this paper, the influence of grid SSO on GSC output
power quality is studied. Considering the interference of
PLL on GSC system and the influence of SSO frequency
change aligning resonance suppression strategy, a measure
is proposed to suppress the sub-synchronous component of
GSC system and improve its output power quality. In order to
improve the accuracy of the estimated output value of PLL,
a control strategy based on adaptive quasi-resonant controller
is proposed to suppress the active power oscillation of GSC
system. The conclusion are as follows:

(1) The improved PLL can accurately lock the fundamental
voltage signal of power grid, so as to eliminate a series
of adverse disturbances caused by the output error of PLL
estimation, and effectively reduce the oscillation component
of the current loop feedback and feedforward decoupling
compensation. At the same time, the complexity of GSC
power calculation is reduced.

(2) The simulation results show that the variation of SSO
frequency has great influence on the suppression effect of
quasi-resonant controller. To solve this problem, an adaptive
algorithm is proposed to improve the quasi-resonant con-
troller to suppress the oscillatory component in the active
power of GSC.

(3) Through simulation and experimental verification, the
DFIG-GSC oscillation suppression strategy designed in this
paper can effectively realize the purpose of suppressing the
oscillation component of the active power in the GSC system,
and can still quickly achieve the suppression effect when the
SSO frequency changes, and improve the power quality of the
output of GSC.

This paper is one of the series of articles on improving
the stability of new energy power generation systems. In the

future research, we will focus on the stability of new energy
power generation systems under the fault phenomena of
DFIG integral unit, permanent magnet direct drive generator
set, photovoltaic and so on, including but not limited to SSO,
unbalanced voltage of grid and so on.
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