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Abstract: Wind farms connected with series compensated transmission network suffer from the risk of sub-synchronous oscillation (SSO).
Moreover, the strong active and reactive power control ability of doubly fed induction generator (DFIG) exerts non-negligible inﬂuence on
SSO. In this study, the impacts of adjustable parameters on SSO are studied based on eigenvalue analysis. The results indicate that increasing
inductive reactive power produced by DFIG can provide positive damping to the system; furthermore, the universality of this rule is veriﬁed
in the whole operating region of DFIG. According to the rule, a reactive power control strategy of DFIG is proposed for SSO suppression.
The reactive power is suggested to increase gradually once the SSO is detected and stop until SSO is suppressed or the reactive power limit
is reached. The proposed control method is a low-cost method, which only need to adjust the reactive power reference value of DFIG to
damp SSO. Finally, the time-domain simulation results illustrate the validity and adaptability of the proposed SSO reactive power control strategy.

1

Introduction

With the increase of construction of large wind power plant in
China, the wind power installed capacity keeps growing. The capacitive series compensation of long transmission lines is an effective method to increase the transmission capacity of wind power
system. However, one of the hindering factors for the extensive
use of series capacitive compensation is the potential risk of subsynchronous oscillation (SSO) [1, 2]. In recent years, SSO occurred
in many countries when wind power is transmitted from doubly fed
induction generator (DFIG) based wind farm through series compensated lines. These accidents led to large-scale disconnection of
wind turbines from power grid and the damage of crowbar circuit
[3–5]. These accidents have attracted the attentions of a large
number of scholars.
The inﬂuence of operation parameters of wind power transmission systems on the characteristic of SSO has been studied in
[6–10], which indicated that wind speed, series compensation,
line resistance, and inner loop scale factor of rotor-side convertor
(RSC) have great effect on SSO. The main limitation of this
research is that only ﬁxed operating condition of DFIG is considered. However, with the development of control technology, the
active and reactive power control capability of DFIG is becoming
more ﬂexible [11–13], which lead to a larger operation range of
DFIG. Therefore, if adjustable parameters like active and reactive
power of DFIG are taken into account, it is necessary to study the
characteristic of SSO in a larger operation range.
A lot of studies on the suppression strategy of SSO have been
conducted. In [10, 14–16], many kinds of supplementary
damping controllers were designed and installed in wind turbine
controllers, which achieved good inhibition effect. However, the
application of this technique is high-cost because hundreds of
DFIGs in wind farm should be retroﬁtted. Furthermore, the inﬂuence of the variation of the operation state on SSO cannot be
ignored. For example, the output characteristic of DFIG and the
control mode of FACTS [17–20] both have inﬂuence on the robustness of damping controller [21, 22].
Above all, it is of great practical value to seek a control strategy
which has small control cost but strong adaptability to the operation

state of the system. The control cost will be obviously reduced if the
SSO can be suppressed by adjusting the output power of DFIG. In
this paper, the inﬂuence of the adjustable parameters on SSO is
studied ﬁrstly. Then, the impact of reactive power produced by
DFIG on SSO is investigated in whole operation region. After
that, a control method based on the regulation of reactive power
is proposed to suppress SSO and the control strategy is also
given. Finally, the effectiveness of the control strategy is veriﬁed
using time domain simulation.
2

Studied system

A model of DFIG-based wind power system is established according to a North China power grid [23]. The equivalent model is
shown in Fig. 1.
The wind farm is composed of 1000 identical DFIGs, each of
which is 1.5 MW capacity and connected to the same bus
through the 0.69/35 kV transformer T1. A single machine equivalent model [6, 24] is established to simulate the whole DFIG
wind farm. The wind farm is connected to the 220 kV line
through the 35/220 kV transformer T2, and ﬁnally connected to
the 500 kV line through the 220/500 kV transformer T3 to realise
long-distance transmission of wind power. The series capacitor is
installed at the end of the 500 kV line, and the level of series capacitor compensation for the 500 kV line is 8%. In Fig. 1, RL1, XL1
refer to line resistance and reactance in 220 kV voltage level, RL2,
XL2 are line resistances and reactance in 500 kV voltage level and
XC represents capacitance of series capacitor.
3

Inﬂuence of adjustable parameters of DFIG on SSO

3.1 Adjustable parameters of DFIG
In the operation of wind power transmission system, the adjustable
parameters are the reference values of four control variables in RSC
and grid-side converter (GSC), respectively, Ps_ref, Qs_ref, Udc_ref,
Qg_ref. When the reference values above are adjusted, the active and
reactive power Ps, Qs generated by stator, the DC bus voltage Udc
and the reactive power Qg generated by GSC will change as well.

This is an open access article published by the IET under the Creative Commons
Attribution -NonCommercial License (http://creativecommons.org/licenses/by-nc/
3.0/)

J. Eng., 2017, Vol. 2017, Iss. 13, pp. 1290–1294
doi: 10.1049/joe.2017.0537

Fig. 1 Target wind farms and series compensated system

3.2 Inﬂuence of active power produced by DFIG on SSO
In the condition that wind speed is 10 m/s (the Ps_ref is 0.56 if
maximum power point tracking is used) and series compensation
level is 8%, the active power produced by DFIG is regulated
from 0.5 to 0.1 (the change step length is 0.1). The root loci of
SSO mode is shown in Fig. 2.
It can be seen from the ﬁgure that the active power generated by
DFIG has little inﬂuence on the SSO mode. Besides, the real part of
SSO mode will increase if DFIG generated less active power, and
this means the SSO is more likely to occur. It can be concluded
that it is better to keep maximum power point tracking mode and
do not adjust active power when SSO occurs.
3.3 Inﬂuence of DC bus voltage on SSO
In the same condition that wind speed is 10 m/s and series compensation level is 8%, the DC bus voltage Udc_ref is regulated from
1000 to 1300 (the change step length is 100). The root loci of
SSO mode is shown in Fig. 3.
It can be concluded that the SSO mode is almost invariant when
DC bus voltage changed. Thus, regulating DC bus voltage has no
inﬂuence on SSO.
3.4 Inﬂuence of reactive power produced by DFIG on SSO
The reactive power generated by the stator of DFIG [25] is taken as
an example when study the inﬂuence of reactive power on SSO. In
the same operation condition as above, the Qs_ref is regulated from
−0.4 to 0.4 pu (the change step length is 0.1 and the negative value
represents DFIG generated capacitive reactive power, the positive

Fig. 4 Impact of reactive power produced by stator on SSO model

value represents DFIG generated inductive reactive power). Then,
the root loci of SSO mode is shown in Fig. 4.
It can be concluded that the reactive power has great inﬂuence
on SSO mode. When DFIG produced capacitive reactive power,
the real part of SSO mode moved to the positive direction. This
means the capacitive reactive power provided negative damping
to the system, which is more likely to result in SSO. On the contrary, when DFIG produced inductive reactive power, the real
part of SSO mode moved to the negative direction, which
means the inductive reactive power provided positive damping
and as a result, the phenomenon of SSO is less likely to occur.
It is veriﬁed that the reactive power generated by GSC has
similar impact on SSO and this paper would not state the detail
again.
In order to verify the universality of the rule obtained above, the
inﬂuence of reactive power on SSO is analysed in whole operation
region [26, 27] of DFIG in this paper.
The stability region of DFIG is calculated in the condition that
the reactive power output of DFIG is −0.1, 0, 0.1, 0.2, 0.3,
0.4 pu (positive value represented inductive reactive power); the
result is shown in Fig. 5.
The red curves represent the stable boundaries under cases of different reactive power output of DFIG. The area on the right side of
each red curve is stable operation region and the left side is the unstable region. It can be concluded that the more the inductive reactive power produced by DFIG, the larger the stable operation region.
This means additional inductive reactive power can always enlarge
the stable operation region of DFIG at any operating point in the
whole operation region. Therefore, increasing reactive power is
beneﬁcial to mitigate SSO when the system is disturbed or in emergency. Further, this paper will study the reactive power control strategy to suppress SSO.

Fig. 2 Impact of active power produced by DFIG on SSO model

Fig. 3 Impact of DC bus voltage on SSO model
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Reactive power control strategy of DFIG to mitigate SSO

4.1 Advantages and disadvantages of reactive power control
strategy for SSO mitigation
Adding inductive reactive power of DFIG to suppress SSO has the
following advantages:
(i) Low control cost: Using supplementary damping controllers to
suppress SSO will lead large investment cost, because hundreds of DFIGs in wind farm need to be retroﬁtted. While,
adjusting the reactive power of wind farm only need to
change the reactive reference value.
(ii) Strong robustness: The supplementary damping controllers
which set up for certain operating states is lack of robustness
because of the ﬂexibility of running state of DFIG.
However, adjusting reactive power has a stable inhibitory
effect on SSO in the whole operating regain of DFIG and
has better robustness.
(iii) Less negative effect on system: Compared with removal of
wind turbine from the power grid, adjusting reactive power
to alleviate SSO has less negative impact on the system
when SSO occurs.
(iv) However, adjusting reactive power to suppress SSO has the
following drawbacks:

frequency, and attenuation coefﬁcients of SSO mode. If the attenuation coefﬁcients of SSO mode t ≤ 0 keep monitoring; if t > 0,
which indicates that SSO occurs, turn to Step 2.
Step 2: Before adding a part of reactive power, the control system
should determine whether the reactive power exceed the limit
after adding a part of it. If not, turn to Step 3; otherwise, it means
the SSO cannot be suppressed by adjusting reactive power; therefore, the control system should send out warning and conduct
other operations, like cutting machine.
Step 3: Adding a part of reactive power.
Step 4: After adding reactive power, the tendency of SSO is
detected. Then check whether the trend of attenuation is obvious
(t = −0.7 is taken as the boundary, because at this point the SSO
component is attenuated by 50% per second). If t > −0.7, go
back to Step 2; if t ≤ −0.7, which means the tendency of SSO is
decreasing obviously, keep present output of reactive power for
20 s and check whether t ≤ −0.7 again. If so, turn to Step 5, otherwise back to Step 2.
Step 5: Judging whether the reactive power strategy is started the
second time in 2 min. If not, reset the reference value of reactive
power of DFIG to the original value and return to Step
1. Otherwise, maintain the current reactive power and wait for the
removal of the fault.
The ﬂow chart of the control strategy is shown in Fig. 6.

(i) It is just a control measure in case of emergency, but the risk of
SSO cannot be eliminated fundamentally. Actually, adjusting
reactive power to suppress SSO only changed the operation
mode of system. This method is similar to the power adjustment of generator when the low frequency oscillation occurs
in the power grid.
(ii) This method may inﬂuence the original operating state of the
system and may cause the increase of voltage.
(iii) In general, adjusting reactive power to suppress the SSO
caused by the change of operating state is very convenient
and low-cost. Then, a speciﬁc control strategy of adjusting reactive power to avoid SSO is proposed in Section 4.2. In addition, the effect of this strategy on system operation will be
analysed as well.

4.3 Case study
Time domain simulation is conducted in MATLAB/SIMULINK.
The wind speed is set at 9.5 m/s and the disturbance is put into
the system at 11 s. The proposed reactive power control strategy
is applied to suppress SSO and the simulation results are shown
in Fig. 7. In this case, Δt = 1 s, ΔQ = 0.15 pu, Qs(0) = 0 pu and the
limit of inductive reactive power Qs_max generated by DFIG is
about 0.70 pu.
The waveforms of active power, reactive power, and phase
current are shown in Fig. 7. The SSO is detected 1 s later after

4.2 Reactive power control strategy
There are many uncertain factors in wind power transmission
system could cause the change of operation mode, such as wind
speed change, wind turbine switching, broken or short circuit
fault and so on. The SSO caused by the change of operating state
can be suppressed by adjusting reactive power output of DFIG.
However, it is difﬁcult to calculate the reactive power needed for
SSO mitigation in all operation modes. What is more, it may
have great impact on the voltage if generate reactive power to the
limitation once the SSO is detected. Therefore, this paper suggested
that the reactive power produced by DFIG should be divided into
several parts at ﬁrst (0.15 pu is taken as each part in this
example). When SSO is detected, the reactive power should be
increased gradually until SSO is suppressed or the reactive power
limit is reached. If SSO is suppressed before exceeding the reactive
power limit [28] of DFIG, keep current reactive power and wait for
the clearing of the fault. Otherwise, send out warning signal to the
control system.
The speciﬁc control strategies are as follows:
Step 1: The reactive power of the transmission line is monitored
on-line, and test signal method (such as total least squares (TLS)–
estimation of signal parameters via rotational invariance techniques
(ESPRIT) algorithm [29]) is adopted to extract the amplitude,

Fig. 6 Flow chart of reactive power control strategy
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Conclusion

In this paper, the inﬂuence of adjustable parameters on SSO is analysed based on eigenvalue analysis. The results show that increasing
inductive reactive power produced by DFIG can provide positive
damping for the system, which is very helpful for SSO suppression.
Furthermore, the universality of this rule is veriﬁed in the whole operation region of DFIG. Based on the rule, a reactive power control
strategy of DFIG-based wind farm for SSO mitigation is proposed
in this paper. Time domain simulation indicates that the control
strategy could effectively suppress SSO. It is a low-cost control
strategy, which provides a new way to mitigate SSO in actual operation of wind power system.
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Fig. 7 Result of reactive power control strategy

the input of disturbance. Then, the reactive power control strategy is
turned on and injected the ﬁrst part of reactive power, ΔQ = 0.15 pu.
One second later, another part of reactive power is added since the
tendency of SSO is not obviously reduced (t > −0.7) after the ﬁrst
part is added. One second later at 14 s, reactive power stopped increasing due to obvious attenuation trend of SSO (t ≤ −0.7). The
result indicates that the control strategy can effectively suppress
SSO in the system. After maintaining the control strategy for
20 s, the SSO mode has been almost eliminated. Then, the reference
value of reactive power can return to original state. If the system
could not maintain stable after this operation, restart the reactive
power control again and do not exit, because the fault has not
been cleared.
Since the voltage has strong correlation with reactive power, the
inﬂuence of the reactive power control strategy on the voltage has
been studied. The change of voltage effective value at the level of
0.69 and 500 kV is shown in Fig. 8.
Fig. 8 indicates that the voltages rise along with the increase of
reactive power. The 0.69 kV bus voltage increases to 1.03 pu and
the 500 kV bus voltage increases to 1.005 pu after 0.3 pu reactive
power are added to the system. The results show that the voltages
are still acceptable under the strategy proposed in this paper.
Above all, the reactive power control strategy proposed in this
paper can effectively suppress SSO in wind power transmission
system. The strategy only needs to control the reference value of
the reactive power of DFIG; it is a practical method to suppress
SSO with low-cost, strong adaptability and less inﬂuence on the
system.

Fig. 8 Variation of voltage
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