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Abstract: Sub-synchronous control interaction (SSCI) is an oscillation phenomenon caused by the
interaction of converter control and series-compensated transmission line. This paper proposes a
novel adaptive higher-order sliding mode (AHOSM) control strategy for damping the SSCI of a
series-compensated DFIG-based wind power system. On the basis of system modeling and oscillation
mechanism analysis, SSCI suppression is converted to the current tracking control problem. Firstly,
an auxiliary feedback control is employed for the nonlinear series-compensated system, then integral
sliding mode functions are defined to design a second-order sliding mode control law for the
equivalent system. Adaptive laws for the control gains are then conceived based on the Lyapunov
function considering unknown upper bounds of uncertainty derivatives. System stability is also
analyzed in detail along with adaptive laws’ design. The effectiveness of the proposed control scheme
is verified under different series-compensated level, different wind speed, symmetric and asymmetric
short circuit fault, and internal and external disturbances. The PI control and conventional first-order
sliding mode control scheme are also executed to compare the damping effect.

Keywords: higher-order sliding mode; adaptive control gain; sub-synchronous control interaction
mitigation; DFIG

1. Introduction

As a clean and renewable energy, wind energy has been widely used along with increasingly
serious energy crisis and environmental pollution [1]. Among the existing wind-power generation
systems, DFIG-based wind-power system, with the advantages of a wide speed range, high wind-energy
utilization efficiency, variable speed and constant frequency operation, and independent control of
active and reactive power, has dominated the wind-power market [2]. However, wind farms tend
to be located in remote areas or offshore, far from load centers [3]. This is needed to improve the
capacity of power transmission lines, yet it is expensive to enhance the transmission capacity through
the expansion of power infrastructure [4].

A cost-effective way to enhance the transmission capacity of power lines is to apply series-compensated
capacitors. However, this will cause sub-synchronous oscillation if the series-compensated level is too high.
According to different interaction objects, the oscillation can be divided into three types: sub-synchronous
resonance (SSR), sub-synchronous torsional interactions (SSTI) and sub-synchronous control interaction
(SSCI) [5]. Considering the economy and reliability of transmission lines, series-compensated level in
practice is generally less than 70%, and the self-excitation condition of electrical resonance is difficult to
satisfy. Thus, SSR is not the main type of sub-synchronous oscillation of wind turbines under normal
conditions. The studies of SSTI are mainly focused on thermal power units, which have not been
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encountered in actual wind-power projects [6]. In fact, SSCI is the most noteworthy for the wind power
system. SSCI is a kind of sub-synchronous oscillation caused by the interaction between the wind turbine
controller and weak AC system or series-compensated line. It does not involve the oscillation of a
mechanical shaft such that the oscillation divergence speed is fast. It may lead to a wind turbine being
off-grid and irreversible damage to electronic equipment in serious cases, which will affect the safe and
stable operation of DFIG-based wind power system [7]. Similar failures have been reported in America
and China [8]. Thus, SSCI has attracted the attention of many scholars.

The mechanism of SSCI has been deeply analyzed in the literature [9]. In recent years, scholars
have also been exploring the damping methods. Supplementary SSCI damping schemes are designed
in [10–12], yet the controllers act on the grid-side converter (GSC) control loop, which limits the
damping effect. In [13], a damping controller is simultaneously added into the dq-axis control
channels in the inner current loop of the rotor-side converter (RSC), and a particle swarm optimization
algorithm is applied to achieve the optimum control gains, which helps to maximize the mitigation
effect under different series-compensated levels and wind speeds. A supplementary linear-quadratic
regulator is applied to the inner current control loops of RSC in [14]. These controllers [13,14] are both
attached to the RSC controllers, which inevitably involve the coordination problem among different
controllers. This can increase the control complexity and may affect the system stability. Without adding
supplementary damping controllers, the authors of [15] proposed a new method to mitigate SSCI
based on the phase-shift average of the rotor current. Paper [16] discussed a non-dominated sorting
genetic algorithm to optimize the PI control parameters of converters to improve system damping.

The control methods discussed above, whether supplementary damping control or improved
original converter controllers, are all based on the linearized model. However, the series-compensated
DFIG-based wind power system is essentially nonlinear. The control performance of these linear model
controllers may be deteriorated when the operating points are changed. Based on the partial feedback
linearization method, damping controllers are designed for GSC and RSC respectively in [17,18].
Paper [19] continued this study and simultaneously applied partial feedback linearization control for
both GSC and RSC, and the damping effect for SSCI is further improved.

However, the partial feedback linearization method is not robust to both external and internal
uncertainties. There are internal parameter perturbations and various external disturbances in the
practical series-compensated system, such that the robustness is particularly important. Aiming at a
multi-input, multi-output, uncertain state-space model of a series-compensation wind farm, an H∞
damping controller for inner current loop of RSC is presented in [20]. An active disturbance rejection
controller is added to the current inner loop of RSC to compensate for uncertainties in [21].

Another robust control method which is widely used in power systems is sliding mode control.
System states possess the advantage of invariance to matched uncertainty when they are on a sliding
mode hyperplane [22,23]. Sliding mode control has been used in DIFG [24–26], and a conventional
first-order sliding mode is also adopted in SSCI suppression control. In [27,28], SSCI mitigation was
studied by combining partial feedback linearization with a first-order sliding mode. Paper [29] also
proposed a rotor current regulator based on the first-order sliding mode, which can suppress SSCI
by controlling the dynamic of rotor current. However, these studies [27–29] are all based on the
conventional first-order sliding mode, and the suppression of sliding mode chattering is less considered.
This chattering will also increase rotor voltage oscillation, and then affect the rotor current. Moreover,
it is difficult to determine the upper bounds of the uncertainties existing in the series-compensated
system, whereas all these methods require that the upper bounds of the uncertainties can be known
in advance.

The higher-order sliding mode control has higher accuracy and smaller chattering than the
first-order sliding mode by hiding discontinuous sign-function in a high-order time derivative of the
sliding variable [30,31]. As a member of the higher-order sliding mode, the second-order sliding mode
super-twisting algorithm is widely applied in the electromechanical control field [32,33]. Consequently,
considering the uncertain nonlinear characteristics, unknown upper bound of uncertainty derivative,
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sliding mode chattering problem and the requirement for system robustness, this paper proposes an
adaptive higher-order sliding mode (AHOSM) control strategy for a series-compensated DFIG-based
wind power system. Rotor current control laws are designed by combining feedback control and
second-order sliding mode super-twisting algorithm. Adaptive control gains are constructed based on
the Lyapunov method to remove the constraint for the upper bound of uncertainty. The dual objectives
of SSCI mitigation and power regulation are both deliberately considered. The performance of the
proposed control scheme is evaluated via the MATLAB/Simulink platform.

The rest of the paper is organized as follows: Section 2 discusses a series-compensated DFIG-based
wind power system model and SSCI analysis. A detailed AHOSM control scheme for SSCI mitigation
is presented in Section 3. Simulations under different operating conditions are discussed in Section 4.
Section 5 draws conclusions.

2. System Modeling and SSCI Analysis

2.1. Series-Compensated DFIG-Based Wind Farm Grid-Connected System Modeling

The schematic of a series-compensated DFIG-based wind farm grid-connected system is shown
in Figure 1. A 100 MW wind farm is composed of 50 DFIGs (2 MW per unit). It has been proved
that the aggregated DFIG of a wind farm can be adopted in sub-synchronous oscillation study [5,10].
The equivalent DFIG is connected to an infinite grid through a transformer and series-compensated
transmission line. DFIG stator is directly connected to grid and the rotor is connected through
back-to-back converter. The system consists of a wind turbine, shafting, DFIG, RSC, GSC and
series-compensated transmission line. In Figure 1, RRSC, LRSC, RGSC, LGSC are the link resistances
and inductances of RSC and GSC. Rs, Ls are stator resistance and inductance. LT represents the
equivalent inductance of the step-up transformer. RL, LL are the resistance and inductance of the
series-compensated transmission line. The series-compensated capacitor is denoted as CSC.
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Wind turbine can convert wind energy into mechanical energy, and operate under different regions
along with different wind speeds. According to aerodynamics theory, the captured mechanical power
can be expressed as [17]:

Pt =
1
2
ρπR2v3Cp(λt, βt) (1)

where ρ is air density, R is blade radius of wind turbine, v is wind speed, Cp(λt, βt) is power coefficient
and represents the transfer capacity of the wind turbine from wind energy to mechanical energy.
In practice, Cp(λt, βt) is normally chosen from 0.25 to 0.45, and can be adjusted via tip speed ratio λt

and pitch angle βt to maximize wind energy efficiency. For a certain wind turbine, Cp(λt, βt) can be
represented as:  Cp(λt, βt) = 0.5176

(
116
λi
− 0.4βt − 5

)
e−21/λi + 0.0068λt

1
λi

= 1
λt+0.08βt

−
0.035
β3

t +1
(2)
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λt =
Rωt

v
(3)

where ωt is wind turbine angular speed. Pitch angle βt is set as 0 to achieve maximum power point
tracking (MPPT) under the optimal tip speed ratio λtopt when wind speed is lower than the rated value,
whereas βt should be adjusted to output rated power when wind speed is above the rated speed.

The main function of shafting is to transfer mechanical energy to a generator for electric energy
conversion. According to different modeling methods, the shafting model includes a one-mass model,
two-mass model and three-mass model. The two-mass model is enough for studying sub-synchronous
oscillation. Wind turbine and low-speed shaft are equivalent to a mass, and gear box and high-speed
shaft form another mass, then the dynamic equation of the two-mass model is:

.
ωt =

1
2Ht

(Tt −Ksθs −Dtωt)
.
ωr =

1
2Hg

(
Ksθs − Te −Dgωr

)
.
θs = 2π f1(ωt −ωr)

(4)

where Ht, Hg are inertia time constants, Tt is mechanical torque of wind turbine, Ks is the stiffness
coefficient of shafting, ωr is angular speed of DFIG rotor, θs is angular displacement between wind
turbine and DFIG rotor, Dt, Dg are damping coefficients, f1 is grid frequency.

DFIG dynamics can be represented by stator current and rotor current under dq two-phase
synchronous rotating coordinate frame [20,29]:

.
ird = LmLo

(
−usd + Rsisd − Lsisqωr

)
− LsLoRrrird + irqω1 − LrrLsLoirqωr + LsLourd

.
irq = LmLo

(
−usq + Rsisq + Lsisdωr

)
− LsLoRrrirq − irdω1 + LrrLsLoirdωr + LsLourq

.
isd = LmLo

(
irdRrr + Lrrirqωr

)
+ LrrLousd − LrrLoRsisd + isqω1 + L2

mLoisqωr − LmLourd
.
isq = LmLo

(
irqRrr − Lrrirdωr

)
+ LrrLousq − LrrLoRsisq − isdω1 − L2

mLoisdωr − LmLourq

(5)

where, Rrr = Rr + RRSC, Lrr = Lr + LRSC, isd, isq, ird, irq, usd, usq, urd, urq are currents and voltages of
stator and rotor, Ls, Lr, Lm are stator inductance, rotor inductance and mutual inductance, Lo =

1
LrrLs−L2

m
,

ω1 is grid angular frequency.
GSC is a factually voltage type PWM rectifier which is relatively independent with RSC. Wind speed

variation can lead to slip power fluctuation, and then the exciting power will also fluctuate accordingly.
Thus, RSC can be regarded as a nonlinear load for GSC. The DC link voltage will produce a ripple
when this load is changed. Therefore, GSC control is a key part of the whole control system to maintain
DC link voltage. GSC and DC link dynamics can be described as:

.
igd = ω1igq −

RGSC
LGSC

igd −
usd

LGSC
+

ugd
LGSC.

igq = −ω1igd −
RGSC
LGSC

igq −
usq

LGSC
+

ugq
LGSC

(6)

.
udc =

1
Cdc

(
idcGSC − idcRSC

)
(7)

where ugd, ugq, igd, igq are voltages and currents of GSC loop, udc, Cdc are DC link voltage and capacitor,
and idcGSC , idcRSC are currents flowing through both sides of the capacitor.

The series-compensated transmission line is mainly composed of the transformer, electric
transmission line, series-compensated capacitor and infinite grid. The internal resistance of the
transformer and electric transmission line can be equivalent to the RL line if neglecting the influence of
transformer saturation and distributed capacitance. Then, the dynamic equations of series-compensated
transmission line under the dq reference frame are:
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.
ild = RL

LL
ild +ω1ilq + 1

LL
(Vtd − uscd − Ed)

.
ilq =

RL
LL

ilq −ω1ild + 1
LL

(
Vtq − uscq − Eq

)
.
uscd = ω1uscq +

1
CSC

ild
.
uscq = −ω1uscd +

1
CSC

ilq

(8)

where, ild, ilq are line currents,uscd, uscq are the voltage of the series-compensated capacitor, Vtd, Vtq are
the high-voltage side voltages of the transformer. Ed, Eq are grid voltages.

As above, Formulas (4) to (8) form the mathematical model of the series-compensated, DFIG-based
wind power system. The dual control objectives are power regulation and SSCI mitigation. SSCI
mechanism analysis will then be carried out for conceiving the control scheme.

2.2. SSCI Analysis

When sub-synchronous disturbance current (with resonant angular frequency ωer) appears in
the series-compensated transmission line, it will flow into DFIG’s stator winding. Sub-synchronous
current of stator winding and transmission line is the same when neglecting the influence of GSC.
It is supposed that the sub-synchronous disturbance current is symmetric, then the three-phase stator
current of DFIG can be represented as:

isa =
√

2Is sin(ω1t + φis) +
√

2Ier sin(ωert + φier)

isb =
√

2Is sin(ω1t + φis − 2π/3) +
√

2Ier sin(ωert + φier − 2π/3)
isc =

√
2Is sin(ω1t + φis + 2π/3) +

√
2Ier sin(ωert + φier + 2π/3)

(9)

where Is, Ier, φis, φier are the effective value and initial phase of stator fundamental current
and sub-synchronous current, ω1 = 2π f1, ωer = 2π fer are synchronous and sub-synchronous
angular frequency.

Under dq reference frame, Formula (9) is transferred into:{
isd = −

√
2Is sin(φiθs −φis) −

√
2Ier sin((ω1 −ωer)t + φiθs −φier) = isd0 + isdsub

isq = −
√

2Is cos(φiθs −φis) −
√

2Ier cos((ω1 −ωer)t + φiθs −φier) = isq0 + isqsub
(10)

where φiθs is the initial angle between the stator current axis a and axis d, isd0, isq0, isdsub, isdsub are the
direct components and sub-synchronous components under dq frame.

The stator sub-synchronous current can induce a current in rotor winding with angular frequency
ωer −ωr, that is:{

ird = −
√

2Ir sin(φiθr −φir) −
√

2In sin((ω1 −ωer)t + φiθr −φin) = ird0 + irdsub

irq = −
√

2Ir cos(φiθr −φir) −
√

2In cos((ω1 −ωer)t + φiθr −φin) = irq0 + irqsub
(11)

where Ir, In, φir, φin are the effective value and initial phase of rotor fundamental current and
sub-synchronous current, φiθr is the initial angle between the rotor current axis a and axis d, ird0, irq0,
irdsub, irqsub are the direct components and sub-synchronous components under the dq frame.

The rotor voltage will be changed and contain sub-synchronous component when sub-synchronous
current (angular frequency ωer −ωr) appeared in rotor winding. The sub-synchronous component
of rotor voltage reacts upon rotor winding and induces the change in rotor current, and then causes
variations in stator current. The new induced sub-synchronous current will excite the original one
reciprocally, which will result in sub-synchronous oscillation.

It can be seen that SSCI can be effectively suppressed as long as the rotor current is controlled to
follow the prescribed values. The schematic diagram of the generation process of SSCI is shown as
Figure 2.



Energies 2020, 13, 5421 6 of 21

Energies 2020, 13, x FOR PEER REVIEW  6 of 22 

 

1 0

1 0

2 sin( ) 2 sin(( ) )

2 cos( ) 2 cos(( ) )

rd r i r ir n er i r in rd rdsub

rq r i r ir n er i r in rq rqsub

i I I t i i

i I I t i i

 

 

     

     

         


          

(11) 

where rI , nI , ir , in are  the effective value and  initial phase of  rotor  fundamental current and sub‐

synchronous current,  i r is the initial angle between the rotor current axis a and axis d, 0rdi , 0rqi , rdsubi ,

rqsubi are the direct components and sub‐synchronous components under the dq frame. 

The  rotor  voltage  will  be  changed  and  contain  sub‐synchronous  component  when  sub‐

synchronous current (angular frequency er r  ) appeared in rotor winding. The sub‐synchronous 

component of rotor voltage reacts upon rotor winding and induces the change in rotor current, and 

then causes variations  in stator current. The new  induced sub‐synchronous current will excite the 

original one reciprocally, which will result in sub‐synchronous oscillation. 

It can be seen that SSCI can be effectively suppressed as long as the rotor current is controlled to 

follow the prescribed values. The schematic diagram of the generation process of SSCI is shown as 

Figure 2. 

subsynchronous 
current in 

transmission line

rotor current 
change

rotor voltage 
change

react

react

RSC 
control

external 
circuit  

Figure 2. Schematic diagram of the generation process of sub‐synchronous control interaction 

(SSCI). 

3. AHOSM Control Design 

The  state  equations  of  series‐compensated  DFIG‐based  wind  power  system  are  shown  in 

Formulas  (4)  to  (8).  State variables  are  [ ]T
rd rq dc sd sq gd gq Ld Lq scd scq T r sx i i u i i i i i i u u    ,  control 

variables  are [ ]T
rd rqu S S ,  and  output  equations  are  chosen  as  * *[ ]T

rd rd rq rqy i i i i   .  The  control 

objectives  are  power  regulation  and  SSCI mitigation  under  the  unknown  upper  bounds  of  the 

uncertainty  derivative. Detailed  design  processes  of AHOSM  control  laws  are  presented  in  this 

section. 

Define sliding mode functions as: 

   * *

rq rqi rq rq i rq rqs i i c i i dt      (12) 

   * *+
rd rdi rd rd i rd rds i i c i i dt     (13) 

where *
rqi , *

rdi are  reference values of  the  rotor current  in dq  frame, and rqic , rdic
  are positive weight 

coefficients of integral sliding mode surfaces. 

The power  control  for DFIG  is under  the  stator  flux‐oriented method,  then  the  stator active 

power and reactive power can be respectively represented as: 

 1
1

3

2

3

2

m
s s rq

s

s
s s m rd

s

L
P U i

L

U
Q U L i

L




   

  
   

(14) 

Then,  *
rqi , *

rdi
 
can be calculated as: 

Figure 2. Schematic diagram of the generation process of sub-synchronous control interaction (SSCI).

3. AHOSM Control Design

The state equations of series-compensated DFIG-based wind power system are shown in Formulas
(4) to (8). State variables are x = [ird irq udc isd isq igd igq iLd iLq uscd uscq ωT ωr θs]

T, control variables are
u = [Srd Srq]

T, and output equations are chosen as y = [ird − i∗rd irq − i∗rq]
T. The control objectives are

power regulation and SSCI mitigation under the unknown upper bounds of the uncertainty derivative.
Detailed design processes of AHOSM control laws are presented in this section.

Define sliding mode functions as:

sirq =
(
irq − i∗rq

)
+ cirq

∫ (
irq − i∗rq

)
dt (12)

sird =
(
ird − i∗rd

)
+ cird

∫ (
ird − i∗rd

)
dt (13)

where i∗rq, i∗rd are reference values of the rotor current in dq frame, and cirq , cird are positive weight
coefficients of integral sliding mode surfaces.

The power control for DFIG is under the stator flux-oriented method, then the stator active power
and reactive power can be respectively represented as: Ps = −

3Lm
2L′s Usirq

Qs =
3Us

2L′sω1
(Us −ω1Lmird)

(14)

Then, i∗rq, i∗rd can be calculated as:  i∗rq = −
2L′sP∗s
3LmUs

i∗rd = Us
ω1Lm

−
2L′sQ∗s
3LmUs

(15)

Here, P∗s can be inferred via MPPT, and Q∗s is obtained according to grid demand.
To calculate the time derivatives of sliding mode variables

.
sirq =

(.
irq −

.
i
∗

rq

)
+ cirq

(
irq − i∗rq

)
= LmLo

(
−usq + Rsisq + Lsisdωr

)
+

(
cirq − LsLoRrr

)
irq − irdω1 + LrrLsLoirdωr −

.
i
∗

rq − cirq i∗rq︸                                                                                                          ︷︷                                                                                                          ︸
frq

+ LsLo︸︷︷︸
grq

urq + drq (16)

.
sird =

(.
ird −

.
i
∗

rd

)
+ cird

(
ird − i∗rd

)
= LmLo

(
−usd + Rsisd − Lsisqωr

)
+

(
cird − LsLoRrr

)
ird + irqω1 − LrrLsLoirqωr −

.
i
∗

rd − cird i∗rd︸                                                                                                          ︷︷                                                                                                          ︸
frd

+ LsLo︸︷︷︸
grd

urd + drd (17)

where drq, drd are uncertainties including parameter perturbation and external disturbance. drq and drd

satisfy
∣∣∣∣ .
drq

∣∣∣∣ ≤ Drq,
∣∣∣∣ .
drd

∣∣∣∣ ≤ Drd. Drq and Drd are unknown.
Once sliding mode functions are defined, then the sliding mode control law can be constructed.

The design procedure and stability proof for (16) is presented here in detail, and it is similar for sird .
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To carry out auxiliary control vrq:

urq = g−1
rq (vrq − frq) (18)

Then
.
sirq = vrq + drq (19)

For Formula (19), control law vrq can be designed by the second-order sliding mode super-twisting
algorithm [30]:  vrq = −αrq

√∣∣∣sirq

∣∣∣sign(sirq) + σrq
.
σrq = −βrqsign(sirq)

(20)

where αrq, βrq are control gains.
When Drq is known in advance, the control parameters can be chosen asαrq = 1.5

√
Drq, βrq = 1.1Drq

to guarantee finite time stabilization and establishment of second-order sliding mode with respect to
sirq [22,24]. However, the uncertainty derivative in the series-compensated, DFIG-based system is hard
know beforehand. Thus, the adaptive control gains should be conceived. The construction of adaptive
control gains and stability proof are presented next in detail.

Define variable s2, then Formula (19) is converted as:
.
sirq = −αrq

√∣∣∣sirq

∣∣∣sign(sirq) + s2
.
s2 = −βrqsign(sirq) +

.
drq

(21)

To choose vector ξT =
[√∣∣∣sirq

∣∣∣sign(sirq), s2

]
, and according to

d
∣∣∣∣sirq

∣∣∣∣
dt =

.
sirqsign(sirq), then:

.
ξ1 =

1

2
√∣∣∣sirq

∣∣∣
(
−αrq

√∣∣∣sirq

∣∣∣sign(sirq) + s2

)
(22)

.
ξ2 = −βrqsign(sirq) +

.
drq (23)

Define
.̃
drq =

√∣∣∣sirq

∣∣∣ .
drq, A =

[
−
αrq
2

1
2

−βrq 0

]
, B =

[
0 1

]T
, C =

[
1 0

]
, and combine Formulas (22)

and (23), then:
.
ξ =

1√∣∣∣sirq

∣∣∣
(
Aξ+ B̃

.
drq

)
(24)

Considering Lyapunov function:

V(ξ,αrq, βrq) = V0(ξ) +
1

2kq1
(αrq − α

∗
rq)

2 +
1

2kq2
(βrq − β

∗
rq)

2 (25)

where α∗rq, β∗rq are positive constants, V0(ξ) = ξTPξ, P =

 µ2
q+4ηq

2 −
µq
2

−
µq
2 1

, kq1, kq2, µq, ηq are positive

constants. It is noticed that P is positive definite matrix. Then:
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.
V0(ξ) = 2

.
ξ

T
Pξ

= 1√∣∣∣∣sirq

∣∣∣∣ (2ξ
TAT + 2̃

.
drqBT)Pξ ≤ 1√∣∣∣∣sirq

∣∣∣∣ (2ξ
TATPξ+ 2̃

.
drqBTPξ+ D2

rq|

√∣∣∣sirq

∣∣∣| − .̃
d

2

rq

= 1√∣∣∣∣sirq

∣∣∣∣ (2ξ
TATPξ+ 2̃

.
drqBTPξ+ D2

rqξ
TCTCξ −

.̃
d

2

rq) ≤
1√∣∣∣∣sirq

∣∣∣∣ (2ξ
TATPξ

+D2
rqξ

TCTCξ+ ξTPBBTPξ)
= 1√∣∣∣∣sirq

∣∣∣∣ξ
T(ATP + PA + D2

rqCTC + PBBTP)ξ

(26)

Define Q = −(ATP + PA + D2
rqCTC + PBBTP), then Formula (26) is rewritten as:

.
V0(ξ) ≤ −

1√∣∣∣sirq

∣∣∣ξTQξ (27)

Substituting A, B, C and P into Formula (27), we get:

Q =

 2αrqηq +
αrqµ2

q
2 − βrqµq −

µ2
q

4 −D2
rq −ηq −

µ2
q

4 −
αrqµq

4 + βrq +
µq
2

−ηq −
µ2

q
4 −

αrqµq
4 + βrq +

µq
2

µq
2 − 1

 (28)

For guaranteeing a positive definite of P, to define:

βrq = ηq +
µ2

q

4
+
µqαrq

4
(29)

Substituting Formula (29) into Formula (28):

Q−
1
4
µqI

 2αrqηq +
αrqµ2

q
2 − βrqµq −

µ3
q

4 −D2
rq −

µ2
q

4 −
µq
4

µq
2

µq
2

µq
4 − 1

 (30)

According to schur complement theorem, the conditions that Q is the positive definite and the
minimum eigenvalue λmin >

1
4µq satisfy:

αrq >

µ2
q

4 +(αrqηq+
µ3

q
4 +D2

rq+
µ2

q
4 +

µq
4 )(

µq
4 −1)

(2ηq+
µ2

q
4 )(

µq
4 −1)

µq > 4

(31)

From Formula (27):

.
V0(ξ) ≤ −

1√∣∣∣sirq

∣∣∣ξTQξ ≤ −
µq

4|ξ1|
ξTξ = −

µq

4|ξ1|
‖ξ‖2 = −

µq‖ξ‖

4|ξ1|
‖ξ‖ (32)

According to ‖ξ‖22 = ξ2
1 + ξ2

2 =|sirq

∣∣∣+ξ2
2

‖ξ‖2 ≥ |ξ1| (33)

Then, Equation (32) can be rewritten as:

.
V0(ξ) ≤ −

µq

4
‖ξ‖2 (34)
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According to positive definite quadratic function V0(ξ) = ξTPξ:

λmin(P)‖ξ‖22 ≤ V0(ξ) = ξ
TPξ ≤ λmax(P)‖ξ‖22 (35)

(
V0(ξ)

λmax(P)

) 1
2

≤ ‖ξ‖2 (36)

From Formulas (35) and (36),
.

V0(ξ) ≤ −rqV
1
2
0 (ξ) (37)

where rq =
µq
4 λ

1
2
max(P). To deduce the time derivative of V(ξ,αrq, βrq):

.
V(ξ,αrq, βrq) = −rqV

1
2
0 (ξ) +

1
kq1

(αrq − α∗rq)
.
αrq +

1
kq2

(βrq − β∗rq)
.
βrq

= −rqV
1
2
0 (ξ) −

τq1
√

2kq1
|αrq − α∗rq| −

τq2
√

2kq2
|βrq − β∗rq|+

1
kq1

(αrq − α∗rq)
.
αrq +

1
kq2

(βrq − β∗rq)
.
βrq

+
τq1
√

2kq1
|αrq − α∗rq|+

τq2
√

2kq2
|βrq − β∗rq|

≤ −min(rq, τq1, τq2)(V0(ξ) + 1
2kq1

(αrq − α∗rq)
2 + 1

2kq2
(βrq − β∗rq)

2)
1
2 + 1

kq1
(αrq − α∗rq)

.
αrq

+ 1
kq2

(βrq − β∗rq)
.
βrq +

τq1
√

2kq1
|αrq − α∗rq|+

τq2
√

2kq2
|βrq − β∗rq|

(38)

It is supposed thatαrq βrq are bounded. Then, there existα∗rq β
∗
rq, satisfyingαrq−α∗rq < 0, βrq−β∗rq < 0.

Formula (38) can be written as

.
V(ξ,αrq, βrq) ≤ −min(rq, τq1, τq2)V

1
2 + ζ (39)

where ζ = −|αrq − α∗rq|

(
1

kq1

.
αrq −

τq1
√

2kq1

)
− |βrq − β∗rq|

(
1

kq2

.
βrq −

τq2
√

2kq2

)
.

In order to guarantee finite time stability, ζ is set as 0. Then:

.
αrq = τq1

√
kq1

2
(40)

.
βrq = τq2

√
kq2

2
(41)

To compel Formulas (41) and (29) to be the same by choosing µq =
4τq2
τq1

√
kq2
kq1

. Then, Formula (39)

can be written as:
.

V(ξ,αrq, βrq) ≤ −min(rq, τq1, τq2)V
1
2 (42)

Thus, V(ξ,αrq,βrq) and V0(ξ) can both converge to zero in finite time, and then sirq = 0,
.
sirq = 0

are satisfied in finite time.
It should be noted that the assumption about the upper bound of αrq βrq is true, which can be

deduced from Formula (41). When sirq = 0,
.
sirq = 0 are established, αrq will not increase again, and,

according to Formula (29), βrq is also bounded.
Therefore, the adaptive law for control gains can be summarized as:

.
αrq =

 τq1

√
kq1
2 , srq , 0

0 srq = 0

βrq = ηq +
µ2

q
4 +

µqαrq
4

(43)
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Under the control laws (18), (20) and adaptive control gains (43), the second-order sliding mode
with respect to sirq can be established in finite time. irq can track the prescribed i∗rq.

Similarly, the control law and adaptive control gains for Formula (17) can be designed as:

urd = g−1
rd (vrd − frd) (44) vrd = −αrd

√∣∣∣sird

∣∣∣sign(sird) + σrd
.
σrd = −βrdsign(sird)

(45)


.
αrd =

 τd1

√
kd1
2 , srd , 0

0 srd = 0

βrd = ηd +
µ2

d
4 +

µdαrd
4

(46)

where ud > 4, ηd, kd1, τd1 are positive constants. Then, ird can follow the dynamics of i∗rd.
The total relative degrees are 2, while the number of system states is 14. It is demanded that the

inner dynamics of GSC and the transmission line should be asymptotically and marginally stable.
In fact, the stability requirements of the system state are satisfied, and the stability analysis of these
remaining dynamics can be referred to [17–19].

According to the design procedure above, the proposed control scheme can be described as in
Figure 3. Space vector PWM (SVPWM) is employed to achieve a constant switching frequency.
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4. Time-Domain Simulation

It is hard to conduct experimental verification on large-scale, grid-connected wind farms due to a
variety of practical constraints, as SSCI damping is too strong for small sets and SSCI is not easy to
observe. Therefore, time-domain simulation is always the main measure to verify a control strategy for
SSCI mitigation. In this paper, a grid-connected 100 MW wind farm is adopted as the study object to
verify the effectiveness of the proposed control scheme under the MATLAB platform. PI control [10]
and conventional first-order sliding mode control (SMC) [29] schemes are also executed to compare
control performances. The model parameters are listed in Table 1. Relative adaptive parameters of the
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proposed AHOSM control method are chosen as µq = 6.7, ηq = 0.026, kq1 = 3.2, τq1 = 0.31, µd = 6.2,
ηd = 0.03, kd1 = 2.1, τd1 = 0.18.

Table 1. Parameters of series-compensated DFIG-based wind farm.

Quantity Value

Nominal power (MW) 100
Rater voltage (V) 690

Rs (pu) 0.0084
Ls (pu) 0.167
HT (pu) 2.5
HG (pu) 0.5
Ks (pu) 0.15

RRSC (pu) 0.0083
LRSC (pu) 0.1323
RGSC (pu) 0.0015
LGSC (pu) 0.151

DC link capacitance (mF) 10
Nominal DC link voltage (V) 1150

RL (pu) 0.02
LL (pu) 0.0016

CSC(at 45% compensation) (uF) 42.61

The classical double closed-loop PI control scheme and conventional first-order SMC scheme for
comparison are shown in Figures 4 and 5, respectively. The control parameters for PI controllers are
set as Kp = 0.1, KQ = 0.83, Kiq = 1.2, Kid = 5, Tp = 0.05, Tiq = 0.005, Tid = 0.0025 which are mainly
determined by the cut-and-trial method.
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Conventional first-order SMC laws are represented as:

Srq =
2

Lsudc
(−irdω1(L2

m − LrrLs) − Lm(isqRs − usq + Lsisdωr) + LsirqRrr − LrrLsirdωr

−

.
i
∗

rq(L2
m − LrrLs) − ρirqsign(σirq)(LrrLs − L2

m)
(47)

Srd = 2
Lsudc

(−irqω1(L2
m − LrrLs) + Lm(−isdRs + usd + Lsisqωr) + LsirdRrr + LrrLsirqωr

−

.
i
∗

rd(L2
m − LrrLs) − ρirdsign(σird)(LrrLs − L2

m)
(48)

where ρirq = 8.5 ∗ 105, ρird = 2.3 ∗ 106.

4.1. Control Performance Demonstration

In order to verify steady-state performance under the proposed AHOSM strategy, the wind speed
of the wind farm is set as 7 m/s and increased to 9 m/s at 10 s when the series-compensated capacitor is
not switched. The dynamic responses of active power, reactive power, electromagnetic torque and DC
link voltage are demonstrated in Figure 6. Active power and electromagnetic torque can rapidly track
wind speed variation, whereas reactive power and DC link voltage are hardly affected by wind speed,
which means the decoupling control of active and reactive power is achieved.
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Next, let us evaluate control performance under different series-compensated levels. Under the
wind speed of 7 m/s, a series compensation of 40% is added at t = 1 s. The responses of active power,
reactive power, electromagnetic torque, DC link voltage, stator current and rotor current are shown
in Figure 7. Though SSCI occurs when the series-compensated capacitor is switched on, it is rapidly
suppressed after 1.5 s. There is also oscillation observed in DC link voltage due to the influence of
power fluctuation in converters, however, the oscillation can be rapidly suppressed, which indicates
the validity of the proposed strategy for the voltage surge in DC link voltage. Stator current and rotor
current are also shown in Figure 7 with a short transient time and small overshoot.
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Figure 7. Responses under the proposed method with series compensation 35% and wind speed 7 m/s.

When wind speed is kept at 7 m/s and series compensation is increased to 75%, the responses of
the relevant system variables are observed in Figure 8. Though the transient time is a little increased,
SSCI can normally be suppressed.
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Figure 8. Responses under the proposed method with series compensation 75% and wind speed 7 m/s.

The responses are demonstrated as Figure 9 when wind speed is increased to 15 m/s and the
series-compensated level is set as 75%. Compared with Figure 8, it is observed that system damping is
enhanced after the wind speed becomes bigger. SSCI can be removed after 1.8 s when the wind speed
is 15 m/s.

The internal parameters of DFIG can be changed attributed to current variation and generator
heating in a DFIG-based wind farm. The control performance can be severely influenced without
proper control strategy. In order to evaluate robustness with regard to internal parameter perturbation,
stator inductance Ls and RSC link impedance RRSC are both set to change with combined sine signals
within their ±50% nominal values. The series compensation and wind speed are still fixed as 75% and
15 m/s, respectively. Compared with Figure 9, the responses, shown in Figure 10, have barely changed,
which means good robustness for the internal parameter perturbation.
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In practice, internal parameter perturbations and various external disturbances exist in a
series-compensated system. In order to verify robustness for uncertainties, lumped uncertainties drd
and drq in Formulas (16) and (17) are expressed as [34]:{

drd= 25% frd+25%grd+2− sin(ω t)
drq= 25% frq+25%grq+2− sin(ω t)

(49)

Under the lumped uncertainties, the responses of active power, reactive power, electromagnetic
torque, DC link voltage, stator current and rotor current are shown in Figure 11. These results verified
the effectiveness for an uncertain wind power system.
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Figure 11. Responses under the proposed method with lumped uncertainties (series compensation
75% and wind speed 15 m/s).

In order to verify the fault ride-through capability of the proposed scheme, a symmetric
(three-phase short circuit) fault and asymmetric (single line to ground) fault were respectively
initiated at a high-voltage side of transformer at t = 1 s and cleared after 20 ms. The series-compensated
system is operated under series compensation 75% and wind speed 13 m/s. The responses of active
power and reactive power are shown as Figures 12 and 13. SSCI can be mitigated after fault is cleared
under the two fault conditions.
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Figure 12. Responses of active power and reactive power under three-phase short circuit fault in
series-compensated wind farm.
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Figure 13. Responses of active power and reactive power under asymmetric fault in series-compensated
wind farm.

4.2. Comparison with PI and SMC Method

In this section, simulations under PI and SMC method are also executed to compare
control-damping performance. Wind speed is set as 11 m/s, and series-compensated level is 30%.
Stator inductance Ls and RSC link impedance RRSC still change within their ±50% nominal values.
Figure 14 are the response curves of active power and DC link voltage. It is indicated that oscillation
can be suppressed under the three control schemes. Transient time and overshoot are the smallest
under the proposed AHOSM method, which is followed by the SMC and PI methods. The regulating
processes of rotor currents are shown in Figure 15, demonstrating the shortest regulating time under
the proposed method.
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Figure 14. Responses of active power and DC link voltage under three control methods with
series-compensated level 30% and wind speed 11 m/s.
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Figure 15. Responses of current rotor under three control methods with series-compensated level 30%
and wind speed 11 m/s.

When the series-compensated level is increased to 70%, the responses have already diverged
under PI method, as shown in Figures 16 and 17. Oscillation can be effectively mitigated under SMC
and proposed AHOSM methods. The suppression effect of the proposed method is relatively better,
and the most important thing is that there is no need to know the upper bound of uncertainty derivative.
Control gains in the proposed AHOSM control can change according to system uncertainties, and the
adaptive process of the control parameters are shown in Figure 18.
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For evaluating the control performance, two indices have been defined as follows:

RMSei =

√√
1
ns

ns∑
k=1

e2
i , RMSui =
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1
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ns∑
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u2
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where ns, ei, ui are the number of samples, root mean square (RMS) of tracking errors and
control quantities.

When the studied system works with a series-compensated level of 70% and a wind speed of
11 m/s, the RMS for tracking errors and control quantities are shown in Table 2, which exhibit the
superiority of the proposed AHOSM method.
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Table 2. RMS for tracking errors and control quantities.

RMSurq RMSurd RMSeirq RMSeird

PI 0.9857 0.9172 0.0672 0.0712
SMC 0.7719 0.7183 0.0533 0.0602

AHOSM 0.5316 0.5029 0.0371 0.0392

5. Conclusions

In this paper, a new SSCI mitigation scheme for an uncertain, nonlinear, series-compensated,
DFIG-based wind-power system is proposed based on the AHOSM method. The prescribed rotor
current dynamics are tracked according to MPPT and reactive power demand, and problematic rotor
dynamics are suppressed by collapsing them into algebraic equations. The control scheme is achieved
based on feedback control and second-order sliding mode control. Adaptive super-twisting control
gains removed the need for an upper bound of the uncertainty derivative. The decoupling control
of power is also completed well. Simulations under different conditions, and comparisons with PI
and SMC schemes, verify its effectiveness and superiority. Future work will focus on the physical
verification of the proposed control scheme.
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