
569           

 
 https://doi.org/10.6113/JPE.2019.19.2.569 

ISSN(Print): 1598-2092 / ISSN(Online): 2093-4718 

 

JPE 19-2-22 

Journal of Power Electronics, Vol. 19, No. 2, pp. 569-579, March 2019 

SSCI Mitigation of Series-compensated DFIG Wind 
Power Plants with Robust Sliding Mode Controller 

using Feedback Linearization 
 

Penghan Li*, Linyun Xiong*, Jie Wang†, Meiling Ma*, and Muhammad Waseem Khan* 
 

†,*School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai, China 
  

 
Abstract 

 

A robust controller is designed based on feedback linearization and sliding mode control to damp sub-synchronous control 
interaction (SSCI) in doubly fed induction generator (DFIG) wind power plants (WPPs) interfaced with the grid. A feedback-
linearized sliding mode controller (FLSMC) is developed for the rotor-side converter (RSC) through feedback linearization, design 
of the sliding mode controller, and parameter tuning with the use of particle swarm optimization. A series-compensated 100-MW 
DFIG WPP is adopted in simulation to evaluate the effectiveness of the designed FLSMC at different compensation degrees and 
wind speeds. The performance of the designed controller in damping SSCI is compared with proportional-integral controller and 
conventional sub-synchronous resonance damping controller. Besides the better damping capability, the proposed FLSMC 
enhances robustness of the system under parameter variations. 
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I. INTRODUCTION 

Sub-synchronous resonance (SSR) of wind power plants 
(WPPs) is a condition where wind turbines exchange energy 
with the grid at one or more natural frequencies below the 
fundamental frequency of the system [1], [2]. A new type of 
SSR called sub-synchronous control interaction (SSCI) has been 
identified in recent years [3], [4]. Studies have demonstrated that 
doubly fed induction generator (DFIG) WPPs are susceptible 
to SSCI due to fast-acting converter control [5]-[10]. 

Several control methods using flexible AC transmission 
systems have been proposed to mitigate SSR (or SSCI) in power 
systems, such as unified power flow controllers [11], static 
synchronous compensators [12], and thyristor-controlled series 
compensators [13]. Modification of existing controller is another 
option for damping SSCI. To stabilize the SSR of practical 
power systems, a combined control strategy composed of an 
excitation damping control and a generator terminal damping 

control was proposed [14]. With the derivative of the rotor 
speed deviation as the control input, a fuzzy logic control 
strategy was developed to damp SSR [15]. An adaptive 
controller was used for supplementary control to alleviate 
SSCI in DFIG WPPs [16]. A fuzzy based adaptive control 
strategy was proposed for the grid-side converters (GSC) and 
rotor-side converters (RSC) of DFIG to alleviate SSCI [17]. A 
parallel damping control strategy was proposed using the rotor 
torque analysis method [18]. The issue of SSCI was addressed 
by embedding suppression filters into the converter controller 
of a DFIG [19]. A filter-less damping control method was 
proposed for DFIG WPPs to alleviate SSCI [20]. However, the 
nonlinear dynamics of DFIGs was not considered in previous 
works’ design procedures. Therefore, a nonlinear controller is 
developed in the current study to transcend the limitation of 
linear control schemes. 

The feedback linearization (FL) method retains the nonlinearity 
through nonlinear feedback and coordinate transformation. 
Transformed systems are independent of predefined operations 
[21]. This characteristic is suitable for highly nonlinear DFIGs. 
However, a system under FL control could be sensitive to 
parameter variations. Sliding mode control (SMC) has been 
widely used to improve robust properties [22]. A high-order 
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SMC was designed for grid synchronization and power 
optimization of wind farms [23]. For DFIG-based WPPs, a 
fractional-order SMC was developed for maximum power 
point tracking [24]. An SMC was developed for GSC of DFIG 
to damp SSCI [25]. However, the power rating of GSC is only 
25% of gerarator rating, which limits the effectiveness of the 
control method. Moreover, the impact of the number of online 
wind turbines (WTs) was neglected in [25], and the configuration 
of realistic WPPs was not considered in electromagnetic 
transient (EMT) simulation in [25]. Therefore, in the present 
work, a sliding mode controller is developed for RSC based on 
feedback linearization to damp SSCI at different compensation 
degrees, wind speeds, and number of online WTs. The design 
procedures of the proposed controller include feedback 
linearization, design of the sliding mode controller, and 
parameter tuning with use of particle swarm optimization 
(PSO). Eigenvalue analysis and EMT simulation based on a 
realistic WPP are performed to evalute the effectiveness of the 
proposed control method. 

The remainder of this paper is organized as follows. The 
model of the DFIG WPP is presented in Section II. In Section 
III, the system is feedback linearized. In Section IV, the sliding 
mode controller for RSC is developed, and PSO is utilized for 
parameter tuning. In Section V, the effectiveness of the 
designed FLSMC is tested and compared with that of the PI 
controller and SSRDC at different compensation degrees and 
wind speeds. Concluding remarks are presented in Section VI. 

 

II. SYSTEM MODEL 

As shown in Fig. 1, a 100 MW DFIG WPP is interfaced with 
series-compensated transmissions [10]. The WPP is an 
aggregation of 50 wind turbines, each with 2 MW power rating 
[25]. System data are presented in the Appendix. 

The studied system includes the induction generator, shaft 
system, and BtB converter [10]. Shaft dynamics is expressed 
as follows: 
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where ωr and ωm are rotor angular frequency and rotor shaft 
angular frequency, respectively; Tae and Te are aerodynamic 
torque and electromagnetic torque, respectively; γ denotes the 
torsion angle; D denotes the torsion damping coefficient; H 
represents the inertia constant; Ks represents the torsion 
stiffness coefficient; Ng represents the gear ratio. 

The electrical dynamics of the system is obtained by using 
Kirchhoff’s current law and Kirchhoff’s voltage law, which  
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Fig. 1. DFIG-based WPP interfaced with the grid. 

 

are expressed as follows: 
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where subscripts q and d denote quadrature and direct axes, 
respectively; Rrf and Lrf are the resistance and inductance of the 
RSC filter, respectively; ω1 is system angular line frequency; 
Srd and Srq denote RSC input switching signals; udc denotes the 
voltage across the DC-link capacitor (Cdc); us, is, Ls, and Rs are 
stator voltage, current, inductance, and resistance, respectively; 
ug, ig, Lgf, and Rgf are GSC filter voltage, current, inductance, 
and resistance, respectively; usc denotes the voltage across the 
compensation capacitor (Csc); u denotes the voltage at the PCC; 
i denotes the current of the transmissions; e is the grid voltage; LL 
and RL are transmission inductance and resistance, respectively. 

The system is expressed as follows: 
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The expressions of  f x  and  g x  are given in the 

Appendix. 
 

III. FEEDBACK LINEARIZATION OF  
DFIG-BASED WPP 

System feedback linearizability is determined by relative 
degree, which depends on system outputs. The following 
condition should be fulfilled: 
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where hi(x) is the system ith output; ri denotes relative degree; 
L denotes a Lie derivative. Condition (9) should be fulfilled for 
both outputs. Thus, we can calculate the following: 
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The calculations expressed by Eqs. (10) and (11) demonstrate 
that the matrix is nonsingular. 
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The relative degree is 1 2 2 14   r r r , indicating that 

the system can be partially linearized [26]. The system is 
devided into two subsystems as follows: 
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where z  represents new states; ẑ  represents the remaining 

states. The system states are as follows: 
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We choose coordinate transformation as follows 
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Then, we obtain the following: 
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The linearized system is obtained with the use of the linear 

control method as / i idz dt v ; 
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where v is the input for linear control. Physical control laws 
are computed from Eq. (17) as follows: 
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The stability of the untransformed subsystem is ensured 
using zero-dynamic theory [9]. 

 

IV. SMC DESIGN BASED ON FL MODEL 

A. Damping Controller Design 

Sliding mode control is used based on the linearized system 
to improve robustness. The sliding mode surfaces are defined 
as follows: 
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The equivalent control is derived in the solution of   0t S  

as follows: 
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The reaching control is added to the equivalent control as 
follows: 
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where 1 , 2 , 1k , and 2k  are positive parameters. A 

Lyapunov function is selected as follows: 
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The time derivative of Eq. (23) is calculated as follows: 
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Hence, the designed control method is stable. With the 
substitution of Eq. (22) into Eq. (18), the control law is derived 
as follows: 
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B. Parameter Tuning with PSO 

Trial-and-error method is commonly used to determine 
SMC parameters [27]. For superior transient and steady-state 
performance, evolutionary algorithms, such as PSO and genetic 
algorithm (GA), are applied for SMC parameter tuning [28]. The 
advantages of PSO over other evolutionary techniques, such as 
GA, are as follows. 

• Its implementation is easier. 
• It requires less parameter tuning. 
• It has higher memory ability than GA, and it is cheap 

in terms of computation time. 
Therefore, PSO is used for FLSMC parameter tuning 

through the following procedure. 

1) Initialization: The proposed damping controller has six 
control gains (c1, c2, ε1, ε2, k1, and k2); therefore, six particle 
positions are generated randomly as follows: 
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where xi,j is the position of the jth particle in the ith group, and 
Xi0 is the original value. 

The velocity for position updating is expressed as follows: 
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where vj,min and vj,max are minimum and maximum velocities, 
respectively, of member j of the particles; xj,min and xj,max are 

the lower and upper bounds, respectively; N represents the 
dimension interval. Initial velocity is generated between vj,min 
and vj,max. Other parameters are determined as follows: 
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where wi and wf denote initial and final weights, respectively; 
α is the decay constant; a denotes the accelerating constant. 

2) Evaluating Best Solution and Updating: The fitness value, 
which is expressed as follows, is assessed: 

  max Real , 1,2,...,14lF l  ,        (29) 

where F denotes the fitness value, and λl denotes the system 
eigenvalues. The optimization objective is to drive all eigenvalues 
to the left half plane. The individual best solution is updated after 
each iteration. 

3) Velocity and Position Updating: Velocity and position 
updating is expressed as follows: 
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where r1 and r2 are uniformly distributed random numbers 
within [0, 1]; x* and x** represent individual and global best 
solutions, respectively. 

4) Stopping Criteria: The search will stop if one of the 
following criteria is fulfilled. (i) The fitness value of the global 
best solution becomes smaller than a specified number, or (ii) 
the time counter is greater than the specified maximum number. 
Otherwise, the system will continue iterating until Step 2. The 
controller gains are presented in the Appendix. 

 

V. SIMULATION RESULTS AND ANALYSIS 

A diagram of the proposed control method is presented in 
Fig. 2. SSRDC [8] and a PI controller [10], whose diagrams 
are presented in Figs. 3 and 4, respectively, are used for 
comparison. The parameters are presented in the Appendix. 

A. Eigenvalue Analysis 

The system eigenvalues are computed using the MATLAB 
function “linmod” [7]. System eigenvalues at different 
compensation levels, wind speeds, and number of online WTs 
are shown in Fig. 5. The figure shows that the FLSMC and 
SSRDC improve the capability of DFIGs in damping SSCI, 
and the capability of the proposed controller is better. 
Moreover, the proposed FLSMC stabilizes the studied system 
under varied operating conditions. 
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Fig. 2. Diagram of the FLSMC. 
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Fig. 3. PI controller: (a) RSC. (b) GSC. 
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Fig. 4. SSRDC. (a) RSC. (b) GSC. 
 
As presented in Fig. 5, a negative correlation exists between 

system damping and compensation level, whereas system 
damping has a positive correlation with wind speed. The 
number of online WTs has a nonlinear impact on SSCI, 
especially using PI controller and SSRDC. At a given wind 
speed and compensation level, a certain number of online WTs, 
which can cause severe damping, exists. However, system  
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Fig. 5. System eigenvalues. (a) At varied compensation levels. (b) 
At varied wind speeds. (c) At varied number of online WTs. 
 

damping generally improves with increased online WTs when 
FLSMC is used. This characteristic guarantees that the system 
stability will not be undermined with the incorporation of 
additional WTs in the future, once the system stability is 
ensured in the early-stage construction of WPP. In terms of 
WPP planning and practical power systems, this property of 
the FLSMC has major significance. 

B. Electromagnetic Transient Simulation 

In this section, the performance of the proposed FLSMC is 
evaluated using EMT simulation. Series compensation of 75% 

is provided to the transmissions at 1t   s with 7 m/s wind 

speed. Responses from the DFIG-based WPP are presented, 
including PCC voltage, active power of transmissions, and 
DC-link voltage. 
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(c) 

Fig. 6. DFIG responses for wind speed of 7 m/s and compensation 
level of 75%. (a) PCC voltage. (b) Transmission line active power; 
(c) DC-link voltage. 

 
In Figs. 6(a) and 6(b), the presented waveforms show the 

effectiveness of the FLSMC and SSRDC in mitigating SSCI. 
Furthermore, the designed FLSMC exhibits superior damping 
performance; it consumes less time than does SSRDC to damp 
SSCI. In addition, Fig. 6(c) demonstrates the capability of the 
proposed FLSMC in damping fluctuations of the DC-link 
voltage. Given the proposed control laws, which are two 
nonlinear equations calculated online, the simulations require 
slightly higher CPU time to complete for FLSMC compared 
with the PI controller and SSRDC. 

As presented in Fig. 7, the simulation is performed at 45% 
series compensation, whereas Fig. 8 demonstrates system 
responses at 9 m/s wind speed. In addition to the better 
damping capability of the proposed FLSMC, transient SSCI 
problems are observed to be less severe at lower compensation 
levels or higher wind speeds. 

In practice, DFIG parameters vary to a certain extent. The 
variations of the rotor resistance (Rr), stator resistance (Rs), 
stator leakage inductance (Lls), rotor leakage inductance (Llr), 
and mutual inductance (Lm) could influence the characteristics  
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Fig. 7. DFIG responses for wind speed of 7 m/s and compensation 
level of 45%. (a) PCC voltage. (b) Transmission line active power. 
(c) DC-link voltage. 
 
of the SSCI [3]. However, at the frequencies in this study, the 
impedances of the inductance  (Lls, Llr, and Lm) are much 
larger than those of the resistances (Rr, Rs), i.e., jωL >> R. Thus, 
the analysis mainly focuses on the impact from the variations 
of the inductance (Lls, Llr, and Lm). When SSCI occurs, the 
increasing saturation degree of the leakage flux and main flux 
leads to decreases in the values of Lls, Llr, and Lm [8], [29]. Fig. 
9 presents the simulation results at 75% series compensation 
and 7 m/s wind speed with Lls, Llr, and Lm reduced to 80% of 
the nominal value. As shown in Fig. 9, the SSRDC can still 
damp oscillations. However, more than 4 s is required for the 
SSRDC to eliminate the SSCI, much longer compared with 
that shown in Fig. 6. Moreover, due to parameter variations, 
the fluctuation range of DC-link voltage is larger with SSRDC. 
On the contrary, the performance of the FLSMC is not much 
affected by DFIG parameter deviation. Although the 
fluctuations in system responses increase slightly, FLSMC is 
still capable of mitigating SSCI within 3 s. The simulation 
results demonstrate the strong robustness of the proposed 
controller against parameter variations. 
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Fig. 8. DFIG responses for wind speed of 9 m/s and compensation level of 75%. (a) PCC voltage. (b) Transmission line active power. 
(c) DC-link voltage. 
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Fig. 9. DFIG responses under parameter variations for wind speed of 7 m/s and compensation level of 75%. (a) PCC voltage. (b) 
Transmission line active power. (c) DC-link voltage. 
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Fig. 10. Series-compensated WPP with collector cable. 
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Fig. 11. DFIG responses based on realistic WPP for wind speed of 7 m/s and compensation level of 75%. (a) PCC voltage. (b) Transmission 
line active power. (c) DC-link voltage. 
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Fig. 12. DFIG responses based on realistic WPP for wind speed of 7 m/s and compensation level of 45%. (a) PCC voltage. (b) Transmission 
line active power. (c) DC-link voltage. 

 
We present the potential of SSCI in a realistic DFIG WPP 

divided into different groups connected by cables, as 
illustrated in Fig. 10. The WPP is divided into four groups (G-
1 to G-4). Each group is composed of 20 wind turbine 
generators (WTGs), and all groups are linked to PCC via 
collector cables. G1 and G2 consist of WTG-1, each rated 2 
MW; G3 and G4 consist of WTG-2, each rated 2.3 MW. WTG-
1 is used in this analysis, and the parameters of WTG-2 are 
provided in the Appendix. The cable length varies between 0.5 
and 2 km, as shown in Fig. 10 [30]. The layout of a realistic 
wind farm is presented in detail in [31]. EMT simulation is 
performed under different wind power output conditions. In 
this case, G-1, G-2, G-3, and G-4 produce 100%, 75%, 50%, 
and 25% of their rated capacity, respectively. Series 

compensation of 75% is given to the transmission line at 1t   

s. Responses from the DFIG-based WPP are presented in Fig. 
11. As shown in Fig. 11, the WPP with the PI controller has 
SSCI. On the contrary, oscillations are damped with SSRDC 
and FLSMC. Moreover, less time is required to completely 
eliminate SSCI under the proposed FLSMC. The simulation is 
repeated at the series compensation of 45%, as illustrated in 
Fig. 12. The damping performance of FLSMC is superior to 
that of the PI controller and SSRDC. 

 

VI. CONCLUSION 

SSCI is caused by the interaction of DFIG-based WPPs with 
series compensation. Thus, a robust nonlinear controller is 
designed in this work using feedback linearization and sliding 
mode control to mitigate SSCI in consideration of the 
parameter variations and inherent nonlinearities of DFIGs. 
FLSMC is developed for RSC through feedback linearization, 
design of the sliding mode controller, and parameter tuning 
with use of PSO. The performance of the FLSMC is assessed 
and compared with that of the PI controller and SSRDC. 
Eigenvalue analysis is performed under varied operating 
conditions. With regard to the superior capability of FLSMC 
in alleviating SSCI, (i) system damping deteriorates with 
decreased wind speed or increased compensation levels, and 
(ii) the number of online WTs has a nonlinear impact on SSCI 

damping. EMT simulation is subsequently carried out to 
validate eigenvalue analysis. EMT simulation results show that 
the designed FLSMC enhances SSCI damping and robustness 
properties of the studied system. 

 

APPENDIX 

TABLE I 
SYSTEM PARAMETERS 

Parameter Value 

Stator resistance (Rs) 0.0084 p.u. 

Stator inductance (Ls) 0.1670 p.u. 

RSC filter resistance (Rrf) 0.0083 p.u. 

RSC filter inductance (Lrf) 0.1323 p.u. 

GSC filter resistance (Rgf) 0.0015 p.u. 

GSC filter inductance (Lgf) 0.1500 p.u. 

DC-link capacitance (Cdc) 10 mF 

Generator damping coefficient (Dg) 0.5 p.u. 

Turbine damping coefficient (Dt) 2.5 p.u. 

Generator inertia constant (Hg) 0.5 p.u. 

Turbine inertia constant (Ht) 2.5 p.u. 

Transmission line resistance (RL) 0.02 p.u. 

Transmission line inductance (LL) 0.0016 p.u. 

 
TABLE II 

PARAMETERS OF WTG-2 

Parameter Value 

Stator resistance 0.0051 p.u. 

Stator inductance 0.1317 p.u. 

RSC filter resistance (Rrf) 0.0112 p.u. 

RSC filter inductance (Lrf) 0 p.u. 

GSC filter resistance (Rgf) 0.1924 p.u. 

GSC filter inductance (Lgf) 0.2117 p.u. 

Generator damping coefficient (Dg) 0 p.u. 

Turbine damping coefficient (Dt) 0.3 p.u. 

Generator inertia constant (Hg) 0.5 p.u. 

Turbine inertia constant (Ht) 4 p.u. 
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TABLE III 
CONTROLLER GAINS 

Parameter Value Parameter Value 
K1 0.0001 T1 0.0500 
K2 0.0000 T2 0.0050 
K3 0.0001 T3 0.0250 
K4  0.0001 T4 0.0025 
K5 0.1000 T5 0.0500 
K6 1 T6 100 
K7  0.1000 T7 0.0500 
K8 1 T8 100 
G 30 T9 0.0500 
k1 100 T10 100 
k2 200 c1 200 
ε1 1 c2 500 
ε2 0.5   
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