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ABSTRACT A robust controller taking advantage of feedback linearization control (FLC) and sliding mode
control (SMC) is proposed with an objective of mitigating the sub-synchronous control interaction (SSCI)
in series-compensated doubly fed induction generator (DFIG)-based wind farms (WFs). FLC method is
employed to obtain the reduced-order model of the studied system and, hence, smaller computation burden
to controller design. Moreover, unlike linear control methods, FLC enables the controlled system to be
independent of the pre-specified operations, which is suitable for highly nonlinear DFIG-based WFs.
Considering that the FLC can be sensitive to parameter uncertainties, SMC is combined with the FLC to
improve the robustness of the system. To evaluate the performance of the proposed feedback-linearized
sliding mode controller (FLSMC) as compared to the conventional sub-synchronous resonance damping
controller, the electromagnetic transient simulation and small-signal stability analysis are carried out. The
designed FLSMC is observed to demonstrate the effectiveness in SSCI mitigation and robustness against the
parameter perturbation at varied operating conditions. The experimental tests are performed to validate the

veracity of the simulation results.

INDEX TERMS Doubly fed induction generator, feedback linearization control, sliding mode control,

sub-synchronous control interaction.

NOMENCLATURE

gt Subscript denoting generator and turbine

r,s Subscript denoting rotor and stator

d q Subscript denoting direct and quadrature
axes

rf, gf Subscript denoting RSC filter and GSC
filter

* Superscript denoting reference value

W, O] Rotor shaft angular speed and system angu-

lar line frequency

eq, eq; ug, g Grid voltage and PCC voltage

Uge Voltage across series compensator

id, g Current through transmissions

Uug, ig Voltage and current of the GSC loop

Cse, Rp, Ly Compensator capacitance, network equiv-

alent resistance, and inductance
Caic DC-link capacitance

L. INTRODUCTION
Sub-synchronous control interaction (SSCI), a new class of
sub-synchronous resonance (SSR), has received noteworthy
attention in recent years [1], [2]. The first reported SSCI
event occurred in ERCOT of USA [3], and was followed
by incidents in Minnesota of USA [4], Hebei of China [5],
and Xinjiang of China [6]. It is pointed out that SSCI effects
can be amplified by the fast-acting control of DFIG con-
verters [7]. Therefore, DFIG is more vulnerable to SSCI as
compared to other types of wind turbine generators, such
as permanent magnetic synchronous generator (PMSG) and
self-excited induction generator (SEIG). Furthermore, since
DFIG mechanical part is not engaged in SSCI, oscillations
develop much faster than conventional SSR incidents [8].
Many efforts have been made to address the prob-
lem of SSCI [9]-[12]. Eigenvalue analysis and frequency
scanning are widely employed to identify the existence
of SSCI and explain its primary reason. FACTS devices

Sgq> Sgd Switching signals for GSC are utilized for SSCI mitigation, including static VAR
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compensator (SVC) [13], static synchronous compensator
(STATCOM) [14], thyristor-controlled series compensator
(TCSC) [15], distributed power flow controller (DPFC) [16],
and unified power flow controller (UPFC) [17]. In addition,
Nyquist stability criterion, residue analysis, and root locus
are adopted to facilitate the implementation of the damping
control for FACTS devices [18].

Nevertheless, considering the high cost of using FACTS
devices, many researchers and engineers propose that SSCI
mitigation can be achieved by exploiting the existing DFIG
converter control. Advances have been produced in this
area [16]-[20]. A lead-lag control block is added to the
current control loop of rotor side converter (RSC) for DFIG to
attenuate the oscillations due to SSCI [1]. With an observer
to estimate the voltage of series capacitor, a supplementary
controller is developed for grid side converter (GSC) con-
trol of DFIGs to alleviate SSCI [19]. Suppression filter is
implanted to the converter control loop to deactivate SSCI in
DFIG-based WFs interfaced with fixed series compensation,
and the best location is identified using impedance model
analysis [20]. To enhance system stability and damp SSCI,
a two-degree-of-freedom control scheme is designed for
DFIGs incorporating a damping controller [21]. For damping
of SSCI in WFs, the authors develop a damping control
scheme including a linear-quadratic regulator (LQR)-based
state feedback controller and a full-state observer in [22].
Based on the linearized system model, a coordinated con-
trol scheme of SSCI damping controller and supplementary
excitation damping controller is proposed for SSCI suppres-
sion in a practical power system in the north of China [23].
However, since these damping controllers are designed based
on the linearized model of the DFIG-based WFs, satisfac-
tory performance is guaranteed only within the pre-specified
operating conditions. Therefore, feedback linearization con-
trol (FLC) method is employed in this paper to design a non-
linear controller for SSCI mitigation. With the use of FLC,
the reduced-order model of the studied system is obtained
and hence smaller computation burden to controller design.
Moreover, unlike linear control methods, FLC enables the
controlled system to be independent of pre-specified oper-
ations. Considering FLC can be sensitive to parameter
uncertainties, a combined control scheme integrating FLC
and sliding mode control (SMC) is hereby proposed. The
major advantage of utilizing SMC is the insensitiveness
to parameter perturbation [24]-[26]. To evaluate the effec-
tiveness of the designed feedback-linearized sliding mode
controller (FLSMC) as compared to conventional SSR damp-
ing controller (SSRDC), small-signal stability analysis and
electromagnetic transient (EMT) simulation are carried out at
varied compensation degrees and wind speeds. Furthermore,
experimental tests are performed to validate the veracity of
the simulation results.

The contributions of the paper are: (1) achieve feed-
back linearization of series-compensated DFIG-based WFs;
(2) propose feedback-linearized sliding mode contro-
ller (FLSMC), which incorporates feedback linearization
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control and sliding mode control; (3) demonstrate the effec-
tiveness of the proposed FLSMC in SSCI mitigation under
varied operating conditions.

The remaining parts of the article is organized as follows.
The model of series-compensated DFIG-based WF and con-
ventional SSRDC are given in Section II. The design process
of the FLSMC is presented in Section IIl. In Section IV,
small-signal stability analysis, electromagnetic transient sim-
ulation, and experimental tests are performed to assess the
effectiveness of the FLSMC. Section V concludes the article.
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FIGURE 1. Series-compensated DFIG-based WF.

Il. SYSTEM MODEL AND CONTROL

A. MATHEMATICAL MODELLING

As shown in Fig. 1, a 14th order model is adopted to describe
the dynamics of the series-compensated DFIG-based WEF,
including wind turbine aerodynamics, shaft system, induction
generator, dc-link, RSC, and GSC [27]. The studied system
is expressed in the classical form of the nonlinear system as

d
P =f@x)+g @ u+g,x)uz

y1 = hi (x) M
y2 = hy (x)

where x = [lgq lgd Udc Urg Urd lsq Usd lq ld Uscq Uscd WOm Wy vl
u = [Sg Sgd]T; Y = ligq uge]™; the expressions of g (x) and
f (x) are presented in Appendix.

B. SSRDC

A conventional SSRDC is adopted in this study for simulation
comparison. As shown in Fig. 2, a damping control block is
added to the control loop of GSC. Detailed design process of
the SSRDC is presented in [19].

lll. FEEDBACK-LINEARIZED SLIDING MODE CONTROLLER
A. FEEDBACK LINEARIZATION OF DFIG-BASED WF

The calculation of relative degree determines the system
feedback linearizability. We can calculate

{LglL;‘lhl ®) = Lg, 1t (%) = uac/Lgs ®
Lo, L~ hy () = Lgy b1 (x) = 0

{LglL]l‘hz (x) = Lg, 1 (x) =0 3
Lgy L~ hay (x) = Lgyhy () = (iggSeq + igaSea) / Cac
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FIGURE 2. SSRDC: (a) RSC control; (b) GSC control.

where L denotes the Lie derivative. The calculations
expressed by (2) and (3) indicate that the 2 x2 matrix

LglLfl_lhl x) ngLfl_lhl (x)
Lo Li'hy(x)  Lg L~ 'hy ()

is nonsingular. The relative degree is 2 < 14, which means

the studied system is partially linearizable.

Therefore, the 14th order model decouples into two
subsystems

d. -~ =~

az = AZ+ By @)
d ~

—z7 = AZ 5
dtz z )

where (5) denotes the transformed subsystem, Z is new
state variable; Equation (6) denotes the internal dynamics of
the system, Z denotes the remaining states. For the studied
system, we select

=hx= igq

. (6)
7 = h2 (x) = Uqc
then we have
d. ohy (x) d ) Ror . u
—ZN = ——= X = —Wilgd — iflgq i
dr ox dr Lgf Lgf
+ %ul
Les )
d_ dohy (x) d 1. 1.
—Z = —X = —lge — —loqlt
dr o At Cu I
— —— gl
Cue gq"1
Through utilizing linear control approach as dz;/dt = v,
the linearized form is obtained
. Ryf . u Uug
I . ®)
Vo) = —lge — ——lggll] — ——loqU2
Ca’c ¢ Cdc 8 Cdc &
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where v; and v, denote the linear control inputs; physical
control input u is computed from (8) as follows

L R u
uy = =g <V1 + @1igq + ifigq 4 ﬁ)
Ude Lgr Lgr
C I Lori
uy = Ce <V2_ de | Lerigg ©)
lgd Cac Cacttge
. Ry . Ugq
S Y +w11gd+—lgq+—>>
< Lgr Lgy

The internal dynamics stability is guaranteed using zero-
dynamic theory, which is given in Appendix.

B. SMC BASED ON FEEDBACK LINEARIZATION
Define the sliding mode manifolds as
S1 e1+ ¢ f 4
S = = 10
|:Sz:| |:62+C2fez (10)

where e] = 73 - ZT = igg — izq, e=n-7= Udc = 0.
c1 and ¢; are positive constants. Reference values qu and ”Zc
are computed from reference rotor active power P} as [28]

{iﬁq = (2P}) / (ugy) (11)

e = Py fiac

In the solution of § = 0, equivalent control is derived
{Vleq = —cieq (12)
V2eq = —C2€2

To reduce the impact of parameter deviation, equivalent
control is combined with reaching control as

(13)

V] = Vieg + Vis = —ciel — £15gnS1 — k1S
V2 = Vaeg + Vo5 = —C2e2 — £258n82 — ka$2

where €1, €2, k1, kp are positive constants. Lyapunov function
is chosen as

V= %STS (14)
Time derivative of Lyapunov function is computed as
Vv =SS = S1(e1 +crer) + 52 (2 + cre)
= 81 (—c1e1 — e15gnS1 — k181 + crer)
+ 82 (—caer — e25gn82 — kaSz + cre2)
= —¢&1|S1| — k187 — &2182] — k2S5 < 0 (15)

Therefore, the proposed FLSMC is asymptotically stable.
Substituting (13) into (9), the control laws are obtained

L
uy = ;gf( —Ccl1ée] — 81sgnSl — lel
Ude
. Rgr . Ugq
+wiigg + ——lgg + —
c Les Ly )
Uy = — .dc <—62€2 — &25gn87 — koSp — Lde
lod Cac
Lori
+ M( —cre1 — e15gnS1 — k151
Cacltde
: Rer . Ugq
+(1)]lgd + _lgq + b
Lgr Lgr

(16)
The PI controller is adopted for GSC in this study [18].
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FIGURE 3. Block diagram of the feedback linearization control.
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u:[u] uz] i = f(x)+
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[Eq. (D]
[Eq. (16)]
v
v=—ce—esgnS—kS z z=¢(x)
[Eq. (13)] [Eq. (6)]

Sliding Mode Controller Nonlinear Coordinate Transformation

FIGURE 4. Block diagram of the proposed FLSMC.

IV. SIMULATION AND EXPERIMENTAL VALIDATION

The diagram of the FLC and FLSMC are illustrated in
Figs. 3 and 4, respectively. It is observed that the new state
variable z is obtained through nonlinear coordinate trans-
formation expressed by (8). Then sliding mode controller
expressed by (15) is designed based on the linear model of
the studied system. Linear control signals and stator angular
frequency are fed into the proposed controller to calculate the
control laws. Eventually, pulse width modulator (PWM) is
utilized for controller implementation.

A. SMALL-SIGNAL STABILITY ANALYSIS
1) SENSITIVITY ANALYSIS AND PARTICIPATION FACTORS
The eigenvalues for the studied system with the use of the
designed controller are obtained using MATLAB function
“linmod”. In Table 1, A5 to Ao are nonoscillatory modes,
A11,12 and A13,14 are related to PI controller in the converters,
and X9 10 have a high frequency and a high damping. These
modes are not further discussed [27]. From the characteristics
and frequency range [18], A1 2 represent the sub-synchronous
mode and A3 4 are super-synchronous mode. As ¢ are identi-
fied as electromechanical mode while A7 g are shaft mode.
In this paper, the PI controller of GSC has been replaced
by the proposed FLSMC, whereas RSC controller is imple-
mented utilizing PI control. Considering the PI controllers
could influence the performance of the damping controller,
the sensitivity of the designed FLSMC to the PI controllers
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TABLE 1. System modes at 7 m/s wind speed and 75% compensation
level.

Mode Eigenvalues Mode Eigenvalues
212 -4.34j126.2 Jis -103.8
Asa -10.64j625.4 A6 -10.9
As6 -13.14j99.2 e 9.1
Aas -0.945.9 s .04
29,10 -2501+j1258 Ao 220.1
VSTRP! -0.2+j0.5 A20 21.0
A3 -0.0
K=15% S FLSMC
*”ﬁ]’:ﬂo - SSRDC
250 ¢ i Y -©- No Mitigation| 1
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FIGURE 5. System eigenvalues: (a) at varied compensation levels 7 m/s
wind speed; (b) at varied wind speeds 75% comp tion level.

of RSC is studied using the following equation [29]

oA 0A

—=1v;

oK = Vi ? (17)

where K; (j = 1, 2, 3, 4) is the PI controller gains of RSC as
illustrated in Fig. 2, ¥; and ¢; are the left and right eigenvec-
tors, respectively, for eigenvalue A;. The computed eigenvalue
sensitivities for the studied system are presented in Table 2.
As demonstrated in Table 2, with the use of the FLSMC,
the sensitivities of sub-synchronous mode (11 2) with respect
to PI controller gains of RSC are very small. However, it is
observed that sub-synchronous mode is highly sensitive to the
proportion gains K> and K4 of RSC current tracking control
when conventional SSRDC is adopted.

The participation factor is a measure of the relative par-
ticipation of the kth variable in the ith mode of the system.
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TABLE 2. Sensitivities to Pl controller gains.

: }MI,Z ;L3,4 j~5,6 j-7,8 ;“1,2 j~3,4 }MS,() 17,8
Eigenvalues  provic)  (FLSMC)  (FLSMC)  (FLSMC)  (SSRDC)  (SSRDC)  (SSRDC)  (SSRDC)
% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1
% 0.0021 0.0000 0.0000 0.0000 0.2650 0.0000 0.0000 0.0002
2
% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000
3
aa% 0.0011 0.0000 0.0000 0.0000 0.1864 0.0000 0.0000 0.0015
4
TABLE 3. System modes and participation factors.
j'1,2 j'3,4 }MS,() j'7,8
-4.3£j126.2 -10.6+j625.4 -13.1£j99.2 -0.9+j5.9
d-axis stator current iy, 0.2062 0.1654 0.1896 0.0871
g-axis stator current i, 0.2688 0.2105 0.2678 0.0028
d-axis rotor current i,y 0.2065 0.1588 0.2074 0.1025
q-axis rotor current i, 0.2650 0.1984 0.2803 0.0032
d-axis capacitor voltage u., 0.0058 0.0578 0.0011 0.0000
q-axis capacitor voltage u., 0.0062 0.0624 0.0015 0.0020
d-axis line current i, 0.0045 0.0486 0.0016 0.0051
qg-axis line current 7, 0.0040 0.0465 0.0013 0.0000
rotor speed w, 0.0005 0.0000 0.0012 0.3021
turbine speed w, 0.0000 0.0000 0.0000 0.0653
torque between two masses 7T, 0.0000 0.0000 0.0000 0.3748
dc-link voltage u. 0.0000 0.0002 0.0000 0.0000
PI control gains of RSC K; 0.0000 0.0000 0.0000 0.0000
PI control gains of RSC K, 0.0000 0.0000 0.0000 0.0002
PI control gains of RSC Kj 0.0000 0.0000 0.0000 0.0000
PI control gains of RSC K, 0.0000 0.0000 0.0000 0.0145

The magnitude of the normalized participation factors for
an eigenvalue, i.e. A; is defined as [29]

Pri = OV ix (18)

where py; is the participation factor. Table 3 presents eigen-
values and participation factors under FLSMC at 75% com-
pensation level and 7 m/s wind speed. In the table, larger
participation factors in each column are bolded. From the
table, it is observed that A1 2, A3 4, and A5 ¢ are closely related
to the currents of stator and rotor, i.e., isq, isg, ira, and iy,.
Furthermore, the rotor speed (w, ) and torque between the two
masses (T,) have higher participation in A7 g (shaft mode).
It is also seen that the parameters of PI controller of RSC
have little impact on system modes.

2) EIGENVALUE ANALYSIS

To investigate the effect of wind speed and compensation
level on system stability, eigenvalues at different operat-
ing conditions are shown in Fig. 5. It is observed that
the increase in compensation degrees or the decrease in
wind speeds undermines the stability of DFIG-based WF.

16630

Furthermore, unlike SSRDC, the proposed FLSMC can sta-
bilize the studied system even at low wind speeds and high
compensation levels.

B. ELECTROMAGNETIC TRANSIENT SIMULATION
Simulation model with PSCAD/EMTDC is shown in Fig. 6.

Fig. 6(a) shows the model of control law u; (Sg,), where
corresponding SMC is encapsulated in “SMC” module.
After gd-abc transformation, PWM is employed to generate
GSC driving signals as illustrated in Fig. 6(b) and 6(c).

EMT simulation is performed at 7 m/s wind speed, and
75% compensation level is applied to transmissions att = 1s.
System responses are presented in Fig. 7, including active
power of transmissions and PCC voltage. In Fig. 7, the wave-
forms exhibit the effectiveness of FLSMC and SSRDC in
suppressing SSCI, and FLSMC shows better performance.
It is seen that oscillations due to SSCI are mitigated in less
time under the proposed FLSMC.

As shown in Fig. 8, EMT simulation is repeated at 45%
compensation level and 7 m/s wind speed. It is observed
that SSCI problem is less severe with the decrease in

VOLUME 7, 2019
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FIGURE 7. System responses for 75% series-compensation and 7 m/s FIGURE 8. System responses for 45% series-compensation and 7 m/s
wind speed: (a) PCC voltage; (b) transmission line active power. wind speed: (a) PCC voltage; (b) transmission line active power.

To evaluate the performance of the controllers quantita-

compensation levels. Additionally, the oscillation frequency ) )
tively, three performance indexes are adopted as follows

becomes higher at lower compensation levels. Both observa-
tions are consistent with the conclusion drawn by eigenvalue Pl = sup l|e(r)| (19)
analysis. 1€[0,5im]

VOLUME 7, 2019 16631



IEEE Access

P. Li et al.: Robust Nonlinear Controller Design for Damping of SSCI in DFIG-Based WFs

TABLE 4. Performance indexes.

Cases/Performance index PI, PI, PL;
K:75% V,: 5 m/s SSRDC 0.5424  0.7120  0.0636
FLSMC 0.3201  0.2375 0.0389
K:45% V,: 5 m/s SSRDC 0.2755  0.2295  0.0324
FLSMC 0.1820 0.1026  0.0212
FIGURE 9. Uncertain model expressed in LFT form.
0.8 T T T T -
07 M
2 06—
5 U —_— , Ty — —— = = —
8 \/ / \ |
=05 \ |
\
0.4 | |— Upper bound |
— — Lower bound

930710 20 30 40 50 60
Frequency (Hz)

FIGURE 10. The p-curves of the system with the FLSMC.

SSV analysis toolbox
in MATLAB

Define the uncertain range of varying parameters

Il
v

Recast the system model in LFT (M-A) form

|

Assess the frequency response of M, and calculate the upper
and lower bounds of the SSV

m
v

Compare the SSV analysis results with EMT simulation

FIGURE 11. Procedure of evaluating robust stability.

Lsim
P, = / le (¢)| dt (20)
0

Pl; = 2y

where the sum of the electromechanical torque, d-axis rotor
current, and dc-link voltage is taken as the error signal;
PI; denotes the maximal absolute value of tracking errors dur-
ing the simulation time (%, ); Pl denotes the integral of abso-
lute tracking errors; PI3 denotes the standard deviations of the
tracking errors, N represents the number of observations in
the sample. The performance indexes for different simulated
cases are listed in Table 4. It is observed that, for both cases,
the FLSMC has lower value than the conventional SSRDC,
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FIGURE 12. System responses with +20% variation in Rgs and Ly for
75% series-compensation and 7 m/s wind speed: (a) PCC voltage;

(b) transmission line active power; (c) dc-link voltage; (d)
electromechanical torque.

which demonstrates the superior damping performance of the
proposed controller.

C. ROBUST STABILITY ANALYSIS

Structured singular value (SSV) analysis is carried out to
evaluate the robust stability of the FLSMC under parameter
perturbations. The system model should be transformed into
linear fractional transformation (LFT) form for SSV analysis
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FIGURE 13. System responses with —200% variation in Rys and Ly for
75% series-compensation and 7 m/s wind speed: (a) PCC voltage;

(b) transmission line active power; (c) dc-link voltage;

(d) electromechanical torque.

as shown in Fig. 9, where matrix A includes the set of
uncertainties (=20% in Ry and Lgr). General LFT expression
is as follows

Fu(N.A) =2 = Njy + Nyt A =N A "N (22)

Us

where the term (I — NnA)_1 can cause instability of the
system [30]. The robust stability condition is given by the
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FIGURE 14. Experimental setup.

FIGURE 15. Experimental results: (a) 75% compensational level;
(b) 45% compensational level. (t = 500 ms/div).

structured singular value as

1
M) =
WA = e (A)  detl — MA) = 0, Astructured]
(23)
16633



IEEE Access

P. Li et al.: Robust Nonlinear Controller Design for Damping of SSCI in DFIG-Based WFs

FIGURE 16. Experimental results at 75% compensational level: (a) with
+20% variation in GSC filter inductance and resistance; (b) with —20%
variation in GSC filter inductance and resistance. (t = 500 ms/div).

The system stability is guaranteed when u is less than 1.
Upper and lower bounds of the SSV are computed utilizing
MATLAB as illustrated in Fig. 10. The procedure of evaluat-
ing robust stability in this section is demonstrated in Fig. 11.

Figure 10 shows that all values in SSV curves are smaller
than 1, which demonstrates the robustness of FLSMC. EMT
simulation is performed with +20% variation in GSC filter
inductance (Lgr) and GSC filter resistance (Rgr). As illus-
trated in Figs. 12 and 13, parameter perturbation reduces
the effectiveness of SSRDC. On the other hand, the effec-
tiveness of the proposed FLSMC in damping SSCI is not
much affected by parameter perturbation. This observation
validates the SSV analysis.

D. EXPERIMENTAL TEST

As illustrated in Fig. 14, experimental tests are carried out
in a 1.5-kW DFIG prototype, and a DC machine is utilized
to drive the DFIG. Sensors are connected to the computer
via a 1716 Data Acquisition Card. A dSPACEDS 1103 DSP
(Texas Instruments) board is used to control GSC and RSC.
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A TMS320F2812 DSP (Texas Instruments) serves as the
microprocessor which generates the control signal for the
DFIG. The common dc-link voltage is controlled at 80 V.
Experimental tests are performed at compensational level
of 75% and 45% respectively, as shown in Fig. 15. Wave-
forms of active power of transmission line and dc-link voltage
demonstrate that the designed FLSMC not only provides
desired SSCI damping but mitigates fluctuation of dc-link
voltage as well. Furthermore, it is observed from Fig. 15(b)
that transient SSCI problem is less severe compared with
Fig. 15(a). These observations validate eigenvalue analysis
and EMT simulation.

There is a certain degree of DFIG parameter deviation dur-
ing grid faults. To emulate the condition of the actual DFIG
parameter deviation in real time control, the DFIG parameters
(Lgr and Rgr) used in the control laws are varied, but the
actual DFIG parameters (L gf and R gf) are unchanged [31],
ie, Ly = (1£0.2) L;f and Ryy = (14£0.2) sz. The
experimental results are illustrated in Fig. 16. It is seen that
the proposed FLSMC improves the robustness properties of
DFIG under parameter perturbations, which is consistent with
the simulation results.

V. CONCLUSION

To overcome the limitations of conventional linear meth-
ods, a combined control scheme integrating sliding mode
control (SMC) and feedback linearization control (FLC)
is proposed to mitigate sub-synchronous control interac-
tion (SSCI) in DFIG-based wind farms. FLC enables the
controlled system to be independent of pre-specified oper-
ations, and SMC is employed to enhance the insensitive-
ness to parameter perturbation. To evaluate the performance
of the designed feedback-linearized sliding mode con-
troller (FLSMC), small- signal stability analysis and elec-
tromagnetic transient simulation are performed at varied
operating conditions. The designed FLSMC is observed to
demonstrate effectiveness in SSCI mitigation and robustness
against parameter uncertainties. Experimental results validate
the veracity of the simulation results.

APPENDIX
A. SYSTEM AND CONTROLLER PARAMETERS
See Table 5 and 6.

B. STABILITY OF INTERNAL DYNAMICS

To ensure the stability of the studied system, z qAb (x) should
satisfy the following conditions
Ly (x) =0
g1 (%) (A1)
Lergp (x) =0
Therefore, we select
¢ () =

Z
[23 24 25 26 27 28 29 Z10 211 212 213 214]T
[%

T
3 lrg Ird lsq Isd Iq ld Uscq Uscd @m O V]
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TABLE 5. System parameters.

Parameter Value
Turbine inertia constant H,/p.u. 2.5
Generator inertia constant H,/p.u. 0.5
Turbine damping coefficient D,/p.u. 2.5
Generator damping coefficient D,/p.u. 0.5
Stiffness coefficient K,/p.u. 0.15
Stator leakage resistance Ry/p.u. 0.0084
Stator leakage inductance L,/p.u. 0.167
DC-link capacitance Cy/mF 10
GSC filter resistance Ry/p.u. 0.0015
GSC filter inductance Lg/p.u. 0.15
RSC filter resistance R,/p.u. 0.0083
RSC filter inductance L,/p.u. 0.1323
Transformer inductance L,/p.u. 0.0005
Transmission line resistance R;/p.u. 0.02
Transmission line resistance L;/p.u. 0.0016
Compensator capacitance C,./mF 10
Nominal voltage (line to line) V;.,/V 690
TABLE 6. Controller parameters.
Parameter Value Parameter Value
K, 0.0001 T 0.0500
K, 0.0000 T, 0.0050
K; 0.0001 T 0.0250
Ky 0.0001 Ty 0.0025
Ks 0.1000 Ts 0.0500
Ks 1 Ts 100
K; 0.1000 T; 0.0500
Ks 1 Ts 100
K, 30
where Z3 is expressed as
A 1 2 1 2 1 2
3 = ELgflgq + ngflgd + ECdC”dc (A2)
Since 71 = 7o = 0 at steady state, z3 is written as
. RS
& = 5 Lgfigq (A3)

The dynamics of z3 is obtained

d, © o . . Rer . Ugd
Sy = L (V) = Lepiga (01igg — ~Ligg — 22 ) (A%)
dr Lgr -
Considering ugg = 0 and Z| = iy = 0, following expression
is derived

d
—%3 = —Ryi2y (A5)
dr 8

Based on (A3), (A4), and (AS5), the simplified dynamics of
Z3 is expressed as

—3=——"23 (A6)

Equation (A6) indicates a stable system, and dynamics of
remaining states are obtained

d. .
—Zi=Lrp (x) = 0;

[ =4,5,.., 14 A7
" i (AT)
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Therefore, the feedback linearization method is imple-
mentable to the studied system.

C. EXPRESSION OF g (x) AND f (x)

B Uge [ Legf 0
0 udc/Lgf
_igq/Cdc _igd/cdc
0 0
0 0
0 0
0 0
g§x) = 0 0
0 0
0 0
0 0
0 0
0 0
_ . Ry | Hoq -
T®@llgd log = 7
Lgf Lgf
. Rer Ugd
Wllgq led = 7
L Lgr
idc/cdc
R u
Olig — _rfirq _ "
Ly Lyy
. er . Urd
—W1lyg — 7 ld — 57—
Lyf Lyy
. R; . Usq
—w1lgq + L_Slsq + L_s
. R Usd
fx = W1lsg + L_slsd + LL
A )
. R, 1
—01ld + P + I (g — ttscq — €q)
ot i L )
wil —1 — (Ug — U — €
1lg L d L d scd d
—W1Used T iq/csc
W1Uscq + iq/Csc
(Tye — Ksy — Dywyy) [2H;
(Ksy — T — Dywy) /2H,
2rf (a)m - a)r/Ng)
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