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This paper describes a speed control device for generating electrical energy
on an electricity network based on the doubly fed induction generator
(DFIG) used for wind power conversion systems. At first, a double-fed
induction generator model was constructed. A control law is formulated to
govern the flow of energy between the stator of a DFIG and the energy
network using three types of controllers: proportional integral (Pl), sliding
mode controller (SMC) and second order sliding mode controller (SOSMC).
Their different results in terms of power reference tracking, reaction to
unexpected speed fluctuations, sensitivity to perturbations, and resilience
against machine parameter alterations are compared. MATLAB/Simulink
was used to conduct the simulations for the preceding study. Multiple
simulations have shown very satisfying results, and the investigations
demonstrate the efficacy and power-enhancing capabilities of the suggested
control system.

controller
Sliding mode controller
Wind turbine

This is an open access article under the CC BY-SA license.

©00

Corresponding Author:

Hafida Bekouche

Department of Electrical Engineering, National School of Polytechnics Oran (ENPO)
Simulation, Commande, Analyse et Maintenance des Résaux Electriques (SCAMRE) Laboratory
Oran, Algeria

Email: hafidabekouche2@gmail.com

1. INTRODUCTION

Recently, the field of wind energy technology has garnered significant attention from both the
scientific community and industry, leading to a substantial body of scientific work within this timeframe. The
wind turbine systems (WTS) that utilize a doubly fed induction generator (DFIG) and operate at variable
speeds are notably prevalent in terrestrial wind farms [1]. Distinct from other generators employed in variable
speed WTS, the rotor-side converter in the DFIG is specifically engineered to handle only 30% of the total
rated power.

This aspect stands as the principal advantage of employing a DFIG, effectively leading to a
reduction in the cost associated with the converter [2]. Despite the DFIG presenting numerous advantages,
the complexity of its multivariable control system design poses significant challenges. The literature is
replete with various control schemes for DFIG across different applications within the power system. Among
these, the sliding mode control (SMC) strategy has emerged as the foremost choice in recent times for the
robust regulation of nonlinear dynamic systems. A series of studies focusing on the SMC application for
DFIG underscores its popularity [3]-[5] Nonetheless, a notable limitation of this control strategy is the
chatter phenomenon, which arises due to the control's intermittent nature. To address this limitation, various
enhancements to the conventional control methodology have been introduced, with the boundary layer
technique standing out as particularly noteworthy [6]-[8].
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This study focuses on managing the transfer of electrical power between the stator of the DFIG and the
electrical grid, facilitating independent control over both active and reactive power. The management of these
power types, active and reactive, is executed utilizing proportional-integral (PI), sliding mode control (SMC),
and second order sliding mode control (SOSMC) approaches. The performance of these strategies is
evaluated in terms of their ability to accurately follow reference signals, their resilience to perturbations, and
their general reliability.

2. MODEL OF DFIG

The mathematical formulation of DFIG closely resembles that of a conventional induction motor,
with the key difference being the inclusion of a non-zero voltage across the rotor. Park transformation
framework of DFIG is widely referenced in academic literature [8]-[10]. The principal equations governing
the stator and rotor dynamics of DFIG within the Park coordinate system are outlined as (1).

d
Vds = Rslds + _l,[)ds - wsqu
[ gt (wds = Loy + My,
Vqs = RSIqS + alpqs + Wty 41,0,15 = leqs + MIqT Q)
Var = Ryl + %lpdr - a)rl,[)qr Var = Lelay + Mlys

d \gr = Lylgr + Ml
Vqr = RrIqr + al/)qr + wrll)dr

These equations encompass voltages (Vyy, Vyr, Vs, and V), currents (Igy, I4y, Igs, and 1), and flux linkages
(Yar» Yar» Yas, and ;) associated with both the rotor and stator. R, and R, denote the resistance of the
rotor and stator windings, respectively, whereas L, and L, are inductances of the rotor and stator, with M
signifying inductance between two coils.

Additionally, the relationship linking the stator and rotor electrical frequencies to mechanical speed
is expressed by: ws = wr + w. In this equation, w, and w, denote the electrical frequencies of the rotor and
stator, respectively, while o represents the mechanical frequency.

an
Com=Cr+]-S+F -0 @)

Electromagnetic torque, Cen, can be articulated as (1).

Com = %np 1\'2 (Il}qsldr - 1/)dslqr) (3)

Ls
In this context, C, denotes load torque, Q signifies rotational speed of mechanical rotor, F, represents
coefficient of viscous friction, n, is count of pole pairs, and J indicates moment of inertia. For the stator, the
definitions of reactive and active power are given as (4).

3
{Ps =3 (asVas + [quqs) @)

3
Qs = E(Idqus - Iquds)
Using a Park reference frame oriented along the stator flux enables independent control of stator's

active and reactive power. Aligning d-axis with the stator flux vector and taking into account (1), while
disregarding Rs, leads to the derivation of the formula:

l/)qs =0 and Pgs = Py (5)
Vs = wsy
qs s¥s
- (6)
s M
lys = If_s - L_Sldr
By ™)
Iqs - _L_Slqr

Using (6) and (7), the following expression may be derived for (4):
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_ 3 wsPsM
Pe=— L Iqr

2
Q - _ 3 (wsll’sM] _ WsPs
s 2 Lg dr Lg

©
)

Therefore, the formulation for the electromagnetic torque can be expressed in the subsequent manner:

3 M
Com = — Enp Zlquabds (9)

3. CONTROLLERS SYNTHESIS

This segment of the study embarks on a comparative analysis of DFIG performance when regulated
by Pl, SMC, and SOSMC. A diagrammatic depiction of the control system, as showcased in Figure 1, is
based on the relationships outlined in (7) and (8). The elements denoted as R,, R,, R3, and R, are associated
with the controllers for rotor currents and stator power, respectively.

v gw,p M
R, L,
L, v
*@" Ri wpM [T Re _’@—’ > P,
A
Ps 0 lg g (L, —M?/L)
o Vs DFIG
R, Model
lay —— g (L, - M*/L )

L,
Qm»@» Rs ‘b@* » qD\.M R4 —>®—> > Qs
Qs

Figure 1. Power control of the DFIG

3.1. PI regulator synthesis

The setup of the PI controller is noted for its simplicity in implementation. The variables k; and k,
signify the integral and proportional gains, correspondingly. The controlled transfer function is denoted as
B/A, with A and B being defined by (10).

2
A= LR, + Ly.p(Ly — =) and B = Mayi; (10)

The parameters for the regulator are established through a pole compensation strategy [11]. The
response time for the regulated system is designed to be 10 milliseconds, deemed adequate for the intended
application, as a shorter duration may lead to transients with significant overshoot. The derived values are
presented as (11):

M2
Ls(Lr=72)

wsPsM

LsRy
wsPsM

k; = 1000 ,and k,, = 1000 (11)

It is pertinent to mention that alternative methodologies exist for calculating a standard Pl regulator, yet pole
compensation offers a straightforward application via a first-order transfer function, making it apt for
comparative analyses in this context.
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3.2. Sliding mode controller

SMC emerges as a formidable nonlinear control mechanism, lauded for bestowing an invariance
property against uncertainties on system dynamics, making it exceedingly resilient [12]-[14]. The
quintessence of SMC lies in its capacity to direct system errors towards a predefined switching surface. A
process decomposed into three integral components as depicted in Figure 2.

X(ty)  Reaching

: Phase
'\ >

o

Sliding _-W¥"
Surface

Sliding phase X1

Figure 2. Phase portrait of sliding mode control

3.2.1. Choice of switching surface
The construction of a control system tailored for nonlinear systems, outlined in canonical form, is
explicated in (12) [15].

{ X =B(x, OV(x,t) + f(x,t) (12)

V eRm,xe Rn,ran(B(x,t)) = m

Here: B(x,t); f(x,t) denote two continuous, albeit unknown, nonlinear functions presumed to be bounded.
To ascertain sliding surface, the framework introduced by studies [16], [17] is employed.

S(X)=(%+/1)n_1e; e=x"—x (13)

e,A,n, x*, and x" representing error in signal to be corrected, a positive scalar, the system's order, the target
signal, and the control signal's state variable, respectively.

3.2.2. Convergence condition
The convergence criterion towards the sliding surface is determined by the Lyapunov stability
theorem [18]. The theorem guarantees the surface's attractiveness and invariance.

S$<0 (14)

3.2.3. Calculation of control
The control strategy is delineated in (15) [12].

yeom = yeq 4 yn (15)

In (15), V®9, Ve™ and V" signify the equivalent control vector, the composite control vector, and the corrective
factor, respectively. These components must be computed to fulfill the stability prerequisites of the chosen
control approach.

V" = Ksat(S(X)/6) (16)

sign(S) if |IS|> 6

s/s iflsl<é8 (17)

sat(S(X)/6) = {

The function, sat((S(x)/&) introduces a saturation function, with & indicating boundary layer's thickness:

Discrepancy among actual and reference stator powers is designated as the sliding mode surface, leading to

the development of the (18):
Sq = Ps—ref —F

18

{Sq = Qs—ref — Qs (18)
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Differentiation of (18) provides:

{$d = Poorer = By (19)
Sq = Qg—rer — Qs

By incorporating the power expressions from (8) into (19), the resultant equation is obtained.

. , wsPsM ;
Sq = Po_rer — SL: Iqr

20)
. . M, 2 (
Sq:Qs—ref"’msiS I r_%

The control vector components, Vg, and V., are pivotal in guiding the system's convergence
towards the targeted state. The computation of the control vector V., is achieved by imposing Sy, = 0
ensuring equivalence of control elements, as specified by (21).

eq _ Ls » _ M2 gosPsM | Ls(Vi-wiyd)
qu T wsWsM Ps_ref + errq (Lr Ls )gmslrd + Ls + wsWsMRg
eq LS(Lr—l\S—SZ) . M2 (Lr‘l\:_:)lps
d — wshsM Qs—ref T Rilpq — (Lr - L_S)gwsqu + M (21)

For enhanced performance in terms of surface dynamics and commutation, the control vector is defined
according to the following specification [8]:
Vi = K, - sign(S,
rz 1 g ( d) (22)
ra = K2 - sign(S,)

The presence of sliding mode depends on meeting specific criteria: S - S < 0

3.3. Second order sliding mode controller (SOSMC)

SOSMC is a sophisticated control strategy renowned for its robustness against system perturbations
and uncertainties. Despite the efficacy of SMC, its direct implementation can induce chatter, a phenomenon
with potentially detrimental effects on control actuators and the introduction of undesired dynamics. SOSMC
methodology addresses these issues by extending the conventional sliding mode principle to the higher-order
derivatives of sliding manifold [19], rather than focusing solely on initial derivative as in traditional SMC.
This modification significantly diminishes chatter, preserving the intrinsic benefits of SMC.

SOSMC framework guarantees the alignment of active and reactive powers with their respective
reference values. Extensive investigations have explored diverse SOSMC algorithms, particularly
emphasizing output feedback [20]-[23]. Derived from the established sliding mode surface (20), the
following expressions can be inferred:

wsPsM I
) & (23)
Sa =Y1(t,x) + A (L, X)Iqr

Sd = l.:'s—ref -

and

wsPsM I _ ws'~|’sz
s dr

Sq = Qs—ref + L Ls (24)
gq =Y,(t,x) + Ay (6, )1gr

Within this context, Y; (¢, x), Y, (¢, x), A, (t, x) and A, (t, x) are uncertain variables that fulfill:

{Y1> 0,1 >20<K,, <A < Ky (25)

Y, > 0,15 >A40< K, <A, < Ky

The suggested high order (SMC) is based on the super twisting algorithm published by Levant in [24] and
consists of two components [25]:
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Vr-q = 171 + 172 (26)
with

V1 = —k, - sign(S,)

v, = =1 |S]|" - sign(Sy)

Vig =w; +w, (27)
with

Wy = —k; - sign(s,)
wy, =—I- |Sq|y - sign(Sq)

The super twisting algorithm, a fundamental component of the proposed high order sliding mode control
strategy, as elucidated by Levant. The decomposition into two key components, further elaborating the
control mechanism's operational dynamics.

A

Kmi

12> Ky (ki + ;) 42
b KniC — ) Ky
0<y< 05

k; >

i=12

4.  RESULTS AND DISCUSSION

The examination segment delves into simulations conducted on a 1.5 MW generator integrated into
a 398 V/50 Hz electrical network. To assess the efficacy of the three controller designs: Pl, SMC, and
SOSMC. The investigation encompasses a trio of tests: tracking performance, sensitivity to speed variations,
and adaptability to changes in machine parameters.

4.1. Tracking test

This evaluation emphasizes the fundamental tracking performance of the PI and SMC controllers via
simulation, as depicted in Figure 3. The illustration demonstrates that both controllers closely follow their
designated active and reactive power references. However, it is notable that the PI controller exhibits a
discernible lag in its response relative to SMC, showcasing latter's superior performance in this test.

The harmonic spectrum of the stator current for each controller, derived via FFT, is represented in
Figure 4. Comparative analysis reveals that the total harmonic distortion (THD) values for Pl and SMC
controllers are 2.01% and 2.09% respectively, as shown in Figures 4(a) and 4(b). Whereas the SOSMC
features a reduced THD of 1.9% in Figure 4(c), highlighting SOSMC as the most effective strategy for
mitigating chatter issues. Despite the advancements with SOSMC, the torque THD remains relatively high, a
consequence attributed to the necessity of dual power converters; a notable drawback of DFIG configuration.
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Figure 3. Reference tracking test
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Figure 4. Harmonic spectrum of single-phase stator current for (a) PI, (b) SMC, and (c) SOSMC

4.2. Speed variation

sensitivity test

This particular test aims to evaluate the effect of changes in DFIG speed on the active and reactive
power outputs. Speed adjustment was simulated at time = 0.05s, transitioning from 150 to 170 rad/s. Results
depicted in Figure 5 demonstrate that such a speed alteration induced significant oscillations in the power
curves when employing a fuzzy logic controller (FLC). Conversely, the impact on the system controlled by
an SMC was considerably less pronounced. Remarkably, SMC showcased almost impeccable rejection of
speed disturbances, with only minor power fluctuations (under 3%) observed. This characteristic is
particularly advantageous for wind power applications, ensuring the stability and quality of electricity
generation amidst wind speed variations.
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Figure 5. Speed variation sensitivity analysis

0.09 0.1

Time (<)

Int J Elec & Comp Eng, Vol. 14, No. 3, June 2024: 2562-2570



IntJ Elec & Comp Eng ISSN: 2088-8708 O 2569

4.3. Robustness

In the robustness assessment, variations were introduced to the machine parameters. Specifically,
the resistances of the stator and rotor (Rs and Rr) were doubled, while the inductances (Ls, Lr, and M) were
halved. These adjustments were made while keeping the equipment operating under standard conditions. The
outcomes, presented in Figure 6, indicate that changes in DFIG parameters significantly affect the power
curves. The impact was more pronounced for systems controlled by FLC compared to those managed by
SMC controllers, underscoring the superior resilience of the latter.
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Figure 6. Impact of variations in machine parameters on DFIG control

5. CONCLUSION

In this research, we introduce an innovative robust control approach utilizing variable-speed wind
turbine (VST) in conjunction with a doubly-fed induction generator (DFIG). The study unfolds in three
pivotal phases, beginning with an analytical exploration of the vector-controlled matrix converter. Following
this, a vector control (VC) strategy is implemented to separate the magnetic flux from the electromagnetic
torque, allowing the DFIG to function similarly to a DC motor. The study reaches its apex by controlling the
stator's active and reactive power outputs, achieved through the development and comparative evaluation of
four different controller modalities. The simulations underscore the SOSMC's exceptional ability to
counteract variations in system parameters and loads, ensuring precise speed control throughout fluctuating
conditions without leading to overshoot, thereby achieving decoupling, stability, and balance. When
contrasted with other SMC techniques, the SOSMC stands out, particularly for its efficacy in curbing
chattering phenomena. Although torque levels are subject to high-frequency oscillations due to the inverter's
inherent characteristics and the control's variable structure, the adoption of a second-order sliding mode and
elevated modulation index markedly reduces these fluctuations. Furthermore, this control methodology is
distinguished by its ease of implementation through software programming, offering a practical and effective
solution for enhancing DFIG system robustness and functionality.
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