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Abstract. The paper presents a novel robust direct power control scheme for controlling the stator active and
reactive power for a grid-connected doubly-fed induction generator (DFIG) using a second order continuous
sliding mode (SOCSM) and a space-vector modulation (SVM). Conventional direct-power control (C-DPC) with
hysteresis controllers has significant active and reactive ripples at a steady-state operation and also the switching
frequency varies a wide range. The proposed DPC technique based on a second order continuous sliding-mode
control reduces the current and torque ripples. Besides, the proposed control scheme is simple to implementation
as it does not require the current control loops and transformation coordination’s. Simulation results of the
proposed controller (SOCSM) and (C-DPC) scheme are compared for various step changes in the active/reactive
power. The impact of the machine-parameter variations on the system performance is investigated. Simulation
results show the effectiveness of the proposed direct torque control strategy comparatively to the C-DPC one.

Keywords: wind energy; doubly fed-induction generator (DFIG); direct-power control; second-order continuous

sliding mode.

Neposreden nadzor moci z uporabo stalnega drsnega
nacina drugega reda pri dvojno napajanem asinhronskem
generatorju v vetrnih elektrarnah

V ¢lanku smo predstavili novo, neposredno mocnostno
krmilno shemo za regulacijo delovne in jalove mo¢i pri dvojno
napajanem asinhronskem generatorju pri stalnem drsnem
na¢inu drugega reda in uporabo prostorsko-vektorske
modulacije. Konvencionalen neposreden nadzor moc¢i s
histerezno regulacijo ima znatna nihanja v stacionarnem
delovanju in spremembe frekvence v Sirokem podrodju.
Predlagana metoda na osnovi stalnega drsnega nacina drugega
reda zmanjSuje spremembe pri toku in navoru. Predlagana
metoda je preprosta za izvedbo, saj ne zahteva tokovnih
krmilnih zank in transformacij koordinat. Primerjali smo
rezultate simulacij pri razlicnih korakih delovne in jalove
moci. Analizirali smo vpliv sprememb parametrov generatorja
na zmogljivost sistema. Rezultati simulacij potrjujejo
uc¢inkovitost predlagane metode.

1 INTRODUCTION

Wind energy is one of the clean and renewable
sources of energy existing in the world. Generally, it has
a little direct effect on the environment, as there are no
greenhouse-gas or heat emissions or other pollutants. In
the last years, a doubly-fed induction generator (DFIG)
is most used in the wind-turbine system (WTYS)
applications [1].

The major advantage of some DFIG is that the power
converter has to carry around 30 % of the total power,
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so the means size and cost of the converter will be less
[2].

Types of the control-strategy behavior of the DFIG-
based WTS have been studied [3]. Currently, the
conventional scheme control of DFIG through the
vector stator-flux-oriented or stator-voltage-oriented
vector control is most widely adopted [4, 5]. In this
control scheme, decoupling between the d-axis and g-
axis current is achieved with a feed-forward
compensation, making the DFIG model simples and
enabling the use of the PI controllers. Nevertheless, this
control structure strongly depends on machine
parameters. It uses multiple loops and requires much
control-effort to guarantee the structure stability over
the total velocity range [6].

To solve the problems of the vector control, DPC
control algorithms of DFIGs are discussed in [7, 8]. The
C-DPC method can directly control the stator active and
reactive powers by using a lookup- Table and hysteresis
controllers. However, it has some disadvantages, such
as high active-and reactive-power ripples and a variable
switching frequency. Using the SVM scheme [9] is
interesting for many researchers for its reducing these
undesirable effects. Nevertheless, the robustness is low
due to the linear control [10- 11].

Some solutions to the problem of the rotor losses with
the sliding-mode direct-power control technique used in
the induction generator are proposed in [12,13]. In [14],
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the researchers use a DPC technique with a second-
order sliding mode (SOSM) for controlling the
induction generator.

A recent trend, the SOSMs control scheme
encompasses all the properties of SMC that affect the
second-order time derivatives of the structure system
and attenuate the chattering phenomenon, thus reducing
mechanical stresses in the system.

This paper presents the fundamental aspects of
SOCSM-DPC and pertinent simulation results for a
DFIG drive. The proposed strategy is compared with C-
DPC. Our original contribution to solving the problem
is application of the proposed strategy to control the
active and reactive power of DFIG drives supplied by a
pulse-width  modulation  (PWM) inverter. The
simulation results prove that SOCSM-DPC has a very
robust behavior, like a conventional SMC, and it works
with no steady-state chattering. This represents a novel
robust and ripple-free DPC method for the DFIG drives
control.

2 MODEL OF DFIG

A schematic diagram of the DFIG-based wind-energy
generation model is shown in Figure 1 [15].

The model consists of a wind turbine, gearbox and
DFIG. Self-commutated IGBT-based two bi-directional
voltage-source converters sharing a common dc link are
connected between the rotor and stator windings of the
DFIG, while the stator winding is directly connected to
grid.

A model of the DFIG is presented in literature [16,
17] (Figure 1). In the Park reference frame, the stator
and rotor voltage equations of the generator are given as
follows:

d

Vs =Rslgs ""al//ds —WsYqs
d

Vgs =Rslgs +al//qs + sy gs )

d
Var =R lgr ""a‘/’dr —WrYgr

d
Var =R lgr +a‘//qr T oryqr

Where;

-Vus, Vas, las, los, Wgsand o are the voltages, currents
and fluxes, respectively, in a two-phase rotor circuit.
-Var, Var, lar, lar, ¥g.and o, are the voltages, currents
and fluxes, resectively, in a two-phase rotor circuit.
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Figure 1. Configuration of the wind energy conversion system
based on DFIG.

Was = Lslgs + Mlgr
Ygs = Lslgs + Mlgr
Var = Lrlgr +Mlgg
Yor = Lelgr +Migg

@

Where Lg, L, and M are the stator, rotor and mutual
inductances, respectively. Then Ly = L;; + M and L, =
L, + M, Li; and L, are the leakage inductances of the
stator and rotor; w, w,. are the electrical stator and rotor
angular speed, according to wy = wy —w,, the slip
angular speed of DFIG.

The electromagnetic torque in the mechanical
equation of DFIG is defined as follows:

Cem:Cr+J-c:j—?+f~Q @)

Cr is the load torque, ©Q is the mechanical rotor speed, J
is the inertia, f is the viscous-friction coefficient and p is
the number of pole pairs.

The electromagnetic torque Cem can be expressed as:

3 M
Cem=7P—(Wgslar —Waslgr) 4)
2 L

According to the active-and reactive-power theory,
which is useful in controlling of the power DFIG
systems stator-side power components P,, Q. can be
estimated as:

3
Ps = E(Vdslds +Vgslgs)

3
Qs =§(Vqs|ds _Vdslqs)

®)

In this part, we use a synchronous reference frame of
the stator active and reactive power by following the
state formula when axis d is aligned with the stator-flux
vector (Figure 2) [18].
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Figure 2. Field-oriented control technique.

By considering the stator resistance, Rs is ignored,
hence, we can write.

Was =Ws and Wos =0 (6)
Vgs =0 ;
Vgs = 05 0
Ids —_Mldr +

Ls Ls

M ©)
s == Nar

Based on (6), (7), and (8), the instantaneous powers of
the stator can be given as:

__Ews‘//sM I
s 2—Ls qr
2 ©)
0 :_E wsWle _ WsWs
S 2 Ls dr Ls

The electromagnetic torque can then be expressed by:

3 M
Cem =—E prs Iqr‘Vds (10)

3 DIRECT-POWER CONTROL OF DFIG

Using the conventional sliding mode control SMC
provides many advantages, such as high robustness and
easy implementation. Nevertheless, in this control
strategy, the first time derivative directly affects modes
the sliding manifold discontinuous.

The major problem of the classical sliding-mode
control is the chattering phenomenon caused by the
control switching, which may have undesirable effects
on the machine, such as overheating of the windings,
torque pulsation, current harmonics, acoustic noise, etc.
[19].

Many researchers have taken an effort to avoid these
drawbacks. The basic idea is to stabilize the dynamics in
the small interval in a discontinuous surface without
changing the essential characteristics of the whole
system. A higher-order sliding-mode HOSM is one of
the most efficient methods to overcome these problems.
This approach generalizes the essential mode idea that
acts on the higher-order time derivatives of the sliding
manifold, instead of acting on the first deviation
derivative as it happens in conventional (first order)
sliding modes [20]. The major properties of the ordinary
technique and high control accuracy are presented in
[10, 11]. In this way, the chattering phenomenon can be
totally attenuated in theory.

The handicap of  the HOSM-algorithm
implementations is the need of much information, for

example the knowledge of s,s.....s™D is required to
an nth-order controller.

Among all the algorithms proposed for HOSM, the
super twisting algorithm is an exception; it requires only
information about the sliding surface [19].
Consequently, this algorithm is used for the proposed
control strategy. As in [20], with this algorithm, the
stability can be justified for all SOSM controllers.

Using a second-order continuous sliding-mode
control is well suitable because of its characteristics,
such as robustness under uncertainties. It can also
decrease chattering and provides better transient
features than some other high-order sliding mode [21].

The proposed control law applied in this paper can be
expressed as [22]:

u(t)=—1y|s|™ sgn(s )----—ln‘s(”—l) " sgn(s™Dy-v (11)

where v is defined by (11)-(12) and scalars ai, as,..., an
satisfy (13). In addition, I3, I5,..., I, are the scalar
coefficients defined such that the n®-order polynomial
p+lnp™ 4.+ Ip+ly is Hurwitz.

1/2

v(t)=k-|S|" “sgn(S)+v(t) (12)
vy(t)=a-sgn(s) (13)
aFF%,i:z,...,n (14)

with an+1 =1 and an = a.

3.1. SOCSM-DPC of the DFIG

SOCSM-DPC consists of describing the method in
which the controls of the active and reactive power of
DFIG are directly controlled without an intermediate
step of using current controllers as in the field-oriented
control. In C-DPC, the stator active power is controlled
by direct axis voltage Vqr, while the reactive power is
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controlled by the quadrature axis voltage V.

The proposed SOCSM-DPC strategy designed to
control the active and reactive power of the DFIG
system is illustrated in Figure 3.

The second-order continuous sliding mode active-and
reactive-power controllers are designed to change the d
and g-axis voltages (Var* and Vg *), respectively, as in
(15) and (16).

Vo™ =—hafS s ™ sign(S )k -sionls | + [c-sign(s ) (15)

Vor =—I1‘qu‘alsign(sqs )—kz ~sign‘5q5‘1/2 +Ja~sign(8q5) (16)

Where stator active-power error Sps = Ps*-Ps and stator
reactive-power error Sgs = Qs*- Qs are the sliding
variables, and constant gains k1 and k2 verify the
stability conditions.

3.2. Stability and gain choice of SOCSM-DPC

A dynamic system with input u, position x and output
y may be given as follows.

WX a(x.t) +b(x u,

dt (17)

y=c(xt)
The main problem of the control is to determine input
function u = f(y, y ) whereas it can drive the system

trajectories to the initial point y =Y = 0 of the phase
plane in a limited time. Frame input u is defined as a
new state variable and the switching control is applied
to its time derivativeU . Output y is controlled by an
SOCSM controller with sliding variable S = y* - y.
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This type of the control does not use the derivative of
the sliding variable. As in by (15) and (16), the adequate
condition for convergence to the sliding surface and for
stability that the gains are large enough [14].

k1>m, ky ZMM (18)
Bn Bmz Brn(K1~Aw)

where Ay >|A and By, >B>B,are the superior and

inferior bounds of A and B, respectively, in the second
derivative of y.

d2y

i A(X,t) + B(x,t)z—l: (19)

4 SIMULATION RESULTS

Simulations are carried out with a 1.5 MW DFIG
operating in to a 398 V/50 Hz grid by using the
Matlab/Simulink environment. Parameters of the
machine are given in Table. Both control strategies, C-
DPC and SOCSM-DPC, are simulated and compared in
terms of reference tracking, stator-current harmonic
distortions and robustness against the machine-
parameter variations.

4.1. Reference tracking test

The aim of this test is to verify the performance of the
proposed strategy when the DFIG speed is considered
constant at its nominal value. The simulated results are

Stator Side
Converter
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Figure 3. Schematic diagram of DFIG-based SOCSM-DPC.
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shown in figures 4 to 6. As presented by Figures 4 and
5, both controllers track correctly their reference steps
and there is no static error. Furthermore, SOCSM-DPC
ensures decoupling between the two axes contrary to C-
DPC. Further tests are shown in Figure 6 demonstrating
the total harmonic distortions (THD) of the stator
current of the generator by using the Fast Fourier
Transform (FFT) method for both DPC control
schemes. As clearly seen, the SOCSM-DPC control
reduces THD down to 58.45% compared to C-DPC
where THD is 77.71% by alleviating the chattering
phenomenon.
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Figure 4. C-DPC strategy responses (reference tracking test).
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Figure 5. SOCSM-DPC strategy responses (reference tracking
test).

4.2. Robustness test

The robustness of the proposed DPC-based SOSM
control algorithm for a machine running at its nominal
speed is analyzed for the variable machine parameters.
Variations in the values of the stator and rotor
resistances and in the values of inductances are taken
into account for checking the robustness of the control
scheme in the simulation. For this reason, the values of
resistances Rs and R, are doubled and the values of
inductances Ls, L, and M are divided by 2. Simulation
results are shown in figures 7 to 9. As seen from these
figures, there are hardly any differences between such
high parameter variation values of DFIG for the
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proposed SOSM-DPC scheme, contrary to the C-DPC
strategy where the time response increases slightly.
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5 CONCLUSION

The paper proposes an SOCSM DPC scheme for a grid-
connected DFIG system. The scheme is implemented on
a 1. 5 MW wind-turbine DFIG system. Simulation
results show an enhanced transient response and
reduced chattering in the controlled quantity by using
the proposed controller as compared to C-DPC. The
results also prove robustness parameter variations of the
machine. SOCSM-DPC based on the obtained results, it
can be concluded that the robust control method can be
a very attractive solution for devices using DFIG, such
as wind-energy conversion systems.

Table 1. The DFIG parameters.

Parameters Rated Value Unity
Nominal power 15 MwW
Stator frequency 50 Hz
Number of pairs 2 /
Stator resistance 0.012 Q
Rotor resistance 0.021 Q
Stator inductance 0.0136 H
Rotor inductance 0.0136 H
Mutual inductance 0.0135 H

Inertia 1000 Kg.m?2

Viscous friction 0.0024 Nm/sV
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