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Abstract: The paper presents a super-twisting sliding mode (STSM) regulator with neural
networks (NN) of direct power command (DPC) for controlling the active/reactive power
of a doubly-fed induction generator (DFIG) using a two-level space vector pulse width
modulation (2L-SVPWM). Traditional DPC strategy with proportional-integral (PI)
controllers (DPC-PI) has significantly more active/reactive power ripples, electromagnetic
torque ripple, and harmonic distortion (THD) of voltages. The proposed DPC strategy
based on a neural super-twisting sliding mode controller (NSTSM) minimizes the THD of
stator/rotor voltage, reactive/active power ripple, rotor/stator current, and torque ripples.
Also, the DPC method with NSTSM controllers (DPC-NSTSM) is a simple algorithm
compared to the vector control method. Both methods are developed and programmed in
Matlab on a 1.5MW DFIG-based wind turbines. The simulation studies of the DPC
technique with the NSTM algorithm have been performed, and the results of these studies
are presented and discussed.

Keywords: STSM, NN, DPC, PI, DFIG, NSTSM, 2L-SVPWM, DPC-NSTSM, THD,

DPC-PI.

1 Introduction

OUBLY fed induction generator (DFIG) is one of

the most generators for generating electric
energy [1]. The control of this machine has recently
become a major concern for researchers [2]. The DFIG
is fed by two converters, one of them is from the
generator side and it is called RSC, and the other side of
the electrical network is called GSC [3]. The advantages
of the DFIG is detailed in [1]. So, various methods have
been proposed for DFIGs. In [4], a direct vector
control (DVC) has proposed, which based on fuzzy
space vector modulation to command DFIG-based
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WTSs. Indirect vector command (IVC) is designed to
command the rotor flux/torque of DFIG integrated to
wind turbines (WTs) [5]. Direct torque control (DTC)
was designed to command the torque and rotor flux of
DFIG [6]. In this strategy method, one switching table
and two hysteresis comparators of flux and torque to
control the inverter [7]. In [8], the DTC method was
proposed based on the second-order continuous sliding
mode (SOCSM) algorithm. DTC and neural algorithms
are combined to regulate the torque of DFIG [9].
Backstepping control of wind turbine was designed to
control rotor flux and torque [10]. Similar to the
conventional DTC method, a DPC (Direct Power
Control) strategy of DFIG-WT has proposed
recently [11-13]. However, DPC control offers many
advantages: simplicity in calculations, fast dynamic
response, and robustness against machine parameter
mismatches. In [14], the DPC method based on an
estimated stator flux (ESF) has been proposed. In [15], a
new DPC method was designed based on a stator flux
oriented (SFO) command with a constant switching
frequency. In this proposed DPC method, the reference
rotor voltage was calculated based on the ESF method,
reactive and active powers, and their errors. DPC and
SOCSMC techniques are combined to command DFIG-
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WT [16]. In [17], an improved DPC control scheme of a
DFIG-WTs connected to an electrical network was
presented. In [18], DPC control based on fuzzy logic
has been proposed. This controller provides advantages
such as reduced the torque ripples and THD value of
voltage. In [19], DPC is presented based on the DSVM
method (discrete space vector modulation), and fuzzy
logic is used to reduce power ripples. The twelve sectors
DPC based on neural hysteresis comparators was
presented [20]. In [21], a neural networks based DPC
strategy (NDPC) is proposed for DFIG-based WECS by
using neural pulse width modulation
technique (NPWM). In [22], a DPC technique based on
the SVPWM strategy (space vector pulse width
modulation) is designed to command the power and
torque of DFIG-WT. In [23], the author proposes a new
DPC control scheme using a neural switching table of
DFIG-WECS. DPC and neural SVPWM technique are
combined to control the permanent magnet synchronous
generator (PMSG) [24]. In [25], the DPC strategy based
on a three-level neural SVPWM technique has been
proposed. This proposed technique reduced the
torque/flux ripple compared to the classical DPC
method of the DFIG-WT. A five-level DPC technique
based on a neural network algorithm is proposed to
regulate the torque/power of the DFIG-WT [26]. Seven-
level SVPWM technique is designed to command the
torque and rotor flux/power of the DFIG-WT controlled
by the DPC strategy [27]. In [28], the author proposes a
new DTC control scheme based on the fuzzy STSM
algorithm (FSTSM) to minimizes the harmonic
distortion of stator current for DFIG-based wind turbine.

In this work, a new direct power control technique for
DFIG in WT systems is proposed. The proposed
technique is DPC control with a neural super-twisting
sliding mode controller (DPC-NSTSMC). The proposed
control technique preserves the advantages of the
traditional DPC control such as fast response, fewer
parameters dependence and simplicity. On the other
hand, the proposed method minimized the THD value of
voltage/current, flux/torque ripple and active/reactive
power ripple compared to conventional DPC, and DPC-
Pl method. The stability of the NSTSM is proven using
the Lyapunov technique. Finally, the proposed, and
traditional DPC-PI methods performance is verified by
the simulation study on the DFIG system under
reference tracking and THD of stator current.

2 DFIG Modeling

The mathematical model implementation of DFIG in
the synchronous reference frame is [29, 30]:

l//ds =Ls|ds +M|dr
l//qs =Ls|qs +M|qr
_ @
Yar _Lrldr +M|ds

l//qr =I‘rlqr +M|qs
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where, L, is the inductance of the rotor, ¥4 and Yq is
the rotor fluxes, M is the mutual inductance, Ls is the
inductance of the stator, Wy and Ygs is the stator fluxes.

d
Vds = Rslds +El//ds WY

d
Vqs = Rslqs +al//qs + O Wy

! @
Vdr = erdr +al//dr —OYy

d
Vqr = erqr +Equ ToOWy

where, l4r and Iqr are the rotor currents, Vgs and Vgs are
the stator voltages, l4s and lgs are the stator currents, Ry
is the rotor resistance, Vqr and Vg, are the rotor voltages,
Rs is the stator resistance, wr.

The mechanical equation of the DFIG is given by the
following equation:

T, =T, +J -(L—IQH -Q ()

where, T. is the electromagnetic torque, Q is the
mechanical rotor speed, T, is the load torque, f is the
viscous friction coefficient, J is the inertia.

The torque T, can be written as follows:

em

N | w

M
'p'L_(qu'Idr _l//ds'lqr) (4)

S

The reactive and active powers of the DFIG is given
by the following relationships as:

3
Ps :E(\/dslds +Vqs|qs)

. ©
Qs :ENqslds _Vdslqs)

where, Qs is the stator reactive power, Ps is the stator
active power.

3 DPC-PI Control Scheme

The DPC with PI controllers is used to command the
DFIG power/torque magnitude. Qs are controlled by
direct-axis voltage (Var), and Ps are controlled by
quadrature-axis voltage (Vqr). This command method is
a simple algorithm and gives a fast response
dynamic [31].

The major problem of the DPC-PI control scheme is
the power ripples and THD value of stator voltage. The
proposed DPC-PI method designed to command the
active/reactive power of the DFIG-WT is illustrated in
Fig. 1.

The rotor flux is estimated by using (6):
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Fig. 1 Schematic diagram of DPC-P!I strategy for DFIG.
\{Jsﬂ = GLFI rg (13)

t
l{lra:J-(\/ rar_RrI rat)dt

X ()
l}’rﬁ:_'.(v s~ Rl r/f)dt

0

where, Vi, is the rotor voltage linkage (RVL) of a-axis,
Vg is the RVL of g-axis.
The stator flux is given by:

P, =W+ Wi, )
where, s is the stator flux.
The angle stator flux is given by:
Y
9, =arctg(—2) 8)
Ysa

Active and reactive powers is estimated using (9) and
(10) [32].

3 L,
R ©)
=—§(“ b, - Vt{,¢n (10)

where, Ly is the mutual inductance, Y is the RFL of S-
axis, ¥, is the RFL of a-axis, and

M 2
o=1- 11
L:Ls ()
M
Wsa =0L+l 1o +—¥s (12)

S

where, Vs, is the stator flux linkage of a-axis, Ir, is the
rotor current linkage of a-axis.

where Vs is the stator flux linkage (SFL) of S-axis and
Ii5 is the RCL of p-axis.

V| =[wi|w, (14)
where, Vs is the stator voltage.

The active/reactive power can be reformulated by
inducing angle 1 between the stator and rotor vectors as
follows:

&=—§ Syl fsinGa) (15)
0,3 [—lw eos(2) -l | )

The derivation of the reactive/active power of the
DFIG can be given by:

b, 3 L, d (y, |sin(4))

dt  2oL.L, ° | dt (@7
dQ, 3 Mw, d (v, |cos(4))

dt zaL¢J | dt (18)

4 DPC Control With NSTSMC Controller

To improve the DPC-PI method, complimentary use
of the neural STSM algorithm (NSTSM) is proposed.
The principle of the DPC-NSTSM method is similar to
the DPC-PI strategy. The difference is using an NSTSM
algorithm to replace the Pl controllers. As shown in
Fig. 2.

On the other hand, the proposed method is a simple
algorithm compared to the vector control strategy. This
method reduces the reactive and active powers ripples.
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The STSM active and reactive power regulators are
designed to respectively change the g and d-axis
voltages as in (19) and (20) [33, 34].
Vv, =K,|S, | sgn(s, )+,

.d 1| Qs | Qs dr1 (19)
Vi =K, 89S, )
V. =K,[s, | sgn(s, )+,
.q 1| Ps| g ( Ps) qrl (20)
Vi =K, sgn(S PS)

where the stator reactive power magnitude error
Sos = Qsref — Qs and the stator active power error Sps =

H. Benbouhenni et al.

Psref — Ps are the sliding variables, and the constant gains
ki and ko must check the stability conditions.

Fig. 3 shows the block diagram of STSMC control
strategy.

Consider a dynamic system with input u, output y and
state x, given by (21).

‘z'j_>t‘=a(x ) +bu, Y =c(x,t) (21)

The command difficulty is to discover an input

Grid
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Fig. 2 Schematic diagram of DPC-NSTSMC for DFIG.
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Fig. 3 Block diagram of STSMC technique.
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function u = f(y, y) which can drives the system
trajectories to the starting point y = y = 0 of the phase
plane, if possible in limited time. The input u is defined
as a novel state variable, where as the switching
command is applied to its time derivative, 1.

The output y is controlled by a STSMC, with the
sliding variable (SV) S =y* —v.

This algorithm does not utilize the derivative of the
SV. As imposed by (22), the adequate condition for
convergence to the sliding surface and for stability is for
the gains to be large enough [35].

u=K,[s| sgn(S)+u,

(22)
u, =K,sgn(s)
K> B, s A Bu (K A) )
B B, Bn(Ki-Ay)

m

where Ay > |A] and Bw > B > By are superior and
inferior bounds of A and B in the second derivative of y.

H. Benbouhenni et al.

d’y
dt?

A(x,t)+B(x,t)(cjj—l: (24)

The NSTSMC is similar to a traditional STSMC
controller. On the other hand, the switching controller
term has been replaced by the neural algorithm as
shown by Fig. 4. The NSTSMC reduce the THD value
of current/voltage, active/reactive power ripples
compared to the classical technique.

The structure of the proposed neural algorithms was a
network with 8 neurons in the hidden layer, one linear
input node, and one neuron in the output layers. Fig. 5
shows the block diagram of the ANN controller for
reactive/active power. Fig. 6 show the block diagram of
the hidden layer.

Fig. 7 shows the neural algorithm training
performance of ANN controllers for switching
controllers.

O
PSref'PS »
> U
Uu@)"U(2) »@-»

Vqr
X
Qsrer-Qs > Vr
> U X
Uu@)™u(2)
abc

Fig. 4 Block diagram of NSTSMC strategy.

d—>0———0

Input  Process Input 1 Layer1 afl}
Layer 2

afl} Process Output 1 Output

Fig. 5 The internal structure of ANN controller.
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Fig. 10 Electromagnetic torque (RTT).
5 Results

The simulation results of DPC with the NSTSMC
controller of a 1.5 MW DFIG are compared with the
DPC-PI method. The two control strategies were
compared, using two tests to find out which control was
better than the other. The performance analysis is done
with electromagnetic torque, harmonic distortion of
current, reactive and active powers. DFIG used for the
simulations has the following parameters: P, = 1.5 MW,
Vh=398V, f=50Hz, R, =0.012Q, M=0.0135H, Ls =
0.0137 H, Ry =0.021 Q, L, = 0.0136 H, J = 1000 Kg.m?,
fr =0.0024 Nm/s [36].

5.1 Reference Tracking Test (RTT)

Table 1 presents the THD of the proposed control
strategies. it is apparent that the THD value of current

H. Benbouhenni et al.
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Fig. 9 Reactive power (RTT).
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o
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Fig. 11 Stator current (RTT).
Table 1 The THD (RTT).
THD [%]
DPC-PI DPC-NSTSMC
Stator current 2.19 1.26

for the DPC-NSTSMC method is considerably reduced
(see Figs. 12 and 13).

For the DPC-PI and DPC-NSTSMC control scheme,
the stator reactive power (Qs) and active power (Ps)
tracks almost perfectly their reference values (Psrt and
Qsref) (See Figs. 8 and 9). The active and reactive
powers are decoupled from each other in the DPC-
NSTSMC control with a rapid time response, without
overshoot, and with a minimal static error. Fig. 10
shows the torque of the DPC-PI and DPC-NSTSMC
control scheme. Fig. 11 shows the current of the
proposed control and DPC-PI control scheme. Stator
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active power response comparing curves are shown in
Fig. 14. See figure the stator active power ripples is
significantly reduced when the DPC-NSTSMC control
is in use. Fig. 15 shows the stator reactive power
responses of both the DPC-PI and DPC-NSTSMC
strategy. It is found that the DPC-NSTSMC control
scheme exhibits smooth response and lesser ripple in
reactive power as compared to the DPC-PI method. On
the other hand, the DPC-NSTSMC method minimized
the torque ripples compared to the DPC-PI strategy (See
Fig. 16). Fig. 17 shows the zoom in the current of the

— Signal to analyze

(@) Display selected signal (") Display FFT window

Selected signal: 100 cycles. FFT window (in red): 5 cycles
T

H. Benbouhenni et al.

DPC-NSTSMC and DPC-PI strategies. This figure
shows that the ripples of stator current for the DPC-
NSTSMC method has reduced compared to DPC-PI.

5.2 Robustness Test (RT)

In this section, the resistances Rs and R, are multiplied
by 2 and the values of the inductances Ls and L, are
divided by 2. Simulation results are presented in Figs.
18-23. As it is shown by these figures, these variations
present a clear effect on reactive power, electromagnetic
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Selected signal: 100 cycles. FFT window (in red): 5 cycles
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Fig. 12 THD of current las (DPC-PI). Fig. 13 THD of current las (DPC-NSTSMC).
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Fig. 16 Zoom in the electromagnetic torque (RTT).
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Fig. 17 Zoom in las (RTT).
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torque, active power, and current curves and that the can be concluded that the proposed DPC-NSTSMC
effect appears more important for the DPC-PI than that method is more robust than the DPC-PI one.

with DPC-NSTSMC control (see Figs. 24-27). In

addition, these results show that the THD value of stator Table 2 The THD (RT).

current in the DPC-NSTSMC method has been THD [%]

minimized significantly (see Figs. 18 and 19). Table 2 DPC-PI DPC-NSTSMC
presents the THD values of both techniques. Thus, it las current 4.84 2.98
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Fig. 22 Electromagnetic torque. Fig. 23 las current (RT).
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6 Conclusion

In this work, a new DPC algorithm based on neural
network, super twisting sliding mode and SVPWM for a
DFIG-based WTS are presented. A comparison of this
method with a DPC-PI is elaborated by using different
simulation tests. The results obtained showed the
superiority of the proposed technique compared to
DPC-PI. The performances brought by the proposed
technique appeared especially in the reduction of the
DFIG powers ripples while keeping the robustness of
the control. These results can actively contribute to
improving the conditions for connecting the DFIG-
based wind system to the electricity grid.

Appendix

a) The Coefficients of the Pl Reactive and Active
Powers Regulators

Table 3 shows the constants values of the
active/reactive power Pl controllers gains (Kip, Kpp, Kig,
and Kpg).

Table 3 Pl regulator gaines.

Ps Qs

Ki Kp Kp Ki

1000 100 100 1000

b) The Coefficients of the NSTSM Reactive/Active
Power Regulators

Table 4 shows the constants values of the
reactive/active power NSTSM algorithm gains (Ki, Ko,
K3, and K4).

Table 4 NSTSM algorithm gaines.

Ps Qs
K3 Ka r K1 K2 r
200 1000 0.5 200 1000 0.5
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Fig. 25 Zoom in Qs (RT).
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