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Super Twisting Algorithm Direct Power Control of DFIG Using
Space Vector Modulation

F. Mazouz , S. Belkacem

Abstract—This paper presents a comparative study of two
approaches for the direct power control (DPC) of doubly-fed
induction generator (DFIG) based on wind energy conversion
system (WECS). Vector Control (VC) and Sliding Mode
Control (SMC). The simulation results of the DFIG of 5 KW in
the presence of various uncertainties were carried out to
evaluate the capability and robustness of the proposed control
scheme. The (SMC) strategy is the most appropriate scheme
with the best combination such as reducing high powers ripple,
diminishing steady-state error in addition to the fact that the
impact of machine parameter variations does not change the
system performance.

I. INTRODUCTION

Doubly fed induction generators (DFIG) are used widely
in wind generation systems because of their variable speed
operation [1-9]. The control of the instantaneous active and
reactive powers of the stator is obtained by regulating the
decoupled rotor currents, using proportional-integral
regulators (PI) [10-12]. Nevertheless, this control structure
strongly depends on the parameters of the machine, uses
multiple loops and requires many computational efforts to
guarantee the stability of the structure over the entire speed.

Many methods have been presented to remedy these
problems. The direct torque controls (DTC) [13], [15] or
direct power control (DPC) has been introduced [16-21]. In
the recent period, DPC strategies have also been developed to
control DFIG systems. DPC provides a fast dynamic
response, a simple structure. The basic DPC suffers from a
great ripple in currents, active and reactive powers. In
addition, the wvariable switching frequency is another
disadvantage of this method.

Several researchers have focused on the progress of DPC
techniques that operate at a variable switching frequency
[22]. Harmonic filters and complicated AC power converters
are a consequence of the use of the variable switching
frequency.

Authors in references [23] and [24] are interested in DPC
without zero voltage sequences; a first choice is to use only
active sequences. This choice has the advantage of simplicity
and avoids the randomness related to the direction of
variation of the powers when applying a zero sequence.
Indeed, the use of these voltage sequences makes it possible
to reduce the switching frequency.

Variable Structure Control (VSC) is, by its nature, a non-
linear control; it is based on the switching of functions of
state variables, used to create a sliding variety or
hypersurface, whose purpose is to force the dynamics of the
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system to correspond with that defined by the equation of the
hypersurface. When the state is maintained on this
hypersurface, the system is in sliding mode. Its dynamics are
then insensitive to external and parametric disturbances as
long as the conditions of the sliding regime are ensured.

Sliding mode control (SMC), because of its robustness to
external uncertainties and disturbances, can be applied to
uncertain and disturbed nonlinear systems. Several works
have been elaborated on SMC. The combination of the
sliding mode control and the DPC makes it possible to reduce
the ripples of the powers. Disadvantage of this association is
that the use of the saturation function introduces a static error
which persists [21-22].

In practice, the use of the SMC has been limited for a
long time by the oscillations related to the commutations of
the control, which can be manifested on the enslaved
quantities. Since then, many solutions have been proposed to
reduce these oscillations: increase of the switching frequency,
continuous control in a band around the slip variety,
decomposition of the control into a low frequency DC
component, a discontinuous high control frequency and the
method of the boundary layer where the discontinuous
component of the control is replaced in the vicinity of the
sliding hypersurface by a continuous function.

SMC, because of its robustness to external uncertainties

and disturbances, can be applied to uncertain and disturbed
nonlinear systems. Several works have been elaborated on
SMC [26-27].

In references [23-24] a model predictive direct power
control (MP-DPC) with power compensation is presented. In
this study, although the network is unbalanced, the current
waveform is in sinusoidal shape, the active and reactive
power ripple and torque oscillations are reduced in order to
improve the performance of DFIG.

The main idea of Predictive Control (MPC) is based on
the use of a model of the system to be controlled to predict its
output over at a certain horizon, the development of an
optimal sequence of future orders satisfying the constraints
and minimizing a cost function, the application of the first
element of the optimal sequence on the system and the
repetition of the complete procedure at the next sampling
period and then the advantage of the MPC then involves the
resolution of a dimension optimization problem finished at
each sampling period.

The main disadvantage of the MPC command is the
execution time, in the design stage of the MPC command. It
is desirable to be able to predict the dynamic behavior and for
this it is necessary to have a precise knowledge of the
constituents of the process. However, in real problems, the
difficulty is that often there is no precise model of the
process. This can have multiple reasons: the prior
information is incomplete, the characteristics vary with time
or unknown disturbances affect the process to be controlled.
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Fig. 1 displays the proposed control diagram for WECS
based on DFIG. In this diagram, the reactive and active
powers are controlled directly by switching the voltage
vectors to the rotor side terminals using RSC.
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Figure 1. Structural control of the wind chain.

Il. DYNAMIQUE BEHAVIOR OF A DFIG

The DFIG dynamic equations in the reference d-q form
can be written as follows [11]. The voltages equations are
given by:

dog
Vds = Rslds +Ts'wsq)qs
do
— gs
Vas = Rslgs ¥ =4 ©0s0us
do (1)
- d
Vdr - erdr + dtr '(Dr(qu
do
- qr
Vqr - erqr +? T O Py,
The flux equations are given by:
¢gs = Lglgs + Mg,
Pgs = Lqus + MIqr @)
¢Ogr = LIy + Ml
Pgr = LrIqr JrNHqs
The torque equation is represented as follows:
M
Tem = pL_(Iqr(Pds 'Idr(qu) (3)

S
The supplied active and reactive powers are defined as
follows:

Ps = (Vdslds +Vqs|qs)

4
Qs =(Vqs|ds'vds|qs) @

I1l. SPACE VECTOR MODULATION OF A DFIG

Fig. 2 represents the voltage vectors, produced by a three-
phase PWM inverter divide the spatial vector plane into six
sections.
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Figure 2. The diagram of voltage space vectors

The SVM techniques consists of reconstructing the
reference voltage Vg by the adjacent voltage vectors and a

null vector. Take an example, in the first sector, V. is a
synthesized voltage space vector and expressed by:

Ve s = Voo + T +V,T, 5)
with: T, =Ty +T, +T,

where, Ty, T,and T, is the work time of basic space voltage
vectors V,, V;and V, respectively.

IV. VECTOR CONTROL STRATEGY OF DFIG

The goal of the VC of DFIG is to obtain a decoupled
control of the active and reactive powers as in DC machines,
[6]. Indirect vector control is the better frequently used
because of its simplicity and low cost of implementation.

of DFIG consists
Qg = 0,and gy = @ . Where ¢, the reference flux.

By applying this principle into the equation (3), the torque
equation is presented as follows:

The vector control in making

M
Tem = pL—(lqrtps) (6)
S

The adjustment of the equations (1) and (2) gives the
rotor voltages expression according to the rotor currents by:

Vdr = erdr +6Lr'T'gmsGLr'I

qr
dlg M.V, Y
Vqr = erqr +(5Lr.T-gﬂ)s.GLr.Idr +g
S
With: o = 1 — &
LsLy

By neglecting the stator resistance Ry we can deduce from
the equation (7):
_ dos _

dt (8)
Vqs = Vs = (Ds(qu

Vds
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The active and reactive powers of the stator can be
expressed as follows:

M

Ps = '(VsL_Slqr) (9)
M

(L o VsT — ) (10)

S

In this method, the decoupling is done at the output of the
regulators in rotor current with a return of the system. A
cascaded loop control of the power and the rotor current for
each axis, since it makes it possible to separately control the
currents lg and o and the powers Q, and P in a closed loop.

V. DESIGN OF SMC OF DFIG

The method of sliding mode control, is a nonlinear
control technique, it is characterized by the discontinuity of
control at the passages by a switching surface called sliding
surface. The sliding mode technique involves bringing the
state path of a system to the sliding surface and causing it to
switch by appropriate switching around it to the point of
equilibrium. In summary, a sliding speed control is divided
into two parts:

-Determination of a state space region such that once the
system is in that region, it has the desired behavior;

-Definition of a control law that leads the system to this
region of the state space;

The design of the sliding mode controller systematically
takes into account the problems of stability and good
performance in its behavior, achieved mainly in three
complementary steps defined by [26]:

- The choice of the sliding surface;
-Establishment of the conditions of existence sliding regime;
- Determination of the control law;

For a non-linear system, the design of the control system
is given by following equation:

x = (X, t) +F (X, t) + u(x, t) (11)

Or:

XeR™: is the state vector,
ueR™:is the command vector.
f(x, )eR™, B (X, t) eR™™.

To determine the sliding surface we have the general
equation form:

S = (5+7s)" e (12)

with:

S(x): is an linear differential equation whose response " e "
tends to zero for a correct choice of gain A this is the
objective of the command.

A Positive coefficient.

e: Deviation (error) of the variable to be adjusted
n: System order,

The conditions of existence and convergence are the
criteria that allow the different dynamics of the system to
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converge towards the sliding surface and to remain there
independently of the disturbance. There are two types of
conditions that are:

o The discrete switching function: S (x) .S (x) <0
e The Lyapunov function: V (x)> 0
To guarantee the attraction of the variable to be controlled
to its reference value, the idea is to choose a scalar function S
(x) to design a command 'u' such that the square of the
surface corresponds to a function of Lyapunov:
v(x) =

%SZ(X) (13)

Its derivative is:
v(X) = S(x) S(x) (14)

To determine the control law the structure of a controller
by sliding mode has two parts:

u= Ueq +u, (15)
The derivative of the surface S(x) is:
68 oS ox
S =
= =5 (16)

By replacing the expressmns (14) and (15) in the
expression (16), we find:
S(x) = —(f(x 1) + B(X, 1).Ugq (X, t))+ B(x t).u, 17)
During the sliding mode and the steady state, the surface
is zero, and consequently its derivative and the discontinuous
part are also zero. From which we deduce the expression of
the equivalent order [27]:

u

(18)

So that the equivalent order can take a finite value, it is
necessary that:

B (. 4
a =" f(x1) (6x B(x,1)

0S

S(x)—— B(x,t)-u, =0 (19)

Replacing the equwalent command by its expression in
the expression (19), we find the new expression of the
derivative of the surface:

500 = S B, by, 20)
oX .
Where the attractiveness condition S (x) .S (x) <0 becomes:
1)
In order to satlsfy th|s condition, the sign of u, must be
opposed to that of S(x). % B(x,t)

The discrete command in sliding mode can take the
following expression:

o = k-sign(S(x, 1))

S(x) = — B(x t)u, <0

(22)
A. Active power control

The expression of the control surface of the active power
has the form:
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S(P) =P, -P, (23)
The derivative of the surface is:

S(P) = Ps-ref - Ps (24)

We replace the expression of the active power (9) in (24):
. . M .
S(P) = (Ps-ref - VS L_ qu) (25)
S
We derive the expression of the current I'qrfrom the equation
of the voltage Vy, (7)

. 1,1 M? 1
lgr = -—(T—+m) ar ~ 9051y JrG—LrVqr (26)
With:o = 1— 2,7, = by g = WsoW
LsLy Ry Wy
Then:
MV
S(P) = PS ref = V ( rlqr -9 :
Ls Ly 27)
- gmerGIdr)
Hence the expression of V. = Vor_eq + Viron
Replacing this expression in equation (27), we find:
. . M
S(P) =Psret -Vg ———- ((Vqrfeq +Vqr—n )-R, Iqr
LLo
(28)

MV
_gTS_ gwerGIdr)
During the slip mode and in steady state, we have:
S(P) =0,5(P) =0 etV =0

From the previous equation, we obtain the equivalent
command quantity V.. which is written:

LLo MV
Vqr-eq MV Ps ref - (erqr +g S +go,L,oly) (29)
S
And:
Var-n = Kugrn-SIN(S(P)) (30)

With:

Kvgr-n: IS @ positive gain.

B. Control of the reactive power

The expression of the control surface of the reactive
power has the form:

S(Q) = Quuer -Qs (1)
The derivative of the surface is:
S(Q) = Qs-ref - Qs (32)

Replace the expression of the reactive power (10)
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S(Q) = (Qq.res - Vs LM ) (33)

S
We derive the expression of the current Iy from the

equation of the voltage Vg (7)

L1 1
Idr = -O-_Tr Idr +gwslqr +— Lr Vdr (34)
Then:
oA M
S(Q) = Qsorer - Vs T'(Vdr -Rilge 'gmerGIqr) (35)
S—r
Hence the expression of Vg = Vireq + Varn
Replacing this expression in equation (35), we find:
. . M
S(Q) = Qq_ref Vs —— ((Vdr—eq +Vgr-n) =Ry g
LsLio (36)
_gwerGIqr)
During sliding mode and steady state, we have:
SQ =0 SQ=0¢etVyg,=0
Which we deduce:
LL,c
Vdr—eq MV Qs ref -R Idr gmerGIqr) (37)
and:
Vdr-n = I(vdr-n -Sign(S(Q)) (38)
Ky ar_n: IS a positive gain.

The proposed SMC, which is designed to control active
and reactive powers of the DFIG, is shown in Figure. 3.
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Figure 3. Block diagram of the DFIG with SMC.

VI. SIMULATION RESULTS

In order to show the feasibility of the proposed SMC,
simulation studies of the drive system based on the DFIG


https://doi.org/10.20944/preprints202007.0628.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2021

were carried out using MATLAB/Simulink. The real
parameters of a wind turbine and a DFIG are presented in

Table.1.
A. Simulation results without parametric variation

In Fig. 4 the active powers produced by the DFIG
controlled by VC, SMC is presented. In this figure, it can be
noticed that the ripple is not the same for the two techniques.
It is clear that the VVC suffer from two problems: steady state
error and high active powers ripple. In the other hand, the
SMC provides almost perfect behaviour in tracking
performance compared with the VC. The stator reactive
powers illustrated in Fig. 5 track the irreverence values very
well; we can view that SMC shows a better performance than
VC. Using SMC the stator reactive powers oscillations are
lower, while with VC the dynamic is slower, due to the
presence of the PI regulators and control loops.
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Figure 4. Active power response
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Figure 5.  Reactive power response

Fig. 6. the stator current behaviour is sinusoidal and it is
similar for both strategies, the system is operating at rated
conditions. It can be observed that the current ripple has also
a notable reduction in SMC compared to the other VC.
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B. Simulation results with parametric variation +150% on
Rrand L,

To evaluate the influence of DFIG parameters variations
on the performance of the proposed SMC, the rotor resistance
parameter sensitivity is tested for the two schemes for +150%
variation in R, and L, at time t=8 s, The active and reactive
powers are shown in Fig. 7 . It can be observed from these
figures that the VC schemes have a considerable error due to
L, and R, variation. However remarkable improvements are
achieved by SMC control approach.

Active power (W)
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-2000
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Figure. 7 Active power response

VII. CONCLUSION

In this paper, a comparative study between the
conventional vector control and sliding mode control has
been presented. However, in order to test the influence of
DFIG parameter variations on the performances of the
proposed (SMC), the rotor resistance parameter sensitivity is
tested for the three schemes for +150% variations in rotor
resistance; it was rigorously shown that the SMC is robust
and able to reject the influences of the variations of system
parameters. The proposed method can be considered as an
alternative solution to the control of DFIG.

Appendix
TABLE 1 DFIG and wind turbine parameters

| DFIG parameters | Wind Turbine parameters
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(1]

[2]

(3]

(4]

[5]

(6]

[71

(8]

[]

[10]

[11]

[12]

Rated power, Pn 5 KW Blade radius, R 3.1915
Stator rated voltage, Vs | 220/380 V | Number of blades 2
Rates current, In 16 A Gearbox ratio, G 1
Stator rated frequency, f 50 Hz Moment of 7.68
inertia, J Kg.m?
Stator inductance, Ls 0.094 H Viscous friction ON.m.s?
coefficient, f
Rotor inductance, Lr 0.088 H
Mutual inductance, M 0.0135 H
Stator resistance, Rs 095Q
Rotor resistance, Rr 1.08 Q
Number of pair poles, P 3
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