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Abstract - This paper proposes a decoupled control
of active and reactive power for doubly-fed induction
generators (DFIG) by using the rotor current control loop
and sliding mode control (SMC). In order to decouple
the active and reactive power generated, stator-flux-
oriented vector control is applied. The sliding mode
control strategy proposes is based on two sliding modes
plus PI controllers whose main advantage is the easy
implementation. Simulation and experimental results are
presented to validate the proposed control scheme for a 2
kW DFIG during stator active and reactive power steps
and rotor speed variation. During transient operation it is
checked good dynamic response.

Keywords — Doubly-fed induction generator, Flux
orientation, Vector control, Power control, Sliding mode
control.

LIST OF SYMBOLS

R1, R, Stator and rotor resistances.

L1, L,  Stator and rotor self inductances.

L., Mutual inductance.

w1 Synchronous angular speed.

Winec Mechanical angular speed.

0,0, Stator flux vector and rotor angles

PQ Active and reactive power.

v Voltage space vector.

i Current space vector.

A Flux linkage space vector.
Superscripts

*  Reference value

Subscripts

1,2 stator and rotor, respectively

a, 3 direct- and quadrature-axis expressed in the

stationary reference frame

d,q  direct- and quadrature-axis expressed in the
synchronous reference frame
direct- and quadrature-axis expressed in the
rotor reference frame

m,n

I. INTRODUCTION

The renewable energy systems have attracted interest due to
the increasing concern about the emission of carbon dioxide
and other pollutant emissions. One renewable source who has
great attention is the wind energy.

Artigo submetido em 24/01/2013. Primeira revisdo em 30/06/2013,
segunda revisao em 25/08/2013. Aceito para publicagdo em 15/02/2014, por
recomendagao do Editor Henrique A. C. Braga.

DFIG based wind turbines have been used for this kind of
electric energy generation, since this kind of asynchronous
machine is a cost effective, efficient and reliable solution [1].
The typical topology of a DFIG based wind turbine connected
to the grid is shown on Figure 1.

Bidirectional
Converter

Fig. 1. Configuration of DFIG connected direct to the grid.

In this configuration the stator of the generator is connected
directly to the grid. The great part of the generated power
is delivered to the grid by the stator of the DFIG. The rotor
is connected to the grid by using a bidirectional converter.
The converter allows the power flow between the rotor of the
generator and the grid [2].

The field-oriented control used in induction motor
control [3] is also widely used in control of DFIG. The control
of the wind turbine system can be based on either stator-flux-
oriented vector control [4] or stator-voltage-oriented vector
control [5]. The scheme decouples the rotor current into
active and reactive power components and, with a rotor current
controller, the power control is achieved. Some investigations
using PI controllers that creates rotor current references to the
inverter from active and reactive power errors or in-series-
PI controllers that results in rotor voltage references have
been presented by [4, 6, 7]. PI controllers are also applied
to DFIG under grid voltages dips conditions [8, 9]. The
problems in using PI controllers are the tunning, the cross-
coupling of DFIG terms and it’s slow response in small
hydroelectric station applications. To avoid the use of PlIs,
in [10] proposes controllers for field-oriented control (FOC)
based on the dynamic modeling of the DFIG. However,
this strategy presents a high computational cost and only
simulation results was presented.

The Sliding Mode Control (SMC) strategy is a
variable structure control method. It is an alternative to
the classic control theory for a noncontinuous control
implementation [11, 12]. This kind of control has a switching
characteristic, which becomes an interesting process when
applied to switching power converters [13]. In [14] was
proposed a sliding mode approach for direct torque control
of sensorless induction motor drives. Regarding the control
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of DFIG, power regulation or torque regulation techniques,
such as direct torque control (DTC) [14, 15], direct power
control(DPC) [16, 17] has been investigated displaying
excellent dynamic performance. A interesting method of a
cutting-in no-load application for field-oriented control (FOC)
has been presented in [18]. Nevertheless, the use of SMC plus
PI controllers did not apply to the FOC for power control of
DFIG till this moment. However, many of these techniques
present variable switching frequency (which complicates the
AC filter design), current distortion or they are very dependent
on the machine parameters. A nonlinear controller based on
sliding mode, described in the stationary coordinate system
is implemented by [19]. However, the control objective is
the operation under voltage sag and the controller design is
developed from the dynamic equations of the DFIG, including
terms representing the uncertainties and disturbances in the
network.Hence, the project of this controller is very hard and
it did not use SMC plus PI controllers.

This paper proposes a new alternative power control scheme
for DFIG using sliding mode controllers with stator-flux-
oriented vector control. The SMC proposed is based on two
sliding modes plus PI controllers, one of its main advantages is
the low computational cost for implementation, good response
dynamics of power and excellent performance during speed
variation. The output of SMC generates the reference values
of d- and g-axis rotor voltages, where d-axis is generated by
reactive power law and g-axis by the active power control law,
where are transformed to the coordinate system fixed on the
rotor and used in space vector modulation (SVM). The SMC
strategy combined with the SVM has excellent performance
in terms of low power ripple. Simulation and experimental
results are presented to validate the proposed control scheme.

II. MACHINE MODEL

The doubly-fed induction generator model in the
synchronous reference frame was given by [20] and it is
described by the following equations:

. - dx -

Udqg = Rii1dq + dltdq + jwiAidq (1)
. - dX , -
V2dq = RQZqu + thdq +J (wl - NPwmec) )\qu (2)

where the relationship between magnetic fluxes and currents
are done by:

Xidq = Liirag + Larioag (3)
Xadq = Lrirag + Laioag 4)

and generator’s active and reactive power are done by:

3 . .

pP= 3 (vidi1g + vigiig) Q)
3 . .

Q= 5 (vigi1a — V1diig) (6)

Eletron. Potén., Campo Grande, v. 19, n.1, p.008-014, dez. 2013/fev. 2014

The subscripts 1 and 2 represent, respectively, the
parameters of stator and rotor; wy represents the synchronous
speed; wy,.. represents the mechanical speed of the generator;
R; and R, represent per phase electrical resistance; L1, Lo
and L,, represent windings proper and mutual inductances; v,
iand X represent, respectively, the voltage, the current and the
flux space vector; and NP represents number of pole pairs.

The proposed power control aims independent stator active
P and reactive () power control by means of a rotor current
regulation.  For this purpose, P and () are represented
as functions of each individual rotor current. To achieve
this objective, the stator-flux-oriented vector control method
decouples the dq axis and makes A1g = \; = |X1dq\. Thus, in
steady state (3) becomes

) A Ly
- AL 7
e =~ (7
) Ly,
11qg = _T]YZQq (8)

Similarly, the stator voltage becomes ¢4 = 0 and vi4, = 1
= |¥14q|. Hence, the active (5) and reactive (6) powers can be
calculated by using the Equations (7) and (8)

3 L.
P: —_— — 19,
9L, ©)
3 A1 L.
Q 201 <L1 L sz) (10)

The stator current can be computed by using the rotor
current. Consequently, this principle can be used on active and
reactive power control by controlling the currents in the rotor
side when the the stator of the generator is connected directly
to the grid.

[II. SMC APPLIED TO THE DFIG POWER CONTROL

The essential idea of traditional SMC control algorithms
is to enforce the system mode to slide along a predefined
sliding surface of the system state space [11]. Once the state
of the system reaches the sliding surface, the structure of the
controller is adaptively changed to slide the state of the system
along the sliding surface. Hence, the system response depends
only on the predefined sliding surface and remains insensitive
to variations of system parameters and external disturbances.
However, such insensitivity property is not guaranteed before
sliding mode occurs, resulting in the loss of the robustness
during the reaching phase. Furthermore, in order to reduce
the chattering, the sign function of SMC is often replaced by
saturation function in practical implementations [21].

The proposed strategy uses the sliding mode controller and
the stator-flux-oriented control to regulate the rotor currents
and the active and reactive power based on (9) and (10).

The error between the current references and the measured
values are used to obtain the sliding surface as

€i2d = Y2dref — 124 (11)



€i2q = i2q’ref - Z.2q (12)

where isq and iy, are the rotor currents calculated on the
dq referential frame. 72q,cy and io4.cs are the rotor current
references in the dq reference frame given by

. 2Pre Ll
2gref = _ﬁ (13)
. 2QrefL1 A1
ref = 5 5 T 7 14
12dref 30l L (14)

The sliding surface S can be defined as

g — [81} _ |:€i2d + CiZd%(eﬁd) (15)
So €ijoq + CiZqE(eiZq)

where c;24 and c¢;4 are constants defined taking into account
the desirable dynamic response for the system.

According to the Equations (13) and (14), the rotor current
d component is responsible for the reactive power control and,
the rotor current ¢ component, is responsible for the active
power control. By this way , the control objective is to make
the system state go to the equilibrium point defined on the
origin of the sliding surface (S = 0), where the errors and
their derivatives are zero, ensuring that the states reach their
references.
Based on [14], for active and reactive power control by
regulating rotor currents, the rotor voltage references are given
by

Ky
Vadref = (KPi2d + ;2(1) .eval(sy) (16)

Kii
V2qref = <Kpi2q + ;2q> .eval(sz) (17)

where K pjoq and K pjo4 are the proportional gains and K ;o4
and K94 are the integral gains as for a PI controller; vagre s
and vyq,.c ¢ are rotor voltage references on dg reference frame;
and, eval(sy) and eval(sy) are evaluation functions that
determine the switching behavior of the controller once the
responses reach the sliding surface. The use o PI controllers
allows constant switching operation and increase the stability
of the controller [14].

The eval function can be simple as the signal function.
However in this case, it was used a saturated linear function,
as given by

max, if K.s, > max,
eval(sy) = K.sp, if min < K.s, < maz, (18)
min, if K.s,, < min.

where n can be 1 or 2 and k is a proportional gain. So k is
adjusted based on the sliding surfaces s; and sy presented in
Eq. (15).

The gains of the PI controllers and the gain k of eval
function can be design carefully in order to guarantee the
stability of the system [22].
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Fig. 2. The Sliding Mode Controller for DIFG power control.
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Fig. 3. Configuration of DFIG connected direct to the grid with a
Sliding Mode Controller.

A. Description of the implemented control system

The block diagram of the proposed control scheme is shown
in Figure 3 and in Figure 2 is shown the details of the SMC
block.

The desired rotor voltage in the rotor mn reference frame
generates pulse width modulation (PWM) switching signals
for the rotor side using either space vector modulation (SVM)
that is given by v3 .., = v3 4, e%=% The stator currents and
voltages, rotor speed and currents are measured to stator flux
position #; and magnitude A\ and synchronous frequency wy
estimation.

The flux estimation is obtained using the following equation

Mo = / (ULQB - RJLQB) dt (19)

and the flux position by using (19) as

fs = arctan (f\%) (20)

la

The flux estimation using (19) can be degraded due to
quantizations errors or dc levels on measured currents or
voltages signals. A interest method for stator flux estimation
can be made by using [23, 24].
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The synchronous speed w; estimation is given by

~dh,

Wy = _ (vip — Rii1p) Ma — (V1ia — Rit1a) M1

dt (Ma)? + (Aip)?

2D
To maintain the SVM in the linear zone of operation, the
rotor voltage 75 ,,,,, (k) is limited as follows

[05,mn (B)| = \J V50, () + 037 (k) 22)

0(k) = arctan :’2:‘5;((]]?) (23)

i (03,0 (R) >= V2,maa then [05 1, (K)] = v2,ma

V3 (k) = (03,5, (K)] cos [0(F)] (24)
V3 (k) = [03 1 ()| sin [0 ()] (25)

where v3 4, 1S the maximum rotor phase voltage that the
converter can produce. Hence, the power electronic converter
provides the maximum voltage (V2 q.) is necessary a dc link
voltage given by

\/§ X V2 max

Voo = —— 77— 26

DC = NN xm (26)

where m=1.25 is the modulation index of SVM and (N,/N,)
is the stator/rotor turns ratio of the DFIG.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The SMC strategy proposed has been simulated using the
Simulink on a 2.2 kW DFIG, whose nominal values are given
in Appendix. To validate the simulation results, the SMC
strategy is also applied to a DSP TMS320F2812 platform. The
digital implementation of the controller are made by using an
zero-order-holder discretization and delay is neglected due the
fact the frequency of the system is slower than the frequency
of the digital implementation [10].The rotor windings are fed
by a three-phase voltage source inverter with with insulated-
gate bipolar transistors (IGBTs) and the DFIG is driven by
a DC motor. The rotor voltage commands are modulated
by using symmetrical space vector PWM and the switching
frequency is 5 kHz. The DC bus voltage of the inverter is 120
V. The encoder resolution is 3800 pulses per revolution. The
experimental setup is shown in Figure 4. System parameters,
including control loop parameters that are designed by using
simulations of the systems are shown in Appendix .

A. Constant Speed Operation

Firstly, the generator operates in the subsynchronous mode,
driven in a constant speed of 1350 rpm (75% of synchronous
speed of the DFIG) and it was tested with various active and
reactive power steps of references. The controller responde
for these tests are shown in Figure 5(a). The initial active
power and the power factor references were -2kW and +1,
respectively. The active power and the power factor references
were changed from -2kW to -1kW and from +1 to -0.85
(capacitive) at 400ms, respectively. Finally, at 700ms, the
active power reference was changed from -1kW to -1.5kW
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frent sensors

Fig. 4. Experimental setup for power control implementation.

and, the power factor, from -0.85 to +0.85 (inductive). It can
observed that during the changes in the power references the
SMC strategy generates the required control voltage (v3, and
v3,) from the errors between the references and actual values
of the d-q rotor current components. So, the controller allows
time response has a few milliseconds without overshoot and
zero null steady state error. Figure 6 shows the transient of
stator power in detail when the active power and the power
factor references changed from -2kW to -1kW and from +1
to -0.85 (capacitive), respectively. Again, the results shows
the good performance of the proposed controller. The d-
q components of the rotor current for this test is shown in
Figure 5(b) and it shows that the rotor current reach their
references. The rotor current in o3, and the phase a stator
current and voltage during this test are shown in Figs. 5(c) and
7, respectively.

B. Variable Speed Operation

During this test, the generator was driven with a speed
profile that varies from 1625 rpm (subsynchronous) to 1975
rpm (supersynchronous) and it was tested with various active
and reactive power steps (Figure 8(a)) as performed in
previous test. It can be seen that even in variable speed
operation the controller is able to act to give a quick response
of active and reactive power without overshoot and null steady
state error, similarly to the previous test. The d-q components
of the rotor current and the rotor current in o3, during this test

11



6 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7

i i i i i
6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7
tempo (s)

i i i i i
6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7
Time [s]

~16 i i i i
6

Tek Previs e 140kHz_Filt, de Rufdos
¥ T T T

B=2kW
3 R R
QFO V& : : :
: L .@1[——’——*——-‘... e Wl
b : - : : 1 kVAr/div
S00mY T i i i i i
& S0y 500 J[mms | &®  -20my Jooatos |
Tek Previs ——— 140kHz Filt. de Ruidos
T T T T Y T T T T
E N 2d
L= 35.2A
'izfg Al
H : T
E .. i
Bt - :
SO0y L i i i i i i
= T J&® —20m 00:33:23
Tek previs —_——— 140kHz Filt, de Ruidas
T T

W, = 1350 fpm " " T ! - ! !

1?1,1 o

S00my [ i i i i
& 5omy oo | ~4zimy Jooasas |
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Fig. 6. Zoom of the step response for active power and the power
factor references changed from -2kW to -1kW and from +1 to -0.85
(capacitive), respectively.

are shown in Figs. 8(b) and 8(c), respectively.

V. CONCLUSION

This paper proposed a SMC applied to the DFIG power
control. The rotor voltage is calculated by SMC controller
by using slides surfaces based on the rotor current errors,
eval functions and PI controllers.  Hence, this control
technique allows that the power and rotor current reach the
references and constant switching operation. Simulation and
experimental results have shown satisfactory performance of
the controller due to the fast dynamic response in the presented
tests with constant and variable rotor speeds. The SMC during
these tests has resulted in good responses, with minor steady
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Fig. 7. Stator voltage and current during the step response in fixed
speed operation.

state error and overshoot. Hence, it was concluded that the
SMC strategy can be used in the power control of the DFIG.
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APPENDIX

Doubly-fed induction generator parameters: R; = 1.2 §;
Ry =08 Q; L,, = 0.092 H; L;; = 0.00618 H; Liy =
0.00618H; NP =2; PNy =22 KW; VN =220V.

Controllers’ parameters:

TABLE I

Controllers’ constants and parameters.
Specification SMCy SMC, Pl PI,
Kp 5 10 25 25
Kr 10 10 15 15
Csn 1078 10-° — —
K 3 3 — —
mazx 50 50 — —
min —50 —50 — —
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