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Decoupled Power Control for Doubly-Fed Induction Generator
Using Sliding-Mode Control

Abstract. This paper proposes a decoupled control of active and reactive power for doubly-fed induction generators (DFIG) through the rotor currents
using 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
speed variation. During transient operation it is checked good dynamic response.

Streszczenie. W artykule opisano sterowanie mocg czynng i bierng w podwdjnie zasilanym generatorze indukcyjnym DFIG za poSrednictwem
pradu wirnika z wykorzystaniem metody $lizgowej SMC. Zastosowano sterowanie wektora strumienia stojana. Symulacje i badania eksperymen-
talne potwierdzity zatzenia mozliwosci sterowania systemem DGFIG 2 KW przy réznych predkosciach. Badano takze wfasciwosci dynamiczne.

(RozsprzezZone sterowanie moca w generatorze DFIG przy wykorzystaniu metody $lizgowej)

Keywords: Doubly-fed induction generator, DFIG, flux orientation, vector control, power control, sliding mode control

Stowa kluczowe: generator DFIG, sterowanie mocg, sterowanie lizgowe

List of symbols

Ry, Ry, Stator and rotor resistances.

Ly, Ly Stator and rotor self inductances.
L,, Mutual inductance.

w1 Synchronous angular speed.
wmee Mechanical angular speed.

0.0, Stator flux vector and rotor angles
P,()  Active and reactive power.

) 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

m,n direct- and quadrature-axis expressed in the
rotor reference frame

Introduction

The renewable energy systems have attracted interest
due to the increasing concern about the emission of carbon
dioxide and other poluent gases. From the many options
of renewable sources, one which has obtained and will
continue to obtain a great attention is the wind energy.

DFIG based wind turbines have been one of the most
emergent technologies 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 Fig. 1.

The generator’s stator can be connected directly to the

grid, from which mostly of the generated power is delivered
to the grid. The rotor is conected to a bidirectional converter
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Fig. 1. Configuration of DFIG connected direct on grid with a Sliding
Mode Controller.

that is connected to the grid. This converter controls the
rotor voltage (thus the generated energy) and the connection
with the grid [2].

As in control of induction motor that uses vector control
for field orientation for high dynamic performances [3],
the vector control 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-Pl 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. To avoid the use of Pls, in [19] proposes
controllers for field orientation control (FOC) based on the
dynamic modeling of the DFIG, however, is a strategy that
presents a high computational cost and only simulation
results is presented.

The Sliding Mode Control strategy is a variable structure
control method. It is an alternative to the classic control
theory for a noncontinuous control implementation [10, 11].
This kind of control has a switching characteristic, which
becomes an interesting process when applied to switching
power converters [12]. In [14] was proposed a sliding mode
approach for direct torque control of sensorless induction
motor drives. With regard to the control of DFIG, power reg-
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ulation or torque regulation techniques, such as direct torque
control (DTC) [13, 14], direct power control(DPC) [15, 16] has
been investigated displaying excellent dynamic performance
and a cutting-in no-load application for field oriented control
(FOC) [17]. 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 [18], 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, making it hard your project.

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 advan-
tages is the low computational cost for implementation, good
response dynamics of power and excellent performance dur-
ing speed variation. The output of SMC generates the ref-
erence 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 modula-
tion (SVM). The SMC strategy combined with the SVM has
excellent performance in terms of low power ripple. Simu-
lation and experimental results are presented to validate the
proposed control scheme.

Machine Model

The doubly-fed induction generator model in the syn-
chronous reference frame was given by [21] and it is de-
scribed by the following equations:

dX14q

(1) Tiag = Ba Z]dq + + jwiAigg

dXaaq
dt

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

(2) Uqu = RZZqu + + .] ((.U] - NPwmec) X2dq

3 deq = Liidg + Laisag

(4) Xodq = Lasrinag + Lotoag

and generator’s active and reactive power are done by:
3 . .
(5 P = 2 (vigi1g + vigitg)

3 ) )
(6) Q= B (Vigi1a — V1diig)

The subscripts 1 and 2 represent, respectively, the stator’s
and rotor's parameters and variables; w; represents the
synchronous speed; wmee represents the generator’'s
mechanical speed; R; and R, represent the stator's and
the rotor's per phase electrical resistance; Ly, Lo and L,

represent the stator’s and the rotor's windings proper and
mutual inductances; ¥, i and A represent, respectively,

the voltage, the current and the flux space vector; and NP

represents the machine’s 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 dg axis and makes A\jg = A1 = |X1dq|.
Thus, (3) becomes

. A La.
7 Mg = — — —1
(7) i1d . T, 124
. L.
(8) tg = *Lflm

Similarly, the stator voltage becomes @14 = 0 and vy, = v =
|U14q|. Hence, the active (5) and reactive (6) powers can be
calculed by using the Equations (7) and (8)

9 P = —-v—iay

3 (M L.
(10) Q= §U1 (L_l - L—122d)

The stator current can be computed by using the rotor
current. Consequently, this principle can be used on stator’s
active and reactive power control by controlling the currents
in the rotor side with the generator’s stator terminals con-
nected directly to the grid.

SMC applied to the DFIG power control

The essential idea of traditional VSC control algorithms
is to enforce the system mode to slide along a predefined
sliding surface of the system state space [10]. 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 VSC is often replaced by saturation function in
practical implementations [20].

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).

It's defined the error between the current references and
the measured values to obtain the sliding surface as

(11) €i2d = i2dref — 12d

(12) €i2q = 7:2qref - 7:2q

where 7,4 and iy, are the rotor currents calculated on the
dq referential frame. 724,y and iz, are the rotor current
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references in the dq reference frame given by

. 2P’l"8fL1

13 = ——

(13) Loqref 30,0y
2 retL A
(14) inarey = —retln M
3U1LM LM

The sliding surface S can be defined as
. ol (o
(15) S = [81} _ |:612d + cina g7 (€i2a)

So €i2q Ci2q%(ei2q)

where ¢;»4 and ¢;», 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. This way, the control objective is to make the
system state go to the equilibrium point defined on the ori-
gin of the sliding surface (S = 0), where the errors and their
derivatives are zero, ensuring that the states reach their ref-
erences.

Based on [14], for active and reactive power control by reg-
ulating rotor currents, the rotor voltage references are given

by

K
(16)  vagref = (KPi2d + 212d> .eval(sy)

17) K;ﬂq> .eval(s2)

where Kp;sq and Kp;, are the proportional gains and
Kjioq and Ky, are the integral gains as for a Pl controller;
Uadref @and vag ¢ are rotor voltage references on dgq refer-
ence frame; and, eval(sy) and eval(s,) are evaluation func-
tions that determine the switching behavior of the controller
once the responses reach the sliding surface.

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

V2gref = <KPi2q +

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

where n can be 1 or 2, depending on the sliding surface of
the Eq. (15) is used.

— Description of the implemented control system

The block diagram of the proposed control scheme is
shown in Fig. 2 and in Fig. 3 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) thatis given by v3 ., = v3 4, %~ The stator cur-
rents and voltages, rotor speed and currents are measured
to stator flux position 65 and magnitude A; and synchronous
frequency w; estimation.

The flux estimation is obtained using the following equa-
tion

19) XLQ,B = / (171@,3 - RJLQB) dt
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Fig. 2. Configuration of DFIG connected direct on grid with a Sliding
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Fig. 3. The Sliding Mode Controller for DIFG power control.
and the flux position by using (19) as

A
(20) fs = arctan <m>
/\1a
The synchronous speed w; estimation is given by
(21)
Wy — db, o (Ulﬁ - Rlil,@) Ao — (Ula - Rlila) )\1,3
] = —

dt (A1a)? + (A1p)?

To maintain the SVM in the linear zone of operation, the

rotor voltage v5 ,,,,, (k) is limited as follows

(22) "U2 mn( )| U2m(k) + ’U (k)
V3, (F)
V3 (F)

if |5§,mn(k)\ >= V2,maa then Iﬁﬁ,mn(k)l = U2,maz

(23) 0(k) = arctan

(24 sm (k) = [03 n (F)] cos [0 (k)]
(25) v2n( ) = (03, (K)| sin [(K)]

where v2 42 iS the maximum rotor phase voltage that the
converter can produce. So for the power electronic converter
provides the maximum voltage (v2,,q.) iS NeCessary a volt-
age dc link given by

\/§ X V2, max

(26) (N./N,) x m

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

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 plat-
form. 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 volt-
age commands are modulated by using symmetrical space
vector PWM, with switching frequency equal to 5 kHz. The
DC bus voltage of the inverter is 120 V. The encoder resolu-
tion is 3800 pulses per revolution. The experimental setup
is shown in Fig. 4. System parameters, including control
loop parameters, that were obtained from simulation tests,
are shown in Appendix.

Fig. 4. Experimental setup for power control implementation.

— Constant Speed Operation

Firstly, the generator is operating in the subsynchronous
mode, driven in a constant speed of 1350 rpm (75% of the
machine’s synchronous speed) and it was tested with various
active and reactive power steps as set points to test the dy-
namic response of the control strategy, as shown in Fig. 5(a).
The initial active power and the power factor references were,
respectively, -2kW and +1. 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 and, the power factor, from -0.85 to +0.85 (induc-
tive). One observes that during the changes power refer-
ences, which are the controlled variables, the SMC strategy
generates the required control voltage (v5, and v3,) from the
errors between the references and actual values of the d-q
rotor current components, resulting in a transient responses
within a few milliseconds of both powers of mode decoupled
without overshoot and zero error regime. Fig. 6 shows the
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transitory 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, which demon-
strates the good performance of the proposed controller. The
d-q components of the rotor current for this test is shown in
Fig. 5(b), verifying that the values measured of the d-q rotor
current components are quickly following their respective ref-
erence values calculated for the control of active and reactive
power. The rotor current in a3, and the phase a stator cur-
rent and voltage during this test are shown in Figs. 5(c) and

7, respectively.
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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.
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Fig. 7. Stator voltage and current during the step response in fixed
speed operation.

— Variable Speed Operation

During this test, the generator was driven with a speed pro-
file that varies from 1600 rpm (subsynchronous) to 1975 rpm
(supersynchronous) and it was tested with various active and
reactive power steps (Fig. 8(a)) as performed in previous test.
One verifies that even in variable speed operation the con-
troller is able to act to give a quick response of active and re-
active power of mode decoupled without overshoot and null
steady state error, similarly to the previous test. The d-q
components of the rotor current during this test are shown
in Fig. 8(b). In Fig. 8(c) shows the waveform of the rotor cur-
rent in a3, during the rotor speed variation.

Conclusion

This paper proposed a SMC applied to the DFIG power
control. The rotor voltage is calculed by SMC controller by
using slides surfaces based on the rotor current errors, eval
functions and PI controllers. Hence, this control technique
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Fig. 5. Simulation and experimental results during tested with various active and reactive power steps in fixed speed operation. (a) Active
and reactive power [kW and kVAr]. (b) Synchronous d-q axis rotor current [A]. (c) Rotor a,.-(3, axis rotor current and rotor speed [A and rpm].

allows that the power and rotor current fallow the references.
Simulation and experimental results have shown satisfactory
performance — fast dynamic response — with respect to sev-
eral step response tests, both at constant and variable ro-
tor speeds. The SMC during these tests has resulted in
good responses, with minor steady state error and overshoot.
Hence, it was concluded that the SMC strategy can be an in-
teresting tool for the power control of the DFIG.

Appendix
Doubly-fed induction generator parameters:
R = 12 Q; R, = 08 Q; L, = 0.092 H;

L;p = 0.00618 H; Ljy = 0.00618H; NP = 2; Py = 2.2
KW;Vy =220V.

Controllers’ parameters:

Table 1. Controllers’ constants and parameters.

Specification | SMC, | SMC, | Plg | Pl
Kp 5 10 | 25125
Ky 10 10 | 15|15
Con 10°81107° | - | —
K 3 3 - | =
max 50 50 — | =
min —50 | =50 | — | —
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