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Real-Time Sliding Mode Control for a Doubly Fed Induction Generator

R. Ruiz, E. N. Sanchez and A. G. Loukianov

Abstract— This paper proposes a control scheme based on the
block control technique using sliding modes, for a doubly fed
induction generator (DFIG) prototype connected to an infinity
bus. The DFIG is widely used as a wind generator; it allows
the rotor speed to vary while synchronizing the stator directly
to a fixed frequency power system. The generation scheme for
the DFIG has one back-to-back PWM voltage-source converter
connected between the rotor and the electrical grid. The rotor
side converter (RSC) is connected via a dc link to the grid
side converter (GSC), which is in turn connected to the stator
terminals directly or through a step-up transformer. A block
control scheme for the RSC is proposed to control the electric
torque and the reactive power independently. The variables to
be controlled by the GSC are the dc voltage in the dc link and
the reactive power in the step-up terminals. The performance
of the control scheme proposed is illustrated via real-time
implementation in a 1/4HP DFIG prototype.

I. INTRODUCTION

Wind energy, compared with fossil fuels, is plentiful,
renewable, widely distributed, clean, and produces no green-
house gas emissions. Wind power is the conversion of wind
energy into a useful form of energy, such as using wind
turbines to produce electricity. Within the range of generators
used in the wind energy, the Doubly Fed Induction Generator
is widely used as a wind generator; it allows the rotor speed
to vary while synchronizing the stator directly to a fixed
frequency power system. This is achieved by controlling the
rotor magnetic field by means of rotor currents supplied
from a rotor side converter as illustrated in Fig. 1. The
RSC is connected via a dc link to a grid side converter,
which is in turn connected to the stator terminals directly
or through a step-up transformer. Both RSC and GSC are
four-quadrant converters which allow bi-directional flow of
power; different techniques have been proposed for this
configuration control. In [1], using Integral Sliding Modes, a
tracking control is proposed for electric torque and reactive
power in order to maintain a constant stator power factor. In
[2], using a non-coupled vector control technique, a PI stator
current controller is designed for active and reactive power
control. In [3], an exact feedback linearization technique
is applied to design a non-linear controller, considering a
utility bus voltage change as a disturbance. In [4], a block
control scheme with sliding modes is used to design a
control for rotor speed tracking and to keep the stator power
factor constant by means of the stator reactive power output;
however, that publication presents the RSC controller only,
and the simulations results neglect the IGBT’s dynamics.
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In [5], optimal PI controllers were designed using particle
swarm optimization. In the present paper, the authors propose
a block control scheme using sliding modes, for the RSC and
the GSC of a doubly fed induction generator connected to an
infinity bus. The variables to be controlled by the RSC are
the electric torque (7;) and the stator reactive power (Qs),
and the ones for the GSC are the dc voltage (V) in the dc
link and the reactive power in the step-up terminals (Q).

II. DISCRETE-TIME MATHEMATICAL MODEL

A. Double Fed Induction Generator

The DFIG rotor and stator three phase windings are
assumed to be symmetrical and balanced, and the rotor
speed can be below or above the synchronous speed of the
stator flux [6]. The discrete-time equations for the DFIG are
developed in per unit as[4]:

wn (k4 1) = won (k) + T%(Tmoc) TR, (D)

is(k 4+ 1)=is(k) + 7(A11 (k)is(k) + Ar2(k)ir(k))
+7(D1vs (k) + Bau(k)), 2)

ir(k + 1)=i, (k) + 7(A21 (k)i (k) + Az (k)ir (k)
+7(Daovs (k) + Bou(k)), 3)

To(k) = i (k)" My, is(k), 4)

e

where
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and wy is the base angular speed, w, is the rotor speed
(pu),ids »igss tdr» Lqr are the stator and rotor currents in the d
and g axes respectively (pu), Vas ,Uqs, Var, Vqr are the stator
and rotor voltages in the d and ¢ axes respectively (pu), T, is
the electromagnetic torque (pu), T}, is the mechanical torque
(pu), X is the stator self-reactance per phase (pu), X, is the
rotor self-reactance per phase (pu), X,, is the magnetization
reactance (pu), R is the stator resistance per phase (pu), R,
is the rotor resistance per phase (pu), H is the moment of
inertia (sec) and 7 is the sampling time.

B. DC Link

The GSC is connected to the grid source through a step-
up transformer. The GSC works like a rectifier to keep the
dc voltage constant in the dc link and to allow bi-directional
power flow. The discrete-time equations in per unit for the
DC link are defined as:

Vae(k+1) = Vae(k) + 7 (WU;(]C)MP%(M) )

ig(k+1) =ig(k)+7(Agig(k)+ Bgugs(k) — Byuy(k)), (6)
with V. (0) # 0, where

—welly w L0
Ay = X wSR ’B - |: 0 w :|7
U R
1 0
MP:|:0 1:|7

. id v, v
zg{,g},vgs{ dgs],ug[ dg],
i v v,
ag ags ag

and, ws is the synchrony frequency (rad/sec), iqq, iqq are
the currents in the d and g axes respectively (pu), Vags, Vggs»
Vqg, Vqq are the step-up transformer and GSC voltages in the
d and ¢ axes respectively (pu), R, is the resistance of the
three phase lines a, b, ¢ (pu), X; is the reactance of three
phase lines a, b, ¢ (pu), C' is the capacitance of the dc link
(pu) and 7 is the sampling time.

III. RSC CONTROLLER DESIGN

The variables to be controlled are the DFIG electric torque
T.(k) and the stator reactive power (s(k). The control
objectives are: a) to track a time-varying electric torque
trajectory 77/ (k), and b) to keep constant the electric power
factor f,s1(k) at the stator terminals by means of the stator
reactive power Qs (k) control. The electric torque T, (k) and
stator reactive power Qs(k) are defined respectively as (4),
and

Qs (k) = vs (k)T Mgis (k), @)

1 0
The reference for reactive power is defined as a function of

electric power factor fps1 [7]:

P (k)

ref — _

Qs (k) - fpsl 1 1?517 (8)
where Ps (k) = wsyncTe (k).

Analyzing the steady state of the system (2) and (3), the
following equations are obtained:

Zr(k’) = Glls(k) + Hl’l}s(k), (9)

where Mg = L 0 -1

is(k) = Gair (k) + Havs(k), (10)
where
X R 0 1
_ X X _ Xm
Gi=| "B Xr :Hl—[_1 0},
X’V?l Xm X’NL
XmXs  XmRs
R2+X2 R2+X2
Ga=| X,k x|
RZyX2 RZ1X2
R, X,
RZ1X2 RZ{X?
H, = X, _ R, |-
R2+X2 R2+X2

In order to simplify the controller synthesis, we assume that
(9) and (10) are approximately valid during transient; thus
(2) and (3) can be rewritten using (9) and (10), as:

is(k+1)=fi. (k) +7Biu(k),
ir (k+1) = fi, (k) + 7Bau (k),

(1)
(12)
where

fi. (kB)=is (k) + 7 (A11 (k) + A2 (k) G1)is (K)
+7 (Alg (k) Hq + D1) Vg (]{1) R

fi, (B)=iy (k) + 7 (A21 (k) G2 + A2z (K)) iy ()
+7 (A21 (]4}) Hs + Dg) Vg (k‘) .
Evaluating (4) at (k+1) and using (11) and (12), T.(k+1)

is defined as

T. (k+1) = fr. (k) + Br, (k) u(k), (13)

where
fr, (k) = fi, (k)" Mz, fi, (k),
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Br, (k) =7(f;, (k)" M{ By + fi, (k)" Mz, By).
Evaluating (7) at (k + 1) and using (11), then
Qs (k+1) = fq, (k) + Bq, (k) u(k), (14)

where
fa. (k) =vs (k)" Mofi, (k)

Bo. (k) = 7vs (k)" MgB.

From (13) and (14), the following system is formulated

w1(k+1) = fo, (k) + Bo, (R)u(k), y(k) = z1(k),  (15)
where
_ Te (k) _ fTe (k)
nw=[ g [ mw=| 20 |
_ | Br. (k)

B0 = | o) |
The sliding manifold is defined as:

s (k) = 1 (k) — 27 (), (16)

ref

where 27/ (k) = gzef EZ)) .

Evaluating (16) at (k + 1), the equivalent control u?*(k) is
calculated as [8]:

W (K) = = 2By, ()7 (i () - 2 (5 1)),

a7
Applying u (k) = u®? (k) to (15), the state of the closed-
loop system reaches the sliding manifold s(k) = O in one
sampling period. However, it is appropriate to add to the
control signal a stabilizing term u®™(k), defined as:

- 1 _
™ (k) = = Ba, (k)" (Ks (k) + Koso (k)),  (18)
where K s(k) is included in order to reach the sliding surface
asymptotically and to avoid high gain control, Kysq(k) is an
integral term to reject the unmodeled dynamics and to reduce

the steady state error; additionally K, K should be selected
I

-
K, K
term so(k) is defined as:

such that is a Schur matrix [9]. The integral

so(k+1)=so(k)+7s1 (k). (19)
Hence, the complete control u¢(k) is proposed as
u® (k) = u" (k) + u®" (k). (20)

To take into account the boundedness of the control signal
[lu (k)| < Umax » Umax > O, the following control law is
selected [8]:

umax uC(k)
u (k) = uc“(“ ~)<k:)n

if |lu® (k)] > tmax

. 21)
if o (B)]) <t

IV. GSC CONTROLLER DESIGN

The variables to be controlled are the capacitor voltage
Vac(k) and the reactive power (), (k). The control objectives
are: a) to track a dc voltage reference Vdrcef (k) in the dc link,
and b) to keep constant the electric power factor fps2(k) at
the step-up transformer terminals by means of the reactive
power Qg4 (k) control.

The step-up transformer reactive power (), (k) is defined as:

Qg (k) = vsg (k)T Mgqig (k).

The reference for the reactive power is defined as a function
of electric power factor fps2 [7]:

(22)

Po(k)
ref _*tg _f£2
Qy (k) = Foen 1= [ (23)
Let define the tracking error for the dc voltage as
e (k) = Vae (k) — V3l (k). (24)

From (24), using (5), then &f (k + 1) is equal to

& (k +1) = Vao (]) + 7 (v vm (K) My (k)

—Vieh (k+1),
(25)
and considering that in the dg axes vy, (k) = 0, the dc voltage
is controlled directly by iqq(k)

e9(k + 1) = Vao(K) + a2 vigs (k)iag (k)

26
Vi (k4 1). (26)
Then, the ¢4, reference is defined as
. 2CVy. (k)
ref ()= oyred (4 1) — Vi (k
+kief (k) + koeg (K)), (27

1 . . .
where L 1 ]: ] is a Schur matrix [9], kief(k) is
o K1
introduced to reach the reference asymptotically; in order to
reject the unmodeled dynamics and reduce the steady state

error a integral term koe{ (k) is inserted:

el (k+1) =€) (k) + e (k). (28)

On the other hand, the tracking error for the reactive power
is

&3 (k) = Qg (k) — Q' (k).

From (22), and considering that vy4s(k) = 0, it could be
established

(29)

Qq(k) = —vags(k)igg(k). (30)

Assuming ¢ (k) = 0, then Q, (k) = Q;ef (k); therefore, it
is easy to see that ig;f is given by:

V112
vl (k) = —igg (k) o

-_—. (31)
9 fpsQ
Then the sliding manifold is formulated as:
sg (k) = 1iq (k) = g/ (k). (32)
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Fig. 2. DFIG Prototype

where i7¢/ (k) = { zdgi EZ% }

q9
Evaluating (32) at (k + 1), the equivalent control ug?" (k) is
calculated as [8]:

UG (K) = — By iy () + 7(Aygiy (k) + Byvgs (k)
—ip?l (k +1)). (33)

Applying u (k) = ug?" (k) to (6), the state of the closed-
loop system reaches the sliding manifold s,4(k) = 0 in one
sampling period. However, it is appropriate to add to the
control signal a stabilizing term ugm(k) in order to reach
the sliding surface asymptotically and to avoid high gain
control; hence, the complete control ug(k‘) is proposed as:

ug (k) = ug™ (k) +ug™ (k) , (34)
where
. 1 _
ug™ (k) = —Bq (k)" (Kgs, (k) + Kogsog (k)),  (35)

kK 0 0 . .
K, = g |» Kog = ¢ |; in order to reject the
0 K kg
unmodeled dynamics and reduce the steady state error, the
integral term so4(k) is inserted, defined as

s0g (K +1) = sog (k) + 7 (igq (k) —ige (k). (36)
kK 0 0

and 0o 1 7 is a Schur matrix [9]. To take into
0 k5 K

account the boundedness of the control signal ||ug (k)| <
Ugmax> Ugmax > 0, the following control law is selected

[8]:

W)
e GO
ug (k)

7 if [Jug R[] < g max
V. REAL-TIME RESULTS

To evaluate the performance of the proposed RSC and
GSC controllers a real-time implementation in a 1/4HP
three-phase generator prototype is developed; it is shown
in Fig.2. The DFIG prototype parameters appear in Table I.
The implementation is performed using Simulink/MATLAB!
with a data adquisition board DS1104%. The Wind Turbine

1Simulink/MATLAB is a trademark of MathWorks.
2DS1104 R&D Controller Board of dSPACE GmbH

Symbol Parameter Value
Xm Magnetizing Reactance 2.3175pu
X Stator Reactance 2.4308pu
X, Rotor Reactance 2.4308pu
R Stator Windings Resistance 0.1609pu
R, Rotor Windings Resistance 0.0502pu
H Angular Moment of Inertia 0.23sec
wp Base Angular Frequency 376.99112rad/sec
P, Base Power 185.4V A
Vi Base Voltage 179.63V
X Three Phase Lines Reactance 0.0045pu
Ry Three Phase Lines Resistance 0.0014pu

C DC Link Capacitance 0.1854pu
TABLE I

PARAMETERS OF DOUBLE FED INDUCTION GENERATOR PROTOTYPE

wr ()
=]
&5

Wind Turbine Speed

o
@
I

o
=
@

i L 1 i L
5 10 15 20 25 a0
Time (gec)

o
@

Fig. 3. Case a, wind turbine speed

is emulated by a 3/4HP DC motor. In this paper two case
studies are presented: a) constant wind turbine speed with
a time-varying electric torque reference, and b) constant
electric torque reference with a time-varying wind turbine
speed.

A. Constant Wind Turbine Speed

The real-time implementation conditions for the first case
are:

o Time lapse: 30 seconds.

o Sampling time step: 500us.

o Constant Wind Turbine speed: 0.97pu.

« Initial RSC Controller references: T7¢f = 0.5pu, f,s =

1(Q5 = Opu).

o At 8.15 seconds, a change to 77¢/ = 0.9pu is incepted.

o At 18.83 seconds, 7%/ = 0.5pu is incepted again.

e GSC controller references: V;Cef = 0.55pu, fps = 1

@y = Opu).

The wind turbine speed emulated by the DC motor is
shown in Fig. 3. As a first step the wind turbine speed is
assumed constant to focus on the electric torque tracking.
The performance of the RSC controller is presented in Fig. 4
and Fig. 5. Fig 4 displays the output variables 7, and Q4 for
the RSC; it can seen that the electric torque and the reactive
power tracking is achieved. The power factor and the RSC
control signals vq,, vg, are presented in Fig. 5; it is possible
to see that the control signals are bounded. The controlled
output variables Vg, Q4 for the GSC are displayed in Fig.
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6; the GSC control signals vgg, v4, are shown in Fig. 7.
It is ease to see, that both RSC and GSC block controllers
reach the control objective with a small tracking error. The
generator output voltage spectrum is shown in Fig. 8, where
it can be seen that it does not have harmonic frequencies.
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Fig. 7. Case a, GSC control signals vqg, vqg
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Fig. 8. Case a, grid voltage spectrum
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Fig. 9. Case b, wind turbine speed

B. Constant Electric Torque

The real-time implementation conditions for the second
case are:

o Time lapse: 30 seconds.

o Sampling time step: 500us.

e RSC controller references: Te’“ef = 0.5pu, fps = 1

Q1) = Opu).
« GSC controller references: V' = 0.55pu, fos = 1
Qe = Opu).

o Wind Turbine speed changes between 0.95pu to 1.02pu.
The wind turbine speed changes is shown in Fig. 9. Fig. 10
presents the output variables 7, and Qs controlled for the
RSC, and it can see that the effect of speed changes in the
electric torque and reactive power tracking are small. The
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Fig. 12. Case b, V., Qg and fps2 controlled by the GSC

speed changes has not a significant effect to power factor, as
can be seen in Fig. 10. The speed changes are compensated
for the control signals, Fig. 11. The performance of the GSC
controller is present in Fig. 12 and Fig. 13. The effect of the
speed change is not presented in the output variables Vj,
and Q4 of the GSC controller. The RSC and GSC block
controllers reaches the objective in this case too.
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Fig. 13. Case b, GSC control signals Vdg» Vqg

VI. CONCLUSIONS

This paper has developed a block control scheme, using
sliding modes, for a doubly fed induction generator, which is
implemented in a real-time. Discrete-time sliding modes for
RSC are used to track a reference trajectory for the electric
torque 7. and to keep constant the electric power factor fps1;
for the GSC, discrete-time sliding modes are used to keep
the dc voltage V. constant and to keep constant the electric
power factor fps2 in the step-up transformer. The generator
rotor speed w, is controlled by a DC motor which is not
described in this paper. For case a; the electric torque and
the reactive power tracking is succesfull for a time-varying
electric torque reference; for case b; it can be seen that
the proposed control scheme reaches the objective even in
presence of speed changes in the wind turbine speed and
unmodeled dynamics.
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