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Abstract

This paper proposes the control of a doubly fed induction
generator DFIG used in wind turbine energy conversion. The
control strategy is based on the linear active disturbance rejection
control ADRC to generate the control voltages of the rotor side
converter RSC and the grid side converter GSC, due to the
changes in control inputs. The ADRC, based on the extended
state observer ESO, estimate and compensate in real time all the
internal and external disturbance of the physical plant, such as,
the parameter uncertainties due to the temperature variation, the
cross-coupling terms and the load current variation into the dc
link voltage. Simulations results are carried out with MATLAB
/SIMULINK.

Keywords: Doubly Fed Induction Generator, Active
Disturbance Rejection Control, Extended State Observer, Wind
Energy, Back To Back Converter.

1. Introduction

Now the global trend towards the use of renewable
energy is increasing, in this case, wind energy begins to
take a large part in the global market. Variable speed wind
using DFIG have a major advantage, seen mainly in
reducing of the size and cost of power converters, in fact
the power transiting through the back to back converter is
about 30-40% of its rated power [1], while allowing a
variation of the rotor speed over a range of 0.7 to 1.3 of the
synchronous speed. The control of DFIG using PI
controller is widely used [2][3], however it has a major
drawback when the internal DFIG parameters are subject
to variations due to the effects of temperature, which
consequently affect the performance of regulators [4][5].
ADRC method proposes a control law which is not based
on the accurate mathematical model of the system [6][7],
therefore all internal and external disturbances are
estimated and rejected in real time, hence the name of the
active disturbance rejection control ADRC. In this paper,
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ADRC is used to control the rotor side converter RSC and
the grid side converter GSC.

2. Dynamic Model

The model system of converting wind power using DFIG is
represented in Fig.1. The Kkinetic energy of wind is
converted by the turbine connected via a gear box to the
axis of the DFIG. The stator is connected to the network
through a back to back converter through the filter (Ry, Ly),
while the stator is directly connected to the network.
Vector control techniques are used for decoupling of active
and reactive power. Unity power factor is often set at GSC
and reactive power is transited directly between the
network and the stator depending on the command of the
RSC.
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Fig. 1 Schematic diagram of DFIG-based wind generation systems.

In this paper three commands will be developed to ensure
the functioning of the wind turbine: Maximum power point
tracking control MPPT, control of rotor current at RSC
and control of the DC link voltage and power factor at
GSC.
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3. Mathematical Model

3.1 Turbine Model

The power and the torque on the shaft of the turbine are
given by the expression:

P, :%Cp(z, B)pSv? @
_1 v )
T=5C, (Bl

t

Where X is the Tip speed ratio of the rotor blade tip speed

to wind speed defined as:

P QR (3)
Vv

p is the air density, S is the surface swept by the blades of

the turbine, (2 is the turbine speed, v the wind speed, S

pitch angle and Cp represents the wind turbine power

coefficient given by the empirical expression:
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Fig.2 shows the Cp curve for S=0.
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Fig. 2 Turbine power coefficient.

The turbine shaft is connected to that of the DFIG through
a speed multiplier k. Fig.3 shows the mechanical model
where J; and J,, represent respectively the coefficient of
inertia of the turbine and the generator and f, is the
viscosity coefficient. T, and T, represent respectively
mechanical torque of turbine shaft and generator. (2, is the
rotational speed of the generator. Mechanical equation is
written as:

(J;Hmjdgm +1,Q, =T, -T,, (6)
k dt
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Fig. 3 Turbine model.

3.2 DFIG Model

The model of DFIG is established in the synchronous
reference dg. Stator and rotor voltages are given by the
following expressions, where R, L, L, and ¢ and I
represent respectively resistance of windings, inductance,
mutual inductance, flux and current. The subscripts s, r, d
and q respectively indicate stator, rotor, d-axis and g-axis.

Vds = Rslds + d¢ds —95 ¢qs (7)
dt
V. =Rl A 0, (8)
gs ~ s qs d + ¢ds
dg,,
Vdr = erdr +%_0r ¢qr (9)
V, =R, % g (10)
d r¢dr
=L, + LI+ L 1, (11)
o =(Ly + LI +Lm|qr 12)
=( Ly, + LI, + L (13)
¢q, (Ly + LI + Ly b (14)

Electromagnetic torque Te is written as:

3y (15)
e 2 |_ +L| (¢qs dr ¢ds|qr)

Active and reactive stator power is given in synchronous
reference dg-axis by the expression:

§(Vds|ds +Vqs qs) (16)
(Vqs ds ds qs) (17)

3.3 Back to Back PWM Modeling

The back to back allows bidirectional transit of power
between the rotor and the network [8]. Fig.4 represents the
rectifier and inverter connected by the dc link voltage.
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Fig. 4 back to back converter.

Smn indicates switching functions corresponding to the
IGBT switches where (m denotes a, b and ¢ arms and n
denotes inverter i or rectifier r). i; , i and iy, are
respectively the current in the filter, the output current of
the rectifier and the input current of the inverter. i, is
considered as a load current for the rectifier converter. In
dg-axis reference frame, relations between voltage and
current are given by:

dUdc = irec - iirlv (18)
dt
. 3
Irec = E (Sqr I qf + Sdrldf ) (19)
L R, Ll =V, -V (20)
f?“’ flar T L@y =Vys —Vag
dl @1)
Lf F_F Rf qu - Lfa)sldf :Vqs _Vqsl
Vs = Sarlac (22)
Vqsl = Sqrudc (23)

4. Active Disturbance Rejection Control

The active disturbance rejection control was proposed by
Han [9][10][11][12]. It is designed to deal with systems
having a large amount of uncertainty in both the internal
dynamics and external disturbances. The particularity of
the ADRC design is that the total disturbance is defined as
an extended state of the system; and estimated using a state
observer, known as the extended state observer (ESO). It
was also simplified to linear ADRC using the linear ESO,
which makes it easy and convenient to implement [13][14].
We consider the case of first order system for the
illustration of the method.

y=f(y,wt)+byu (24)

Where u and y are input and output variables. w is the
external disturbance, and f(y,w,t) represents the combined
effect of internal dynamics and external disturbance and by
parameter to estimate.
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The basic idea is the estimation and compensation of f. Eq.
(24) can be written in an augmented state space form as:

X1 = X, +byu

xo=h  where h=f
y=X

(25)

Or in the matrix form:

X = AX+b,Bu +Eh

y =Cx (26)
Where

ol 3] ik i) =[]

A state observer of Eq. (25) will estimate the derivatives of
y and f since Eg. (25) is now a state in the extended state
model.

This observer denoted as a Linear Extended State Observer
LESO is constructed as:

z=Az+b,Bu+L(y-7)
y=Cz  where L= {’81} (27)
B

2
L is the observer gain vector. To simplify the tuning
process, the observer gains are parameterized as [15]:

L:{ng}

Wy

Where, ay is the bandwidth of the observer determined by

the pole placement technique [15]. The estimate is more

precisely by increasing the bandwidth of the observer;

however, a wide bandwidth increases the sensitivity to

noise. In practice, a compromise is made between the

speed at which the observer tracks the states and its

sensitivity to sensor noise. With a properly designed ESO,

z, and z, are tracking respectively y and f.

The control law is given by:

U= 2, (28)
b

The original plant in Eqg. (24) is reducing to a unit gain

integrator.

u=

y=(f —z,)+u, ~u, (29)
This can be controlled by a simple proportional controller.
up =k, (r-z) (30)

Where, r is the input signal reference to track.

The controller tuning is chosen as k,=a, where «; is the
desired closed loop frequency [14].

The combination of linear ESO and the controller is the
linear ADRC. Generally we choose a=3~7a, and
consequently, @ is the only tuning parameter. Fig.5
represents the implementation of the linear ADRC.

1JCSI
www.lJCSl.org



IJCSI International Journal of Computer Science Issues, Vol. 10, Issue 2, No 2, March 2013
ISSN (Print): 1694-0814 | ISSN (Online): 1694-0784

www.lJCSl.org 394
ADRC rotation speed sensor. Maximum power extracted can be
dJ, written as:
1 R®
r kp —@—1_-'1:-0 Plant v P, rax ZECpmaxpﬂFle (37)
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Fig. 5 Architecture of the developed ADRC controller.

5. Rotor Side Control

The control strategy is based on the orientation of the
stator flux on the d-axis. We recall that the voltage of a
stator phase in af reference is given by:

V, =R, + 3=
dt
495

(31)
V, =R, +

Angle & required to the Park transformation can be
calculated as:

@ jv ~Rii,
b =V, snﬁ)it (32)

%J
0, = arct
arcg[¢

s (33)
Neglecting the effect of the stator resistance R;, it follows
that the voltage and the stator flux are rotating at the same

speed with a shift angle of 90°. It follows:

ds ~ 0
Vqs zVS (34)
The electromagnetic torque and the stator reactive power
are given by'

Te = 5 p ¢ds qr (35)
¢d L (36)
Sy | Fos _ Em
Qs 2 qs( LS LS dr
L =L, +LI,
where
L =L, +LI

The electromagnetic torque T, and reactive power Qs are
controlled respectively by the rotor currents I and lg,.

To get the electromagnetic torque reference Ten'™,
Maximum Power Point Tracking (MPPT) strategy is used
to extract the maximum of power from the wind velocity.
MPPT strategy applied in this paper only requires a
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Where, Agy is the optlmal tip speed ratio corresponding to
maximum power coefficient Cpmay.

In a steady state and neglecting the effect of viscosity,
Eq.(6) leads to T,,=T.n. It follows that the electromagnetic
torque reference is given by:

=Ky (39)
Where

1 R® 40

koptzgcpmpﬂm (40)

The reference rotor currents are then deducted from
Egs.(35) and (36):

| ref _[¢ds_3v refJ (4]_)

rref —_ 2 iTemref (42)
! 3p¢ds I-m
The expressions of the rotor currents can be put into the

form:

dldr _ Vdr _ Rr | +w, | Lm d¢d5 (43)
dr
d o, ol OL L O‘L L, dt
dl _V, d
=1 Rr I r _wrldr ¢ds Lm ¢q5 (44)
dt OL ol, ° O‘L L oL L, dt

This, leads for the 4. current, and the same study is used
for 1y, current, to:

dc',;“ — £(1,,,d,t)+byu(t) (45)
Where

R L dg
feeltl, +al m (P B

oL, o oL,LS[“" w dtj (aL, )V (40)
u:Vdr

f represents the generalized disturbance, Iy and u denote
respectively the output and the control input of the plant,
by is the parameter gain to approximate. A linear active
rejection control LADRC is easy to implement to control
the rotor currents. Fig.6 shows a schematic block diagram
for the rotor side control.
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Fig. 6 schematic block diagram for the rotor side control.

6. Grid Side Control

This converter has two roles: to maintain the DC bus
voltage constant regardless of the magnitude and direction
of the rotor power flow and maintain a unity power factor
at the connection point with the grid. A voltage oriented
control VOC is used to control the grid side converter
GSC.

6.1 Regulation of the Voltage Loop

If we neglected losses in three phase PWM rectifier, the
input active power P; is equal to the DC link power Py,
that is:

P =Py

A phase locked loop PLL is used to orient the voltage on
the g-axis and so the voltage on the d-axis is equal to zero.
The input active P; and reactive power Qs is writing in dg-
axis as:

P, = qugqf (7)
3 48)

Qi = qusldf (

Pdc =Ugclree = qusqu

Thus let to

CUy d;l:c = qusqu _udciinv (50)

Letting w=uq.’, then Eq. (50) can be expressed as:

diw = EV sl f _gwj/ziinv (51)
d ¢ *% ¢

Eqg. (51) can be written in the form:

aw _ f +Dbyu (52)
dt

Where
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2 1 3
f :—WJ/Z|"Wjt(c:vqs—bojlqf (53)
u=Ig

Where, f represents the generalized disturbance, w and I
are respectively the output and the control input of the
plant. bothe parameter to approximate.

So the linear ADRC can be used in the voltage loop.

6.2 Regulation of the Current Loop

Egs. (20) and (21) that represent the currents in the filter
can be written as:

dly 1 1

CT:f:Li(\/ds—Rfldf —wasqu)_rvdsl &9
f f

a1 1 55

Tzzrf(vqs_Rfqu+was|df)_?qu51 ( )

This led to put the current Iy, and the same studies can be
used for Iy, into the form:

dl
= f(1,0.d,t)+byul(t) (56)
Where
1 1
f :r(\/ds_Rfldf _Lfa)squ)_[L+b0}/dsl (57)
f f
U=Vyq

As above a linear ADRC can be applied.
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Fig. 7 schematic block diagram for the grid side control.

7. Simulation and Results

Simulation of the DFIG wind turbine and the applied
control strategies have been carried out with the
Matlab/Simulink. The parameters of the DFIG coupled to
the turbine are given in Appendix. Simulations are made in
three tests:
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3.1 Test A

A constant wind speed v=12m/s is applied to the turbine,
which leads to a torque electromagnetic reference
Tem®=7911mN and a machine rotor speed equal to
n = 1740rpm. A stator reactive power reference is set at
0 MVAR, which will be changed to IMVAR at t = 1s and
then to 0 Mvar at t = 1.5s. Rotor currents Ig and lg and
their references lgr s and lg- rer are plotted in Fig. 8. It is
clear that the rotor currents follow well their references
depending on response time imposed by the desired closed
loop frequency a,=60rd/s which correspond to tr=50ms.
Fig. 9 and Fig. 10 show the general disturbance f_I4 and
f_lq with their estimates by a linear ESO Z,lg and Z,ly;
we can see that the ESO estimates in real time the total
disturbances which will then be rejected by the linear
ADRC. Rotor currents lg and lg, and their estimates Z; 4
and Z;ly are illustrated in Fig. 11; here also the ADRC
puts again in evidence its performances. The decoupling
effect between the direct and quadratic stator flux is
illustrated in Fig. 12. Reactive stator power and their
reference are shown in Fig. 13. The stator voltage v, and
the stator current is are in phase before t = 1s and they are
no longer in phase after t = 1s, indeed, the reactive power
is a step change from 0 to IMVAR as shown in Fig. 14.

Fig. 15 illustrates the regulation of DC bus voltage Uy,
which follows its reference after a transitional regime.

3.2 TestB

A second test is performed linearly varying wind speed
from 10 m/s at t=1s to 10.7m/s at t=1.5s. The
corresponding rotor speed varies between n=1450rpm
(hypo synchronous mode) to n=1550rpm (hyper
synchronous mode) as shown in Fig. 16. Rotor power P,
transiting through the back to back converter is negative in
hypo synchronous mode and positive in hyper synchronous
mode indeed the slip changes the sign as illustrated in
Fig. 17.

3.3TestC

A third test is performed under the conditions of the first
trial to reveal the robustness of the controller. Rotor
resistance was varied by taking the values of 0.5Rr, Rr and
finally 1.4Rr to highlight the possible variations in the
rotor resistance which can be due to a temperature rise.
Fig. 18 demonstrates robust control based on linear active
disturbance rejection control. The global uncertainties are
estimated and compensated in real time.
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7. Conclusion

In this paper, we presented a new strategy for control of
DFIG based wind energy system. The implementation of
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the ADRC based on linear ESO is easy to implement. It
does not require exact knowledge of the internal dynamics
of physical plant, which is the main reason that makes it
robust against changes in internal parameters that affect the
time constants of the DFIG current loops as in the
traditional PI controller.

Appendix
Doubly fed induction generator parameters:

Rated power 1.5MW

Grid voltage line to line rms U=690V  f=50Hz

Stator and rotor resistance R;=10.3m{2 R,=8.28 m(2
Stator and rotor inductance LI;=280. /uH LI,=117.7 uH
Mutual inductance L,,=26.96mH

Number of pole pairs p=2

Turbine parameters

Rotor diameter D=60m

Total moment of inertia J=303.96kgm?
Optimal tip speed ratio A,,=6.5
Maximal power coefficient Cp,ax=0.48

DC link parameters

DC link voltage Ug.=1400V
Filter Li=0.25mH R;=0.785m«2
DClink capacitor C=50 mF

Rotor current controller parameters

Desired closed loop frequency ax,=60rd/s
Observer bandwidth am¢=5ax, =300rd/s
Parameter gain b,=2432

Filter current controller parameters

Desired closed loop frequency ax=300rd/s
Observer bandwidth amy=5ar =1500rd/s
Parameter gain by,=-4000

Voltage loop parameters

Desired closed loop frequency a,=30rd/s
Observer bandwidth am,,=5a, =150rd/s
Parameter gain b,,=33941
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