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Active Disturbance Rejection Control for Wind
System Based On a DFIG
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Abstract—This paper proposes the study of a robust control of
the doubly fed induction generator (DFIG) used in a wind energy
production. The proposed control is based on the linear active
disturbance rejection control (ADRC) and it is applied to the control
currents rotor of the DFIG, the DC bus voltage and active and
reactive power exchanged between the DFIG and the network. The
system under study and the proposed control are simulated using
MATLAB/SIMULINK.
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1. INTRODUCTION

USTAINABLE development and renewable energy today

are of interest to several research teams. Thus, the
development of wind represents a great investment in the field
of technological research. The wind system that uses doubly
fed induction generator and a back to back converter that
connects the rotor of the generator to the grid has several
advantages [1]. One advantage of this structure is that the
power converters used are sized to pass a fraction of the total
power of the system, which allows the reduction of losses in
power electronics components [1], [14].

The system studied is a chain of wind conversion three-
bladed horizontal axis using a double-fed asynchronous
generator directly connected to the grid and driven by the rotor
by means of the two power converters operating in PWM.
These PWM converters are used to adjust the rotational speed
of the generator to the wind speed to extract maximum power
generated [2], [4]. (Fig. 1)

In this study, the control of the DFIG is based on three
functions:

- The extraction of maximum power point tracking (MPPT)

- Vector control of DFIG with stator flux orientation
according to the axis d.

- Control of PWM converters.

Performance of the wind system does not only depend on
the DFIG but also the manner in which the two PWM
converters are controlled [4], [15].
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Fig. 1 Diagram of a wind turbine based on the DFIG

In this article, we present the technical control of the two
converters based on active disturbance rejection control. We
analyze their dynamic performance by simulations in
MATLAB/SIMULINK environment.

We start by modeling of the wind turbine and the
presentation of the principle of maximum extraction power.
Then, we present a model of DFIG in the Park reference dq.
Thereafter, we study in detail the principle and performance of
the ADRC technique used in the control of rotor side
converter and the grid side converter. We conclude by
presenting the simulation results and their interpretation.

II. MODEL OF TURBINE AND CONTROL STRATEGY MPPT

A.Model of Turbine
The turbine captures kinetic energy of wind and converts it
to a torque that makes rotate the rotor poles [7].
Aerodynamic power appearing at the turbine rotor is written
as follows:
Paero = %Cp (O, B)pmR?v? (1)
The aerodynamic torque is estimated by the following
expression:
Taero = 3 Cp (2 B)pmR? - 2
p is the air density, R is the radius of the turbine, Qt is the

turbine speed, B is the pitch angle, A is the speed ratio and v is
the wind speed.

_ R
- v

A )
Cp is the power coefficient expressing the aerodynamic
efficiency of the wind turbine. It depends on the speed ratio A
and the orientation angle of the blades B. Cj, is intrinsic to the
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constitution of the wind and depends on profiles blades [2],
[8]. It can be expressed by the following relationship:

125

— 04 —5)e A +0.00682 “4)

116
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¢, =022(

where
1 0.035

A=m——
' A+0.0088 p3+1

Fig. 2 shows the curves of C, as a function of A for different
values of .
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Fig. 2 Power coefficient as a function of A et

The mechanical speed is related to the speed of rotation of
the turbine by the multiplier coefficient G. The torque on the
slow axis is also related to the torque on the fast axis
(generator side) by the coefficient multiplier G.

The total inertia ] is consisting of turbine inertia J; reduced
on the fast axis and the inertia of the generator J.

J=2%+], ()

To determine the evolution of the mechanical speed from
the total torque applied to the rotor of the DFIG, we apply the
fundamental equation of dynamics:

dnmec
Zimee — T
dt 9

J - Tem - meec (6)
where,
T : Torque from the multiplier is applied to the shaft of the
generator
Tem : The electromagnetic torque produced by the generator
fQmec: Torque of viscous friction.

The previous equations allow determining the block
diagram model of the turbine Fig. 3.
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Fig. 3 Block diagram of the model turbine
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B.MPPT Control Strategy

To capture maximum of the incidental energy, we must
continuously adjust the rotational speed of the turbine to the
wind speed [2], [9], [15]. The principle of this command is to
always have a rotation of the turbine which allows a speed
ratio A=\ opt.

In this article, the turbine is controlled without speed
control (Fig. 4). The electromagnetic torque reference Tep, ref
is determined from an estimate of the wind speed and the
measurement of mechanical rotation speed [2], [7].
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Fig. 4 Block diagram of MPPT without wind velocity measurement

III. MOoODEL OF DFIG

A. Mathematical Model

Electrical equations of DFIG in the Park reference dq are
given by the following expressions [6]:

Vea = Ry isa + 32 — w5 Oy ®)
Vig = R Isq + 220+ 00,04 ©)
Via = Ry frg + 552 — 0,0y (10)
Vg = Relirg + 22+ 0, ®yg (11)
Dsq = Lsisq + Linirg (12)
Oy = Lgisqg + Limirg (13)
@pq = Lyirg + Linisq (14)
Dy = Lyirg + Linisg (15)
The expression of electromagnetic torque:
Tom = 3P 72 (ira®sq — irg®sa) (16)

Ls is the cyclic stator inductance, L, is the cyclic rotor
inductance, L, is mutual inductance, Ry is stator resistance,
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R, is rotor resistance, p is number of pole pairs of the
generator.

Active and reactive powers stator and rotor of the DFIG are
written as follows:

Py = Viqisq + Vsqlsq (17)
Qs = Vsqlsq — Vsalsq (18)
P = Vyalya + Vpqlrg (19)
Qr = Vrqlra = Vrairq (20)

B. Vector Control Strategy

For vector control of DFIG, we chose a Park reference
linked to the rotating field. By adopting the hypothesis of a
stator resistance Rg as negligible [4], [15] and the stator flux
@, is constant and oriented along the axis d, the following
equations can be deduced:

Dgy = O, = Lisy + Linirg @21
Dy = Lyigg + Linirg = 0 (22)
®rq = 0Lypivg + LL—T‘I’sa (23)
Oy = 0Lyirg 24)
Vea = Rylsq + 54 =0 (25)
Voqg = Rsisq + 05Pgq = WDy (26)
Via = Rylya + 0Ly S — 0,0 Lylrg 27
m:m%+nﬁjmwuw+w%q (28)

L2 . . . o
where o = 1 — o dispersion coefficient between the coilings
sHr

dand q.
From (21) and (22), the stator currents can be expressed as a
function of the rotor currents as follows:

P P
fsa =~ 7 bra 29

Isq = — irq (30)

Lg

The terms of active and reactive stator power can be
simplified as follows:

Lo -

b=V L_Squ (31
Vibs Vil .

Qs = . L lrd (32)

The simplified expression for the electromagnetic torque of
the DFIG is written as follows:
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(33)

3 Ly
Tem = _Epz(bsqu

The block diagram showing the simplified mathematical
model of DFIG is shown in Fig. 5.
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Fig. 5 Simplified model of the DFIG

Viq and V4 are the two-phase components of the rotor
voltages to impose on the DFIG to obtain the desired rotor
currents.

A judicious choice of regulators in the control loop and an
adequate synthesis of these parameters will compensate the
terms (ow,L;) coupling between the two axes d and q [4],
[14], [15].

IV. BACK TO BACK CONVERTER

The two converters of this wind turbine system (rotor side
and grid side) are interconnected via a DC bus which allows
for a transfer of between two sources at different frequencies.
(Fig. 6)

These converters are bidirectional PWM control and they
are composed of two switching cells, each is composed of two
IGBT that are connected to two diode in anti-parallel.

RSC  iwn  lanr GSC
4 < pg
LITTT
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Yy abe \ \ ‘)l \ W \ Vs abe
|

Fig. 6 Back to Back Converter

A.Rotor Side Control (RSC)

The role of the converter PWM control is to provide
adequate rotor voltages to ensure the necessary torque which
is used to vary the speed of the mechanical DFIG to extract
the maximum power generated [4], [14].

From (33), it is clear that the electromagnetic torque Tep,
can be controlled by the rotor currents i.q.

We deduce from (33):
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2 Lg

lrqref = — 3Ly, Tem ref (34)
Substituting (7) into (34), we deduce:
i =-1_5 ¢ TR5Q? (35)
rq_ref 3 meq)SG}'Zp[ pmaxp t

Similarly, the rotor current i, is used to control the reactive
power generated Q;. We deduce from (32):

i =% _ L0
rd_ref _Lm Vel s_ref

(36)

The simplified diagram of the control of the rotor side
converter is shown in Fig. 7.

Tem ref q_ref Vrg _ref
— . >
E -
s _ref Ird _ref Vrd _ref
— —»
BT zadbs

Fig. 7 Simplified diagram of the rotor side converter control

B. Grid Side Control (GSC)

This converter PWM control ensures a regulation of the DC
bus voltage U4, and adjusts the power factor grid side [14]-
[9].

The purpose of the control of this converter is to maintain
constant voltage Uy, and ensure unity power factor (Qs = 0).

Using the dq reference, electric filter equations (R¢ ,L¢)
connected to the grid and the DC bus are expressed as follows:

dig

Ly~ + Ryias + Lywsiqr = Vea = Vag (37)
LS 4 Rpigy — Lywiay = Veg = Vo (38)
Var = SarUqc (39
Ver = SqrUac (40)
imf =3 (Sarias + Sqrigs) (41)
CE = b — by (42)

Sqr and S, are the functions of connection switches of the
grid side converter in dq referential.

The voltage V; is oriented along the q axis, the active and
reactive power grids are thus written as follows:

P = gvsqiqf (43)
Qr = 2Vigias (44)

If we neglect losses in power converters, we obtain:
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Pac = Ugclms = Py (45)
Substituting (42) and (43) into (45), we obtain:
CUdc-% = zvsq iqf —Ugcimr (46)

V. CONTROL STRATEGY ADRC

A. Active Disturbance Rejection Control

Active disturbance rejection control is a robust command
based on the extension of the model system by a state observer
to estimate what the user can not master in the mathematical
model of the system to control [3], [10]. This state observer
dubbed « Extended State Observer (ESO)» allows to estimate
all real disturbance and modeling uncertainties [3], [5]. This
estimate is used in the generation of the control signal in order
to decouple the system of the disturbance acting on the actual
process [3], [5], [11], [10].

This function disturbance rejection allows the user to treat
the system as a simple model because the negative effects of
external disturbances and modeling uncertainties are
compensated for in real time [5], [12], [10], [13].

We consider the case of a first order system to illustrate the
principle of the ADRC.

ay® _
dt

—2y() + bu(®) (47)
where b = ;, u(t) is the input, y(t) is the output, K is the

gain and T is the constant of the system.
We substitute

b= by +Ab

where by = ; is the known part of b, and Ab is the modeling

error and/or variations in system parameters.
External disturbances are added, (47) of the system
becomes:

d 1 1
—3;(:) = —5(6) +5d(6) + Abu(t) + bou(t)

DO — £(y,d,t) + bou(t)

20 (48)
where f(y,d,t) = —% y() + %d(t) + Abu(t) represents the total
disturbance (internal and external).

The fundamental idea of the ADRC is to implement an
extended state observer (ESO), which provides an estimate
f(t) such that it can compensate for the effects of f(t) on the
system [3], [5], [10], [12].

The description of the state space of the process described
by (48) is given as follows:

(49)

in matrix form :
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% = Ax + Bu+ Df
{ y =Cx (50)

where 4 = (8 (1)), B = (%0), C=1 0)andD = ((1))

We cannot measure total disturbance f(t); we can only
estimate using the extended state observer (ESO) built using
the input u(t) and the output y(t) [3]-[5].

The equations of the extended state observer are:

{x =Ax+Bu+D(y—7y)
¥ =Cx

(1)

where D = (ﬁ 1), B, and 3, are the parameters of the observer.
2

B

The estimated variables %, (t) = 7 and %,(t) = f(t) are used to
implement the disturbance rejection and control laws.

#(t) = (A— DC)%(t) + Bu(t) + Dy(t) (52)
u(t) = uy (t) — ()
b
where
uo () = K (r(t) — y(0)) (53)

r(t) is the reference input signal to follow.
Fig. 8 shows the structure of the control loop by ADRC for

a first order process [3], [5].

The gain K, acts on the J(t) rather than on the actual
output y(t). uy(t) represents the output of linear proportional
controller.

By substituting (53) into (48), we show that the system
behaves as a simple integrator if £ (t) = f(t).

Process

§=1# Ak |

Fig. 8 ADRC topology

dl;_(tf) — f(t) + bO %_of(t) ~ uo(t) = Kp(r(t) - y(t)) (54)

If y(t) = J(t) , behavior of order 1 is obtained in closed
loop with the pole : S¢;, = =K, :

1ay®
K, dt

+y(@©) =7() (55)

If the state observer and disturbance rejection work
properly, a proportional controller must be designed to achieve
the same behavior as that of closed loop regardless of the
parameters of the actual process [10], [12].

Generally, the gain K, is chosen as a function on the desired
response time of the system ¢,.

International Scholarly and Scientific Research & Innovation 8(8) 2014

K, = ti (56)
To function correctly, the observation parameters [3; and
2, defined in (51), must also be determined.
The dynamics of the observer must be fast, the poles of this
observer must be placed to the left of the pole of the closed
loop S¢y, - A simple rule suggests [5]:

Seso1 = Sgsoz = (3....10)ScL, (57)

for the two concerned poles where S¢;, = —K), = —ti

From the matrix (A—DC) in (52), we calculate the
parameters of the observer so as to have a common pole Sggo
of'its characteristic polynomial:

det(Sl - (A- DC)) =524 B1.5+ B2 = (s — Sgs0)* (58)
From this equation, we deduce:

B =—2.5g50 and B, = (5550)2

where SESO = (3 ""10)SCL

B. Control of Rotor Currents by ADRC

From (27) and (28), the following expressions of rotor
currents are deduced:

(59)

diy Ry . , 1
d_td = _O'_Lr Lra + wrqu + O'_LTVrd (60)
dirg _ _Rr . _ o _Lm X
Tat oL, lrq — Wrlyg — Wy oL,Ls (I)s + oL, qu (61)
We put these expressions in the form:
1t = foyliar, d, ) + bou(t)
where
R, . . 1
fa = oL lrd + Wrlyg + (UT_ bo) Via
T T
1 (62)
u="Vea bo=_-
dir .
= fa(irg d.t) + bou(d),
where:
Re o iy tm 1
fq = _O'_Lrqu Wylpqg — Wp oL, Lg (I)s + (O'Lr bO)qu (63)
1
u= qu ,bO = cr_Lr

fa and f, are the total disturbance respectively affecting the
rotor and  ipq. and u=1V, are
respectively the control inputs of the currents loops i,.4 and
Irq- by is the known part of the system parameters.

By choosing a suitable response time, we can easily
determine the parametersk,, B;and B, of the ADRC
controllers, so that the rotor currents follow their reference
ird_ref and irq rer respectively given by (36) and (35).

currents i,4 u="Vy
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C.Control of the DC Bus

The voltage Uqy across the capacitor C is given by (46).
We set w = U2, (46) can therefore be written as follows:

aw Vsq . VW
— =32 =2 im,
dt c c

(64)

We put (64) in the canonical form of the ADRC regulator:
w _ w,d,t) + b
dat fw.d, o-t

where
‘\/W . VS .
fw = _ZT mr T (3Tq_ bo)qu
Vsq
c

(65)

u=iqf 'b0=3

fw Tepresents the total disturbance, w and i,f are respectively
the output and the control input of the control loop of the
voltage U,,.. by is the known part of the system parameters.

We choose the controller parameters ADRC K, , 3; and 3,
to maintain constant voltage DC bus.

D.Control Grid Side Converter
From (37) and (38), we determine the currents igr and igr by
the following expressions:

digr 1 R

f . . 1
it —; sd _;Ldf —wsqu—;Vdf (66)
digr _ 1 Rf . . 1
2 =1, a7 lar ~ Wstar = Var (67)
These equations can also be written as follows:
di )
% = fdf(ldf' d, t) + bou(t),
where
1 Ry ) 1
far = ;Vsa - L_;ldf — Wslgr + (; — bo)Vay
68)
1 (
u= Vdf, bO = —E
digr .
—L = for(igp d t) + bou(0),
where:
1 Ry . . 1
far =, %ea = ﬁqu ~ Wslar + (-~ bo)Var
1 (69)

u= qu ,bO = —;
far and fyr represent the total disturbance. V;r and Vg, are
respectively the control input of the control loops of currents
igr and igr. by is the known part of the system parameters.
The reference current iy o Which can impose a zero grid
side reactive power is deduced from (44):
(70)

. 21
laf ref = EEQf_ref =0

The reference current iy ,.¢ is deduced from (43) and (45):

International Scholarly and Scientific Research & Innovation 8(8) 2014

1318

i 21
laf ref = g%-udc_ref (71)

Similarly, we determine the ADRC controller parameters so
that the currents 5 and i, follow their references.

VI. SIMULATION AND RESULTS

The overall model of the wind system using the doubly fed
induction generator was simulated in Matlab/Simulink
environment. The system parameters are given in the
appendix.

To illustrate the performances of the ADRC command used
to control this wind system, we conducted several tests in
different conditions.

A.Test Tracking and Control

Fig. 9 shows the profile of the mechanical speed of the
generator shaft driven in rotation by wind. The generator
parameters are fixed and given in the appendix. Mechanical
rotor speed varies between 1000 rpm and 1800 rpm.

Figs. 10-12 show that the rotor currents i.4 and i.q perfectly
follow their reference. The current i.q, which controls the
electromagnetic torque of the generator, varies in the same
shape as the wind speed to extract the maximum power. The
current i.q, which controls reactive power Qg, is kept constant
to have a unity power factor on the stator side.

Figs. 13 and 14 show the total disturbances of the control
loops of rotor currents. These disturbances are estimated and
perfectly compensated by the regulator ADRC which allowed
having a very good performance. We also note from these
results, thanks to the ADRC, coupling between the two
currents irq and i.q disappeared.
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1800
1600
1400
E 1200
31000
g 800
600
400
200
o
time(s)
Fig. 9 Mechanical Rotor Speed
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Fig. 10 Rotor Current i.4 and its Reference
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time(s)

Fig. 16 Zoom on the Voltage Uy, and its Reference

The current ig; perfectly follows its zero reference which

Figs. 17-20 show the simulation results of currents igr and
enables to have a zero reactive power on grid side.

i of the filter (Ry, L¢), reactive and active power on grid side.

The current iy is maintained, by ADRC regulator, at its
reference value, which allows having an evolution of the

active power on grid side similar to wind profile.
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Fig. 20 Active power grid side P

ird

B. Robustness Test

The test of robustness is to vary the parameters of the model
of DFIG. In fact, the calculations of regulators are based on
functions whose parameters are assumed to be fixed.
However, in a real system, these parameters are subject to
variations caused by different physical phenomena. Figs. 21-
26 show the evolution of the current rotor after a 100%
variation of the value of the rotor resistance R, and a 150% on66
rotor inductance L. These variations in R, and L. have almost ’ time(s)
no influence on the operation of the generator because ADRC
regulators allow automatically compensate for the disturbance
due to these variations. The tracking of setpoints is always
ensured and the stability is not affected by variations of these
parameters.

ird and irchref (A)

Fig. 24 Current i,4 and its Reference after a 150% variation of L.
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resistance R¢ at 100%.

ird and irchref (A)

iqf and icf-ref (A)

time(s)

Fig. 25 Zoom on the Current i.q and its Reference after a 150%
variation of L,

time(s)

Fig. 29 Current iy and its Reference after a 100% variation of R.
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) o Fig. 30 Current i4¢ and its Reference after a 100% variation of Ry.
Figs. 27 and 28 show that after a 100% variation of the

capacity of the DC bus, voltage Ug. always perfectly follows VII. CONCLUSION

. . ; o
its setpoints and the voltage fluctuations do not exceed 0.4%. This article has been devoted to modeling of a wind turbine

710 ‘ based on a doubly fed induction generator, and developing a
o WWWWWWWWW ADRC control which compensates the errors modeling and
e g g parametric variations of the system.
R e Dede-ret We could see through the results obtained in this paper, that
% e ] the active disturbance rejection control is more efficient and
§ eaop - -l bl allows for a better operation by eliminating the effect of
o N R external and internal disturbance, which represent the main
T problem in the electric power system.
00 d e e io i 1o o iso Zbo The ADRC allows increasing system reliability and

time(s)

improving its energy efficiency.
Fig. 27 Voltage Uy, and its Reference after a 100% variation of C

70 T T T T T T T T T APPENDIX
L] e e e i i Doubly Fed Induction Generator Parameters:
706 — —l— — —l— — A= — 4 — —k — — b — —|— == =4
. N S S IS{atedpoZver: 300 KW
702 ‘ ‘ ‘ ‘ tator and rotor resistance: Ry = 8.9mQ , R, = 13.7mQ
B HU e AL Stator and rotor inductance: L, = 12.9mH , L, = 12.7mH
i bl Vateal induetance: Lo 12,672t
| | | i I )
o A A S S A Number of pole pairs: p = 2
| | 1 ] ] I | | 1
oopl -l Turbine Parameters:
6905 2‘0 4‘0 6‘0 8‘0 1(‘)0 1‘20 1110 u‘so 1&‘30 200 Radius of the turbine: R = 13.5m
e Gain multiplier: G = 65
Fig. 28 Zoom on Voltage Uy, and its Reference after a 100% Inertia total moment: J = 10kg.m?
variation of C Air density: p = 1.22kg/m?

. Coefficient of viscous friction: f = 0.0001
Figs. 29 and 30 also show robustness of the ADRC Optimal tip speed ratio: Aoy, = 8.1

regulators of the loops currents igr and igr. The two currents  Njaximal power coefficient: Cppqy = 0.45
perfectly follow their setpoints despite variation of the
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Connecting to the Grid Parameters:

Filter inductance: Ly = 2.5mH
Filter resistance: Ry = 75mQ
DC link capacity: C = 4400uF

Adrc Controller Parameters

Rotor currents controller gain: K, , = 133.33

Rotor currents parameter: b,, = 4069.3

Observation parameters of the loop currents rotor: S, =
1066.7, B,, = 284.44¢3

Filter currents controller gain: K,, = 200

Filter currents parameter: bry = —400

Observation parameters of the loop currents filter: f;; =
2000, B,; = 10°

DC link voltage controller gain: K, . = 400

DC link voltage parameter: b, = 385e°

Observation parameters of the loop DC link voltage: ;. =
3200, B, = 256e*
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