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ABSTRACT

Since the wind speed is random and unpredictable, the control of the power flowing between the wind energy
conversion system (WECS) and the electric grid is challenging. In this paper, the active disturbance rejection controller
(ADRC) and the PI controller are used in the control of a variable speed wind system based on the doubly fed induction
generator (DFIG). This generator is controlled via its rotor which is connected to the grid by two back to back converters, a
DC bus and a filter. For the rotor side converter (RSC), the voltage reference is provided by the rotor current control loop.
This control loop gets its reference from the maximum power point tracking (MPPT) algorithm used to maximize the
power extracted from the wind. As for the grid side converter (GSC), its voltage reference is obtained from the DC voltage
regulation. All is simulated in Matlab/Simulink environment and both controllers are compared in terms of reference
tracking and robustness against parametric variations. Results show that ADRC drives the system to its reference quicker
than the PI with no weakness to modeling errors or parametric variations and with respect to the desired time response. In

addition, the test results proved a high sensitivity of the PI controller to parametric variations.

Keywords: wind energy, DFIG, PI controller, ADRC, parametric variation.

INTRODUCTION

Electricity has become very important in our life.
Every day people use a lot of electrical and electronic
devices that are crucial in the modern society and for
people's well being. This electrical energy we use comes
mainly from fossil fuels. Unluckily, these sources of
energy are causing our planet to heat up due to greenhouse
gases produced in the process of fossil fuels combustion.
So, with no measures taken, the annual global emission of
greenhouse gases that would result in 2030 is likely to be
68 billion tons of carbon-dioxide-equivalent [1]. This
number is "far higher than an emission pathway that
would be consistent with having 50 to 66 percent chance
of avoiding global warming of more than 2°C" [1]. And
for that, according to the outcome of the 21* conference of
parties (COP21) held in Paris, the global emission of
greenhouse gases should be 55 billion of carbon-dioxide-
equivalent by 2030 rather than 68 billion. Moreover, the
continuous increase of the electrical demand is exhausting
our planet reserve of the fossil fuels. And that too, is
another reason to make us look for alternative resources
that would provide us and the coming generations with the
needed energy.

In the light of this decision, all countries should
be able to insure 40% of their energy from renewable
sources by 2030 and 50% by 2040. As for our country,
Morocco promised to achieve the same results ten years
earlier [2]. Among these renewable sources, there is the
wind energy which has a lot of project in process in
Morocco. That is why there is a lot of interest and
attention paid to the research in the control of wind
systems.

In the present work, we are interested in the
electrical part of the research which is mainly about the

control of the power flowing between the generator of
WECS and the power grid. In fact, there are different
types of WECS configurations using different types of
generators. But, this work is held on a variable speed
WECS based on the doubly fed induction generator. It's
the most dominant configuration with half the market
share [3] [4]. Compared to full variable speed WECS
based on the permanent magnet synchronous generator
(PMSG) in which the power converter are sized for 100%
of the rated power, the DFIG based system is less
expensive because its power converters are only sized for
30% of the rated power.

The generator in a DFIG based system is
connected to the grid via both the stator and the rotor. The
stator is directly connected to the grid while the rotor is
separated from the grid by back to back converters, a DC
link and a filter. It can operate in two modes; the
subsynchronous and the super synchronous mode. During
the first mode, the rotor consumes power from the grid
while in the second mode, both the rotor and the stator
produce energy and send it to the power grid.

The first section of this paper is dedicated to the
modeling of the different parts of the wind system such as
the wind turbine, the generator, the power converters, the
DC link and the RL filter. The second section is dedicated
to the presentation, the synthesizing and the application of
the PI controller and the ADRC in the different control
loops in the system. Finally, the last section in about
testing the controllers and comparing the simulation
results.
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MODELING THE WIND ENERGY SYSTEM

Modeling the wind turbine

The turbine consists of three blades, a nacelle, a
gear box and a generator mounted on a tour. By applying
the fundamental law of dynamics on the generator rotor,
we evaluate the evolution of the generator rotational speed
Qgen as in Equation (1) [5].

]-%zc‘g"_f-ﬂgen_cem (D

J is the moment of inertia of the hole system on
the rotor axis, C,,, is the electromagnetic torque produced
by the generator, C; is the mechanical torque applied on
the rotor after the gearbox, and f is the coefficient of the
viscous frictions.

Equation (2) is an application of Laplace
transformation to Equation (1).

Dgen = ]S%f (Cg - Cem) 2)

Computation of C,

Betz showed that a wind turbine can't convert
more than 59 per cent of the kinetic energy it receives
from the wind into mechanical energy [6]. This percentage
is given for every wind turbine by its manufacturer and is
called the power coefficient (Cp). The extractible power is
then equal to the total power available in the wind (P;)
multiplied by Cp. P; is given by Equation (3) [7].

Sv3
Po=5— 3)

V is the wind speed, p is the air density, and S is the area

swept by the turbine blades.
From above, Cg can be given by Equation (4).

1 1_1 32l
amr'a_z'cp'p'n'R'V'a'c 4)

1
Cy=5.Cpop.S.V2.

G is the coefficient of the gearbox, R is the length of the
turbine blades, {2,,is the turbine rotational speed, A is the
tip speed ratio given by Equation (5).

_ Q2turR
A== %)

The Cp used in this work is the power coefficient
of the 1.5 MW DFIG based wind system adopted in the
wind turbine model of Matlab/Simulink, it is given in
Equation (6).

s
2

C,(4,B) = CI.(Z—C3.ﬁ —c4).e’1_i+cﬁ.l (6)

B is the pitch angle and 4; is as in Equation (7).

11 0,035
A A+0,088  B3+1

)

Computation of C,,,

As for C,p,, we used a maximum power point
tracking algorithm that is without speed control and relies
on the fact that C,,, is equal to its referential value gotten
from Equation (4) [8]. This C,p, ref is given in Equation
(8.

1 Q
C =-.C .p.T.R> . —12— 8
em_ref 2 p_max p (G-)&Cp,max)?) ( )
Figure-1 presents the curve of the power
coefficient in term of the tip speed ratio A, for different

values of the pitch angle 3.

- lamda=8.1
0.45 Cp=0.48
0.4

=
]
w o

Power coefficient (Cp)
=
ho
(5]

0.2
0.15
0.1 2
0.05
EI_- 2 4 [ 8 10 12
lamda

Figure-1. Power coefficient of the wind turbine in term
of Lamda.

Modeling the DFIG
The two phase model of the DFIG is giving in
Equation (9) to (13) [9].

A@sa

Vsa = Rg.igq + a Ws. Psq
. dgsq
Vsq = Rg.igq + ot + ws. Psq ©
, dor
Vrd =R;. lrg + (th — Wy Prq
. Aoy,
qu = Rr- qu + Tq + Wy Prq
Ysa = Lslgqg + M. iy
Psq = L. lgq T M. lrq (10)
Qrg = Ly lpg + M. igq
Prq = Ly ipg + M. ig,
{Ps = sd-isd+v;q-isq (11)
Qs = Vsq- isa — Vsa- isq
{Pr = Vig-lra + Vig-lrg (12)
Qr = Vig-lra = Vra-lrq
M . .
Com = _P'L_S' (lrd-(psq + qu-(Psd) (13)
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Considering that the generator is unsaturated and
the d axis of the two phase reference is oriented along the
stator flux vector to ensure decoupling between the stator
and the rotor in the electromagnetic torque expression, the
DFIG can be presented by the new simplified model in
Eq.(14) to (17), and Figure-2.

i _ 1 M? .
fra = Rr+s-<Lr_I|Z—:) . (Vm + @ (LT B L_s) ’ l”l) (14
. 1 M2\ . w, M
brq = WM—M—:)' (qu - wr.(Lr B L_s)'lrd _w_s'L_s'Vs) (15
P =1 Lﬂ.qu
s (16)
Qs — VS.(PS Z:“rd
Cop = —P LﬂZ— - (17)

Figure-2. Model of the DFIG in dq synchronous
reference.

With the reference value of the electromagnetic
torque given in Equation (8), we get the reference value of
the quadratic rotor current. As for the direct rotor current,
it's deduced from the desired value of the reactive power
in Equation (16). The results are given in Equation (18).

Ls.ws
"vem.p ' emref

. 2
lrq_ref = 3

(18)

s
i = (B _2 Ls)y 1
er_ref - ws 3" Qs_ref ve) M

Modeling The PWM Converters, The RL Filter and
DC link.

Figure-3 presents the PWM converters and the
RL filter in the rotor /grid connection.
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Figure-3. The PWM converter, DC link, and the RL filter.
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The truth table and the Karnaugh maps of all
possible sequences of the six switches of a PWM
converter are established to get the expression of each
phase voltage of the AC side. Example of Karnaugh map
is given in Table-1 for the voltage between a and phase b.
Expressions of all voltage are then given in Equation (19)
[10].

Table-1. Karnaugh Map for voltage between two
phases (e.g. Vyp).

SS° 00 01 11 10
0 0 0 - Ve - Ve
Vdc Vdc 0 0
v, = (zsa—jb—sc)_vdc
(25p—Sa—Sc
v, = B2y (19)
(25c=Sq=Sp)
Vo= = Vae

3

The current in the DC side of the converter
depends on the states of the switches and the AC current in
the AC side of the converter. e.g. the current in the dc side
of the RSC is given by equation (20).

im = Slil + Sziz + 53':3 (20)

V4 is the voltage in the DC link, Sy is the state of the
switch referred to by k, and i, is the current in the phase k
of the rotor.

RL filter
The three phase model of the RL filter is deduced
from Figure-3.

ea —Vy=(L.s+R).i,
eb - Vb = (LS +R)lb (21)
e.—V.=(L.s+R).i,

Equation (22) is the result of Park transformation
applied to previous Equation (21) to get dq model of the
RL filter [8].
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1
R+L.s

. 1 .
lfq = m (qu - eq — L. (,Os.ld)

ifd = . (Vfd — €q + L. Og. 1q)

(22)

DC Link

The capacitor consisting the DC link is
connecting the grid side converter to the rotor side
converter as in Figure-3. As given in Equation (23), the
energy W stored in this capacitor depends on both Pm and
Pg that are respectively the power consumed by the rotor
and the power received from the grid [11].

aw aVgce

ar  orlde Ty z[':q_Pm (23)
with
Py = Vyc.igand Py = Ve iy (24)

i, refers to the current flowing from the DC link of the
RSC and i, refers to the current flowing from the GSC to
the DC link.

If we neglect the losses in the converter and the
filter, we get that the power flowing through the filter and
GSC is the same as the power absorbed from the grid
noted Py Equation (28).

P,y = Pr =Va.ig + Vy.ig = Vpuig (25)

Vyq and Iy4 are the space vectors of the voltage
and current in the AC side of the GSC.

Also, with the triangulo-sinusoidal pulse width
modulation (PWM), the maximum sinusoidal amplitude
reference is % [12]. Therefore, the output phase peak of
the AC voltage of the converter, referred to by V., and
its representation in dq reference V; are as follows [13]:

14
Veony = ma.—2¢ (26)

- _ 3 Vac
G = ma.\ﬁ.2 27)

ma is the modulation amplitude ratio of the sinusoidal
PWM.

From Equation (26), (27) and (28), we deduce
that:

__ma.\/§L,
g = z'ﬁ g

(28)

Finally, the dq model of the DC link is given by
Equation (29).

ma~3 ., 1

Vi = — A, ——. 0
dc sc242°1 sct™

(29)

CONTROL OF THE DFIG

PI controller
The transfer function of the proportional integral
controller is:

PI(s) = K, + K? (30)

In order to identify the parameters K, and K; of
the PI controllers used in the system, different methods are
employed. For the control of direct and quadratic rotor and
grid currents, the method of pole compensation is used and
the results are given in Equation (31) and Equation (32)
[9]. For the DC bus voltage regulation, the system is a
pure integrator that should be easily controlled by a
proportional controller. But with the presence of a
disturbance upstream of the system, an additional
integrator becomes mandatory to overcome the residual
steady sate error known as the offset. As a result, K, and
K; are chosen as presented in Equation (33)

M2
Lr——>
( Ls Ry 1
+_
T

PI.(s) = s 3D
Lt R 1
Pl,(s) =4 2 2 (32)
7, is the time response desired for rotor currents.
Kp 10 (33)
6, +5) 225 =
P s ) sc2zl T

w, is the cutoff frequency of the open loop system.
ADRC

ADRC on a first order system

To introduce the Active disturbance rejection
control (ADRC) suggested by Han in 1995 [14], we
consider a first order system with a single-input (u), a
single-output (y), and a disturbance (f) as in Equation (34)
[14] [15] [16].
{x’l = f(x,,d(t),t) + bo.u(t) (34)

V=X

f(x,d(t),t) is the total disturbance. It's a
multivariable function of the state variable, the internal
model of the plant, and the external disturbances on the
input signal. This function must be totally estimated and
rejected to make the system converge to the desired
reference via the control signal. To insure that, Han saw
that the total disturbance should be considered as an
additional state variable to be estimated by an observer he
named the extended state observer (ESO). With this
extension, the system in Equation (34) becomes as in
Equation (35) and Equation (36). Also, the ESO is a
Leumberger observer given in Equation (37).
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X1 = x, + bo.u(t)

X = f(xq1,d(t), 1) (35)
y=x

In matrix form:

x=Ax+Bu+D.f

{ y=C.x (36)

{x"}=(A—LC).x+B.u+L.37 37)
j=C.%

L= (gl) with f; and p, are the parameters of the
2

observer.

When the estimated value of the disturbance
%, = f is equal to the actual value of the disturbance f,
the system behaves as if there were no disturbance at all.
In fact, the system is controlled by a new signal, referred
to by U, and that contains the exact value of the
disturbance in order to overcome it. Equation (38) and
Equation (39) are respectively the forms of the new
control signal and the new system.

U, =bo.u+f(t) (38)

0
y

The transient profile (Equation (39)) of the initial
system is a simple integrator that can be easily controlled
by a proportional controller chosen as follows in Equation
(40), where w, refers to the desired natural frequency of
the closed loop transfer function [16].

U,
. (39)

K, = o, (40)

Also, parameters 8; and f3, of the matrix L need
to be determined to make the observer function efficiently.
For that, we use the method of pole placement combined
with the w,_Parametrization suggested in [17]. It consists
on assigning all eigenvalues of the observer at -w,. This
w, is the bandwidth of the observer which a common rule
suggest to chose it as in Equation (41) [17].

w, =3 ~ 5.0, (41)

Figure-4 illustrates the ADRC topology for a first
order system.

O bus

madel ]—)
ESQ

Kp

Figure-4. ADRC Topology.

Control of rotor current and grid current with ADRC

The ADRC makes it possible to see each of the
rotor currents of the DFIG and each of the grid currents as
an independent system by decoupling them from each
other. Actually, the coupling term in the model of the
system is considered as a disturbance to be overcome by
the control signal thanks to the ESO. To apply the ADRC
in the control of the currents, we need to put them in the
form given in Equation (35) using Equation (14), (15), and
(22). The results are given in Equation (42), (43), (44), and
(45).

X1 =leg = X2 + b0rq.Vig

%2 = fo Grar i Vear t) (42)
Yy =X

X1 = lyqg = Xz +borg. Vg

Xy = ﬁrq (irq' lrd) qu' t) (43)
y=x
561 = lf.d = Xy + bofd'Vfd
XZ = ﬁfd (ifdt ifq; Vfd' t) (44)
y=X
X1 = lrq = X + bogg. Vg
7'52 = flfq(ifq! ifdl qul t) t (45)
y=x
with:
. R .
fi‘rd = wr- qu - T;W_z . lT‘d + Abord. Vrd
& 0
. . wrM.
firg = ~Wr-lra = 5z lrq + BbOrg. Vig — — 31
LT_L_S (L)S.LS.<Lr—L—S)

—-e , Rf .
fifd = L_fd+ ws.lfq _L—i.lfd +Abodefd
__—eq . Rp .
fifq = ?_ ws.lfd _;'lfq + Abqu.qu

bo,q = bo,, =

M2
T Ls
1
bogq = bosg = "
fi, 1 r./q PTESENL the total disturbances affecting i, /5 4 /4>

DC bus voltage regulation with ADRC

Using the energy (W) stored in the DC capacitor
as the state variable of the system, and previous Equation
(23) and (25), we can put the system as follows:

aw .
—=V.i

= = Vyoig = P, (46)

This new system can be easily put in the form
given in (35) as in Equation (47) in order to apply the
ADRC method.

561 - W B x2 + bodc.iq
%, = fac(W,Pn,q,t) A7)
Yy =X
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with:
de = Pm + Abodc. iq
bog. =V,

The following Figure illustrates the control of the
DC voltage by ADRC.

Ve ref wref Ifq_ref DChus |vde w
=3 C*vdctudc > voe model [ c*vdctvdc

control

v

v

H

1 1= T

Figure-5. Control loop of the DC voltage with ADRC.

SIMULATION RESULTS

Using Matlab/Simulink for simulation, the
system response when controlled by PI controllers is
compared with its response when controlled by ADRC
controllers. This comparison is done in terms of reference
tracking and robustness.

All equations used in previous section are in
receiver convention. All figures and simulations in the
present section doesn't present the transition periods and
start up of the wind system, and skips directly to steady
state.

Reference tracking

Rotor direct and quadratic currents:

In this test, the wind speed fluctuates between
11.5 ms” and 8.5 ms' as in Figure-6, causing the
generator speed and the electromagnetic torque reference
to change.

Wind speed in m/s
o

w

20 30 40 50 60
timeins

(=]
=

pr
(=)
(=]
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synchronous

peed in rpm
o
(=)
(=]

]

5 Sub

S50 — — — — — — — — — — — — — o — — — un Fromiis

® Synchronous /vl synchronou

£ speed mode

&1400 ) ) ) I

0 10 20 . 30 40 50 &0

time in s

Figure-6. Wind speed in m/s and Generator speed in rpm.

The maximum power point tracking algorithm
imposes a reference value of the electromagnetic torque
and so imposes a reference value of the rotor quadratic
current. The rotor direct current is imposed by the
reference value of the reactive power. In the present test,
this later value is kept null to drive the power factor to

unity (1). Figures 7 and 8 present the PI controller and the
ADRC ability to drive i, and i,4 to their references.

(a)

-1200
=1400 irg with P
irq with ADRC
-1800 irg raf 1
-1800 L i L 1 1
0 10 20 30 40 50 60
(b) (c)
< 4340 -1450 |
£ -1500 yywrryrT T
-1360 — * ]
= qERQ L
E_-m_g{) — —_— — -15{){)4“4“““.1
3 -1400 l 1650 |
(%]
= 0 02 04 06 30 302 304 306
E id)
-
5-12{:4)
5 -1400
I
o -1600
0 10 20 30 40 50 60
ie) (fy
-1360 ‘lx -1520
-1370 AR /
-1560
-1380 1550
-1380 '

1] 0.2 0.4 0.6 timeins 30 302 304 306

Figure-7. (a). Rotor quadratic current and its reference;
(b). zoom in on Figure-7(a) at time t=0s; (c). zoom in on
Figure-7(a) at time t=30s, (d). Mean value of rotor
quadratic current; (e). zoom in on Figure-7(d) at time t=0s;
(f). zoom in on Figure-7(d) at time t=30s.

Figures-7(a) shows that rotor quadratic current
reference curve is similar to the wind and generator speed
curves. As for the controllers, i, with PI control (green)
falls by 1.8% of its rated value for 100ms, but with ADRC
(magenta), i., follows its reference (blue) after 35ms.
Previous comments are clearer with curves of mean
values. Figure-7 (d) presents the mean values of i, with
each of the controllers and its reference. Zoom in on the
curves (Figure-7 (e) and Figure-7 (f)) shows that the mean
value of i,; with ADRC and i .r are confounded while
the mean value of i., with PI also falls by 1.5% of its
reference and starts fluctuating after 100ms by at least 1%
(Figure-5 (d)) around the reference.

With reactive power driven to a null value, the
direct rotor current reference is 100A. Figure-8 (a), (b) and
(c) don't show a much difference between both controllers.
However, with the mean values presented in Figure-8. (d)
and the zoom in Figure-8.(e) and (f), we can notice that
ADRC is quicker than PI in driving i,4 to its reference. It
also shows that < i,,; > with ADRC and its reference are
confounded while < i,.; > with PI still fluctuates by at
least 1.5% around the reference value.
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Figure-8. (a). Rotor direct current and its reference; (b).
zoom in on Figure-8(a) at time t=0s; (c). zoom in on
Figure-8(a) at time t=30s; (d). Mean value of rotor direct
current; (e). zoom in on Figure-8(d) at time t=0s; (f). zoom
in on Figure-8(d) at time t=30s.

From previous Figure-7 and Figure-8, we see that
with both controllers, the direct and quadratic current are
both fluctuant. This is due to the fact that rotor direct and
quadratic voltages feeding the rotor of the DFIG are
obtained from the PWM rotor side converter. As a result,
it's more meaningful to compare the mean values < i,.4 >
and < i,; > rather than compare their initial values.

Both these mean values are confounded with their
references when control is done by ADRC and fluctuates
by 1.5% around the reference when control is done by PI.
Also, at t=0s, the currents don't fall far from their
references with ADRC and reaches them after the desired
time response. But with the PI, it took the quadratic
current trice the time response to reach the reference.

All above comparison resulted in that ADRC is
quicker and more suitable than the PI controller for the
control of rotor currents in terms of reference tracking.

DC voltage regulation and control of filter current

To connect the rotor to the power grid, the AC
voltage after the grid side converter and the filter should
be fixed to the nominal voltage value of the grid that is
why the voltage in the DC link should be kept at a steady
value suitable to insure connection to the grid. For grid
voltage value of 690V, DC voltage should be 1400V.

The following fig.9 presents the DC voltage and
its reference with both PI and ADRC.

(@)

1500
Wdec with Pl

1000 Wde with ADRC
=|; 500 Wdc ref
5 | . |
2 o 10 20 30 40 50 60
> (b) ]
& 1500
a 1400.5

1450 1200

100 7 1399.5

0 0.1 0.2 20 40 60

“ time in 50

Figure-9. (a). DC voltage and its reference; (b). zoom in
on Figure-9.(a) at time t=0s; (c). vertical zoom in on
Figure-9(a).

Figure-9(c) shows that both controllers are
efficient because the fluctuations around the Vg ,ef
doesn't reach 1V (= 0.035%). But the zoom presented in
Figure-.(b). shows a peak DC voltage with the PI
controller for about 7.1%. To evaluate the impact of this
peak value, it's important to examine the filter quadratic
current.

The DC bus voltage depends on the current
flowing to and from the DC link. But since the rotor
current are imposed by the MPPT, it's up to the filter
current to regulate the DC voltage to its reference.
Therefore the DC voltage regulation loop provides the
system with the reference of the quadratic current in the
filter (iyf). Figure 10 presents i;r .. with each of the
controller PI and ADRC.

(a)
< 200 - l 1
£ .m0 sub
E synchronous
E e e
S100
-1
£ 0 10 20 o an 40 50 60
] (b) time in s
T
= 300 . .
S oon ifg ref with P
2100 ifg ref with ADRC
Log
0 0.5 1

Figure-10. (a). Filter quadratic current; (b). zoom on
Figure-8(a) at time t=0s.

At first sight and from the figure above, it's
shown that the filter quadratic current reference with both
controllers are confounded. It changes the sign when the
turbine goes from supersynchronous mode to
subsynchronous mode. This is contingent with the fact that
the current flows from the grid to the wind turbine during
subsynchronous mode and from the rotor to the grid
during the super synchronous mode. This means that both
controllers are well synthesized.

However, with a zoom at t=0s, it's clear that the
iqf_rey With PI presents a peak value of 1000% (10 times)
of the reference with ADRC. This is due to the peak value
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of 7.1% in the DC voltage controlled by the PI controller
at time t=0s. Also, fig.11.(c) shows that the mean value of
lqf_rer With ADRC is steadier than with the PIL.
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Figure-11. (a). Mean value of filter quadratic current; (b).
zoom at time t=0s; (c). zoom at time t=20s.

The next Figure presents the filter quadratic
current and the mean value of its reference with both
controllers.
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Figure-12. (a). Mean value of the reference of filter
quadratic current with ADRC (blue), with PI (red), mean
value of filter quadratic current with ADRC (magenta),
with PI (green); (b). zoom in at time t=0s, (c). zoom in at
time t=20s.

Previous Figure-12 shows that the filter quadratic
current follows its reference and presents a peak value at
time t=0s confounded with the peak value of its reference
(Figure-12. (b)). Also, it shows from Figure-12(c) that i,f
with ADRC is steadier than i, with PL.

To sum up, Figure-9, Figure-10, Figure-11, and
Figure-12 shows that the PI controller causes a peak value
in the DC voltage and affects the reference of the
quadratic filter current. This slows the system and
increases its time response. But with the ADRC control,
both the DC voltage and the filter current don't exceed
their references and reach them at the desired time
response. Moreover, we can say that the realistic value of
lqf_rer 18 the one obtained with ADRC. So, if we compare

the igf rop Of ADRC with iy of PI (Figure-12.(b)), it will
seem that the system took 200ms to reach the reference.

Robustness test

To evaluate the robustness of each of the
controller, we simulate the system with a change in the
internal variables of the generator and compare the rotor
currents before and after the parametric variation. To do
so, we spare the system the fluctuating character of the
rotor voltages due to the rotor side converter, and we feed
the generator model by the exact reference value of
voltages obtained from the control loop of the current.
Figures 13 and 14 shows respectively the rotor quadratic
and direct currents with each of the controllers when the
rotor resistance becomes twice its initial value. Also,
figures 15 and 16 shows respectively the rotor quadratic
and direct currents with each of the controllers when the
inductions of the system becomes twice their initial values.
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S 1200 |
k& 1 1 1 1
§ 0 0.1 02 0.3 0.4 05
E (b)
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E \ irg with ADRC after variation
1200 | irg with ADRC before variation
1210 —-

i} 0.1 p.2timeins 03 0.4 0.5
Figure-13. (a). Rotor quadratic current with the PI
controller before and after R,. doubles; (b). Rotor
quadratic current with ADRC before and
after R, doubles.
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Figure-14. (a). Rotor direct current with the PI controller
before and after R, doubles; (b). Rotor direct current
with ADRC before and after R, doubles.

13987



VOL. 11, NO. 23, DECEMBER 2016

ISSN 1819-6608

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i «a

www.arpnjournals.com

(a}
1000 irg ref
irg with Pl after variation
<-1100 irq with Pl before variation
=
=-1200
@ N—
£ -1300 - - -
o 0 0.1 0.2 0.3 0.4 0.5
£
3 (b)
]
S | irg ref
5 1000 irg with ADRC after variation
E -1100 irg with ADRC before variation
-1200 jU
-1300
0 0.1 0.2 0.3 0.4 0.5
time in s

Figure-15. (a). Rotor quadratic current with the PI
controller before and after R,- doubles; (b). Rotor quadratic
current with ADRC before and after the inductions double.
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Figure-16. (a). Rotor direct current with the PI controller
before and after the inductions doubles; (b). Rotor direct
current with ADRC before and after the inductions double.

We deduce from the last four figures that the PI is
the most affected by modeling errors manifested in
parametric variations. For instance, when the rotor
resistance doubles, the integral gain, which is function
ofR,., becomes inappropriate. Same for the proportional
gain when the inductions double.

However, when any of the previous variables

K; . .

changes, the term K—l is no longer compensating the pole of
p

the open loop transfer function [9] and the time response

2
(+-5)
Kp
only one parameter of the PI becomes inappropriate but
also the other, causing the time response of the controlled

system to be far from the desired value.

As for the ADRC, despite of the exceeding
presented in Figure-15 (b) and Figure-16 (b), it still is the
least affected by the variations and even when it does, the

of the system is no longer equal to . Therefore, not

system still joins its reference after the exact desired time
response.

CONCLUSIONS

Tow controllers have been compared in this
paper. The first is the classic PI controller and the second
is a method suggested by Chinese Prof. Han and named
the active disturbance rejection controller. Both controllers
were used in the different control loops in a wind system
based on famous doubly fed induction generator and
compared in terms of reference tracking and robustness
against parametric variations.

To parameterize the controller, two methods are
used for the PI such as the pole compensation the fixed
gain margin. As for the ADRC, it was presented and
developed as first suggested by its creator. It's mainly
based on the extension of the system by one more
additional variable containing all disturbances affecting
the system and estimated by an extended state observer.

Both methods proved their ability to drive the
system variables to their references, respecting the
changes in the functioning of the system when it goes
from subsynchronous to supersynchronous mode.
However, the comparison showed that ADRC is less
sensitive to parametric variation that occurs due to
modeling errors or external conditions such as the increase
of the temperature. Also, ADRC proved its ability to drive
the system to its reference at the desired time of response
unlike the PI controller. This later controller presented
delays in the response and exceeding of the reference in
many of the tests presented in this paper.
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APPENDIX
DFIG
Parameter Value
Rated power 1.5 MW
Pole pairs 2
Rotor resistance R,. 8.28e — 31
Stator resistance R 10.3e — 310
Mutual inductance M 26.96e —3 H
. 26.96e73
Stator inductance L 428015 H
. 26.96e73
Rotor inductance L, +117.7¢ “6H
Turbine
Gearbox gain G 70
Moment of inertia J 1000 kg. m?
Viscous friction coefficient C¢ 0.0024
Length of one blades R 35.25m
Air density p 1.225 kg /m?
Filter and DC bus
DC capacitor 50e~ 3 F
. 0.25e7%H,
Filter Ly and Ry 0.785¢-3 O
Desired closed loop frequencies w,
Rotor currents 400 rad/s
DC bus 400 rad/s
Filter currents 600 rad/s
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