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Abstract

In this paper, a robust nonlinear backstepping speed and current
controller was proposed for Doubly-Fed Induction Generator (DFIG)
in wind power generation. To achieve maximum power extraction,
commonly referred to as ‘Maximum Power Point Tracking’ (MPPT),
the rotor speed was changed in response to the changing wind speed
to continuously operate the wind turbine at its optimum Tip Speed
Ratio. The dynamic model was based on field orientation principle
and both certain (known parameters) and uncertain (unknown
mechanical parameters) cases were considered. The mathematical
development of the controller design was examined in detail. The
overall stability of the system was shown using Lyapunov Technique.
Computer simulation results obtained and comparison with
conventional backstepping confirmed the robustness, effectiveness
and validity of the proposed control.

Keywords: Wind Power Generation, MPPT, Doubly-Fed Induction
Generator, Robust Adaptive Backstepping, unknown mechanical

parameter, Lyapunov Technique.
1. Introduction

The grid-connected doubly fed induction generator is an
emerging technology, used in variable-speed large wind
turbines. The most attractive feature of such a system is that
only 20 to 30% of the power needs to pass through frequency
conversion in the rotor circuit, which gives a substantial
reduction in the power electronics cost as compared with the
variable-speed synchronous generator. Additionally variable
speed operation allows to continuously operating the wind
turbine at its optimum Tip Speed Ratio (TSR), which is
specific to the aerodynamic design of a given turbine. This
achieves maximum rotor efficiency and hence maximum
power extraction. Experience indicates that the variable-speed
operation yields 20 to 30% more power than with the fixed-
speed operation. Other benefits of this configuration include
smooth grid connection, drive train load reduction and separate
control of active and reactive power. DFIG drive system uses
back-to-back converters in the rotor circuit which decouple the

rotor speed and grid frequency (fig.1). Such a configuration
gives wider range of variable speed of approximately + 30%
around synchronous speed [1-2].

This paper introduces an adaptive nonlinear backstepping
controller based on field orientation for DFIG drive system.
The idea of backstepping design is to select recursively some
appropriate functions of state variables as pseudo-control
inputs for lower dimension subsystems of the overall system.
Each backstepping stage results into a new pseudo-control
design, expressed in terms of the pseudo-control designs from
the preceding design stages. When the procedure terminates, a
feedback design for the true control input results and achieves
the original design objective by virtue of a Lyapunov function,
which is formed by summing up the Lyapunov functions
associated with each individual design stage [3-5]. The
proposed controller ensures speed and current tracking
objective under unknown mechanical parameters. The
reminder of the paper is divided into four sections. The second
section presents the DFIG drive system. The third section
describes the mathematical model of wind generation
system. In the fourth section the mathematical development
of the controller design is examined with sufficient depth. In
the last section, some simulation results are presented
which confirm the effectiveness and the validity of the
proposed control.

2. Variable-speed DFIG drive system

The wind turbine and the doubly-fed induction generator
are shown in the figure 1. The AC/DC/AC converter is
divided into two components: the rotor-side converter
(Crotor) and the grid-side converter (Cgrid). Crotor and Cagria
are Voltage-Sourced Converters that wuse forced-
commutated power (IGBTs) to

electronic devices
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synthesize an AC voltage from a DC voltage source. A
capacitor connected on the DC side acts as the DC voltage
source. A coupling inductor R-L is used to connect Cagrig to
the grid. The three-phase rotor winding is connected to
Crotor by slip rings and brushes and the three-phase stator
winding is directly connected to the grid. The power
captured by the wind turbine is converted into electrical
power by the induction generator and it is transmitted to
the grid by the stator and the rotor windings. The control
system generates the pitch angle command and the voltage
command signals V; and Vg for Croor and Cgria
respectively in order to control the power of the wind
turbine, the DC bus voltage and the reactive power at the
grid terminals.

GRID

PS
Pl Q s I
"
- —
1

@ Rotor side Grid side
converter (Crotor)  converter (Cgrid) RL
Filter

De T AC

AC T

Pich control Iy
—

Control

Fig.1: Wind energy conversion system
In this figure the followings parameters are used:

Pi: Mechanical power captured by the wind turbine and
transmitted to the rotor

P,: Stator electrical power output

P;: Rotor electrical power output

Pgc: Cyriq electrical power output

Q,: Stator reactive power output

Q:: Rotor reactive power output

Qqe: Cyriq reactive power output

T Mechanical torque applied to rotor

Tem: Electromagnetic torque applied to the rotor by the
generator

Q: Rotational speed of rotor

Qs: Rotational speed of the magnetic flux in the air-gap of the
generator, this speed is named synchronous speed. It is
proportional to the frequency of the grid voltage and to the
number of generator poles.

The mechanical power is given by:

£=T Q M

The power output is computed as follows:

P =T,Q, 2

In steady-state at fixed speed for a loss less generator:
1,=-T, 3)

P ==(P +P) 4)

It follows that:

P =P =P, ==¢gF ®)

Where g is defined as the slip of the Generator:

_QS_Q
Q

K

8

Generally the absolute value of slip is much lower than 1
and, consequently, P, is only a fraction of P,. Since 7; is
positive for power generation and since s is positive and
constant for a constant frequency grid voltage, P; is
negative, the sign of P; is a function of the slip sign. P; is
negative for negative slip (speed greater than synchronous
speed) and it is positive for positive slip (speed lower than
synchronous speed). For super-synchronous speed
operation, P;is transmitted to DC bus capacitor and tends
to rise the DC voltage. For sub-synchronous speed
operation, P is taken out of DC bus capacitor and tends to
decrease the DC voltage. Cgig is used to generate or
absorb the power P, in order to keep the DC voltage
In steady-state for a loss less AC/DC/AC
converter P, is equal to P, and the speed of the wind
turbine is determined by the power P, absorbed or
generated by Crotor.

constant.

3. Modeling of the wind generation system
3.1. Modeling of the wind turbine

The aerodynamic turbine power P; depends on the power
coefficient C, as follows [6]:
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P :%p;sz C, LBV (6)

where:

p: Specific mass of the air (kg/m?);

v: Wind speed (m/s);

R: Radius of turbine (m);

Cp: Power coefficient;

f: Blade pitch angle (deg);

Q: Generator speed (rad/s);

A: Tip Speed Ratio (TSR) of the rotor blade tip speed to wind
speed.

The TSR is given by:
RQ

A =— 7
Gy @)

where G is Mechanical speed multiplier. A generic equation is
used to model c,(4,5), based on the modeling turbine
characteristics of [6]:

c5

Cp(ﬂ,,,b’):c](Z—z—cSﬁ—c“)eT+c6l (8)
1 _ 1 0035
A A+0.088 B +1
are:c) = 0.5176, C) = 116, Cc3 = 0.4, Cq4 = 5, Cs= 21 and Co =
0.0068.

where and the coefficients ¢; to cs

The C,-A characteristics, for different values of the pitch
angle 3, are illustrated in figure 2. Then the maximum value
of ¢p (cpmax= 0.48) is achieved for f = 0 degree and for A =
)\-Opt =8. 1 .

optiﬁlal position

Fig.2: Power coefficient Cp(B, 1)

3.2. MPPT Strategy

In this work, we assume that the wind turbine operates with
B=0. To capture the maximum power, a speed controller must
control the mechanical speed € in order to get a speed
reference Q. that keeps the system at Aop:.

According to (6) and (7), it is possible to deduce in real time
the speed reference and the optimal mechanical power which
can be generated using the maximum power point tracking
(MPPT) as:

Q - Gv
RA,

&)
_1 2 3
me—EpﬂRC v

p max

3.3. Modeling of Doubly-Fed Induction Generator

The induction machine is controlled in a synchronously
rotating dq axis frame, with the d-axis oriented along the
stator-flux vector position (¢sq=0). The classical electrical
equations are written as follows [10,11]:

., ag,

V.vl = Rsl.ui + ¢Mj
dt

Vsq = Rxlsq + a)s¢xd

. do, (10)
vnl=errd+ dt]_wr¢rq
g,
v, =Ri +——+w
=Ri A0,

; denotes the rotor electrical speed and is given by:
@, =0, — pQ 1)

where p is the pole pairs and o is the grid pulsation.

The stator and rotor flux can be expressed as:

¢sd = insd . Lmird
0=Li, +L,i,
12)
¢rd = Lrinl +L i

m” sd

6,=Li, +L,i,
The electromagnetic torque is expressed as:

L
T, = —ip—"’i

. 13
=Ty P (13)

The stator and rotor active and reactive powers are given by:
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3 . .
Ps = E(vsdlsd + vsqlsq)

3. .
Qs == (vsql.\'d - vsd lsq )

2
P =30y i) (9
0, =300, v,i,)
The motion equation is given by:
J%=T,+T€m - fQ (15)

Where J is the system inertia, Temis the generator torque, T is
the turbine torque and f'is the system damping coefficient.

Since the stator is connected to the grid, and the influence of
the stator resistance is small, the stator-fluxcan be considered
constant and is at quadrature of the stator voltage [7-8].

14
Va =0 v, =Vs py=p=— (16)

The simplified model of the wind generation system can be
written as:

di
e av,, =bi, + @i, = fi+av,
t
di, o
o =av, —bi, —@i,—cod=f,+av, a7
ki
@ =L _FQ+2
dt J J
where:

f1==biy +wrirq sfa= _birq — @iy —COLP
and

i 3 L, Lf 1
F=L,k=——p—0; === . = ; b=aR, ;
; sz‘¢ o=1 a a

L.L oL,

s == r

Using (14) and (16) the stator and rotor active and reactive
powers become:

Stator reactive power can be controlled by i;4 and the
stator active power will be controlled by i.q.

4. Control design

According to (17), the proposed schematic control is:

Irdc + £ Backstepping

\l/ controller
ird -

Qc+ Backsteppmg iract /T
controller
Q- ira -

Fig.3: Block diagram of the proposed controller

Vrd

Backsteppmg Vra

controller

4.1. Conventional backstepping (certain model)

In this case system parameters are assumed to be known
including mechanical parameters. The calculation of the
control variables v and v, is done in accordance with the
Figure 3 [4,5].

a- Control variable v,y

The error variable is:

-, (19)
According to (17), the dynamic equation of the error is:
é,=i,—fi—av, (20)

To reduce the tracking error, we use the following Lyapunov
candidate function:

vV, =—¢ (21)
The derivative of Vi is given by:
VL, ; (22)

The choice é, =—k e, with ki> 0 verify the condition of

attractiveness since V, becomes: V, = —ke’ <0.
Using (20), the control variable v,q is given by:

i — [tk
3L V,d — lrdc f; lel (23)
P =——"Vi_
, 2L, (18) b- Control variable viq
3v 3L, .
0 = 2L w _IV% The calculation is done in two steps:
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Stepl: Virtual control variable ire.
The error variable e; is defined by:
6=Q.-Q (24)

According to (17), the dynamic equation of the error is:

. ki
¢ :gc_gwg_% 25)

To reduce the tracking error, we use the following Lyapunov
candidate function:

v, =%e% (26)

The derivative of V»is given by:
Vz = €2é2 (27)

The choice ¢, = —k,e, with ko>0 verify the condition of

attractiveness since V, becomes: V2 = —k2e§ <0.

Using (25) and (17), the virtual control variable i is given by:

_J(Q +FQ+ke,) T,

. £ (28)
Step2: Control variable viq
The error variable es is defined by:

e =i, —i, (29)
Equation (25) can be rewritten as:

PO ki,, k. .

EZZQC —7+FQ— 7 +7(qu(—qu) (30)
Using (28) and (29):

. k

e, =—k,e, +7e3 31)

Taking the derivative of (29) and using (28), (17) gives:

To reduce the tracking error, we use the following Lyapunov
candidate function:

1 1 1
|4 =E€12 +E€22 +36§ (34)

The derivative of V is given by:

V = €¢ +e,6, + e6,
k
= e, (—ke) +e,(—k,e, +7e3) +e5(A— av,q)

+ k3«e32 - k3e32

= _klel2 = kzezz = k3e32 + ¢ (kye, (35)

+§e2 +A-av,)
The choice,

kyes + ﬁez +A
.l (36)
a
with ks3>0 verify the condition of attractiveness since 1%
becomes V = —ke,> —kye? —k,e? 0.

4.2. Robust Adaptive Backstepping (uncertain model)

In the case of uncertain model where system parameters
are not known with enough accuracy or vary with time,
suitable choice of control variables and update laws must
be done to still ensure the attractiveness condition [8,9].
The study focuses on the variations of the mechanical
parameters F and J . The estimated parameters are denoted
respectively by F(t) and J (t). Errors of estimate are defined
by:

>

<~

1.’ 37
1: 7 37

e

Lemma: The following control variables and update laws,

. J(Q +FQ+ke,) T i~ ke v, +kie,
€= k k fz av, Via = 4 > Vg = P (38)
=A-av, (32) F=7,(e,Q+ew,). J=-7(ess—e0,)
where the A term is given by (using Equ. (17)): with
. ki, k
_ J(Q, +F(§—FQ+IT)+k2(—k2e2 e i
A fr (33)
k k
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e =i i e=0 -0 To select the Lyapunov candidate function, unknown
b e T parameters J and F should be eliminated from the expressions

e=i —i io=Ly L ) ;
37 rge trq0 Crge T k v k ’ Of 62 and 63 .
v, =0 + FO+ ke, , Equation (40) can be rewritten as:
Jooda e . I .
V/Z:_y/1+—(QE+FQ—F2Q—k22e2) é2=QC—L+FQ—FQ—i+£(i, -i) (45)
k k J J J e q
NP T :
+hyey + F(iy, +7) - % Using (42) and (44), (45) becomes:
~ T J . .3
v :k2€3+F(qu+7)_k2I‘//l , é, =QL_+FQ—FQ—§W1+§63 (46)
J . .
v, :I(kz—F)Q, Since
ensure the attractiveness condition despite the changes in the j i
mechanical parameters F and J. 71//1 =7l//1 +y, 47)
Proof: Using (43), (46) becomes:
. . ~ Tk
a- Control variable v,y ey = —kqe, = FQ—7W| T
. . . . : - (48)
The calculation made in Section 4.1 remains valid and the _grd k
. > ° o ——Vll +—63
control variable v,4 is given by Equ. 23. J J
. where B=-k,e, - FQ .
b- Control variable v, B
Likewise:
Stepl: Virtual control variable i, . 8 % v, _%_im (49)

The error variable e Taking the derivative of e; and using (17) give:

6 =0-Q (39) : . )
. J J . T
. . : . ey=—Y,+—y,———f,-av, (50)
According to (17), the dynamic equation of the error is: k k k
P % T FO- szq 40) On the other hand, the derivative of y; gives (Equ. 43):
¥, =Q, + FQ+ FQ + kye, (51)

Using (28), the virtual control variable iy is given by:

. According to (17) :
_JQ +FQ+kye,) T,

A B L
Thus: kA ~ Jki -
s JQ +FQ+ke) T, J T, :_FQ+FQ+WTT 62
W Ty @ kit
Where ¥;is given by: !
v =0+ FQtke, (43) where C=-FQ+FQ.
Step2: Control variable v,, and update laws F'(r) and J(r) Thus, using (48) and (52):
The error variable es is defined by:
ey =iy, —i, (44)
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.X A ki, 7
v, =Q +FQ+F(C+ )+k (B——;//l ﬁe;)

=Q +FQ+FC+k,B +7(ﬁ(i,q +—)+ kyes) — k2 w, where

k ~. T, J
= D+7(F(z,q +7‘)+k263)—k271//1 (53)
D=8, +FQ+FC+k,B .

Equation (50) becomes:

i i daT i
:7% +7D +7(F(z,q +7’)+kze3)—7(k271//1)—f2

JjoJ s .
:—1//1+ D+F(z +—)+k263+7(F(t,q+7')+k2e3

T,
_kzz%)_fz_avrq_? (54

The D term can be expressed by:

D=Q_+FQ+FC+k,B
=Q, +FQ+ F(-FQ+ FQ) +k,(~k,e, —=FQ)  (55)

=Q +FQ-FQ—kle, - F(k,-F)Q

Using(55), equation (54) can be written as:

7 -
63:W2_avrq+7'//3_F¥/4 (56)

where:

v, = %y/l +%(§'zc + FQ-F’Q—Kley) + F i, +%)

T,
+hkyes = f _7’
\ T J
Yy = ke + F(, +7t)—kz?l//1

v, :%(kz_ﬁ) Q (57)

To reduce the tracking errors, we propose to use the following
Lyapunov candidate function:

2 ~
y=leileoy Lo, L’ L (58)
2 2 27 2w Jd o 2y

Taking the derivative of V gives:

v =¢ 6 +e,6, + e3¢, +i—11 +LI’*:I:' —kye; + kye;
nJdon
) J ok
=—kie; +e,(—kye, — FQ——I//] 7(2;)

+ep, —av, L V- Fy, )+—£+iﬁ1~‘
nJd n

—kyes + kel (59)
= 71<,e12 - kze§ - k3e32 + %ese2 +e(y, —av, + kyes)

~ J
+F(-eQ-ey, + " )+ (E;l//; 1] +?)

2 1

The choice

_D kses

a
F = Y, (e,Q+ey,) (60)

J= (s —epy)

; k
leads to: V = —k,ef —kye; —k;es +7e3e2 E

To verify the condition of attractiveness, we choose:

k
=+ <2ykck, 61)

since V < kel _(\/E|62| = \/E|e3|)2 <0.
5-Simulation results

To demonstrate the effectiveness of the proposed control
schemes two SIMULINK models were constructed, which
correspond respectively to the conventional (certain case) and
adaptive (uncertain case) backstepping controller. The tracking
capability was verified in the case of adaptive controller and
sinusoidal variation of the wind speed (see Figure 4). To show
the robustness against mechanical parameters change speed
regulation performances by both controllers were compared at
constant wind speed (see Figure 5). In all simulations constant
value for the stator direct current reference was considered.
Table 1 shows the design parameters used in the simulation.

Tablel: Design parameters

Parameter Value
ki 100
ko 100
ks 200
Y 0.00006
Y2 0.0005

Figures 4a and 4b show the good tracking capability of the
adaptive controller. The slip curve (Fig. 4d) shows that both
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negative and positive rotor slip are obtained which correspond
respectively to negative and positive rotor power (Fig. 4c).

In figure 4e, optimal power P, (Equ. 9) is compared to
actual grid power Pg computed by simulation (Pg = -(Ps+Pr)).

The two curves practically coincide which confirms the
effectiveness of the MPPT strategy.

Mechanical speed (rad/fs)
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Figure 5 shows speed regulation performance by both
conventional and adaptive controllers in the case of change in
the coefficient F. The simulation assumes that changes around
nominal value occur at 1s (AF=250%) and 2s (AF=200%).
Unlike the conventional backstepping controller, the adaptive
controller tracks the constant speed reference despite the
parameter changes (Fig. 5a). This confirms the robustness of
the proposed controller.
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Fig.4: Tracking capability of adaptive backstepping controller
(La-rer=10A, Vindmss)= 9.9+2sin(2mt ) )
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Fig.5: Speed regulation performance of conventional and Generation Systems”, IEEE Transaction on Industrial

adaptive controllers
(Ia-rer=10A,Vyina=8m/s)

6. Conclusion

This paper has demonstrated the effectiveness and
robustness of a nonlinear adaptive backstepping controller
for Variable-speed DFIG system. The mathematical
development was examined in detail for current and speed
controllers. The speed tracking performance under unknown
investigated by numerical
simulation which has shown satisfactory performances of the
proposed controller.

mechanical parameters was

Appendix: Characteristics and Parameters

Induction Generator

Rated power 1.5MW
Rated stator voltage 332/575V
Nominal frequency 50Hz
Number of pole pairs p=3

Rotor resistance Rs=0.0014Q
Stator resistance R.=0.001Q
Stator inductance Ls=0.0019H
Rotor inductance L=0.0019H
Mutual inductance Ln=0.0018H
Wind Turbine

Rated power 1.5MW
Blade Radius R=17.4m
Power coefficient Cpmax= 0.48
Optimal relative wind speed hopi=8.1
Mechanical speed multiplier G=22.5
Generator and Turbine

Moment of inertia J=1.9Kg .m?
Damping coefficient f=1.52
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