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Maximum power point tracking for wind turbine with nonlinear
direct powers control of DFIG integrated to grid using VOC

Abstract. This paper is aimed to describe a wind energy conversion system, including a doubly fed induction generator (DFIG), a bidirectional
converter in the rotor circuit the DFIG is able to work as a generator in both sub-synchronous and super-synchronous modes. The topology of a DFIG,
stator is connected direct to the grid while the rotor is connected to grid with back to back converters. The wind turbine was controlled using a maximum
power point tracking with linear Pl regulator. The nonlinear backstepping controller is applied to the rotor side converter (RSC) for the independently
control of active and reactive powers taking into consideration the full nonlinear model of the DFIG, we don’t neglecting small stator resistor and using
voltage oriented control (VOC). The grid side converter (GSC) is controlled by using the oriented voltage control strategy. Also the DC link voltage
control ensures the operation of unity power factor by making the reactive power zero. The obtained results are very satisfactory for this new kind of
application.

Streszczenie. Niniejsza praca ma na celu opisanie systemu konwersji energii wiatru, w sklad ktérego wchodzi dwustronnie zasilany generator induk-
cyjny (DFIG), dwukierunkowy przeksztattnik w obwodzie wirnika, ktory DFIG moze pracowac jako generator zaréwno w trybie podsynchronicznym,
Jjak i nadsynchronicznym. Topologia DFIG, stojan jest podfaczony bezposrednio do sieci, podczas gdy wirnik jest podaczony do sieci za pomoca kon-
werterow typu back-to-back. Turbina wiatrowa byta sterowana za pomoca Sledzenia punktu mocy maksymalnej z liniowym regulatorem PI. Nieliniowy
regulator krokowy zastosowano w przeksztattniku po stronie wirnika (RSC) w celu niezaleZnego sterowania moca czynnag i bierna, biorgc pod uwage
petny nieliniowy model DFIG, nie zaniedbujac matego rezystora stojana i stosujac sterowanie zorientowane na napiecie (VOC) . Konwerter po stronie
sieci (GSC) jest sterowany za pomoca zorientowanej strategii sterowania napieciem. RownieZ regulacja napiecia obwodu posredniego zapewnia
prace z jednostkowym wspotczynnikiem mocy poprzez zerowanie mocy biernej. Uzyskane wyniki sa bardzo zadowalajgce dla tego nowego rodzaju

aplikacji. (Sledzenie punktu mocy maksymalnej dla turbiny wiatrowej z nieliniowg bezposrednig kontrolg mocy DFIG zintegrowanego z siecig

za pomoca VOC)
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Introduction

Renewable energy resources are revealed to be the se-
rious alternatives to the polluting energies. There are many
kinds of renewable energy resources, which are exploited all
over the world like solar, geothermal, biomass, hydropower
and wind. In the last decades, the installation of wind farms
has been developed and received a great support from the
most governments, thanks to their profitability and cleanli-
ness [1].

A doubly fed induction generator (DFIG) is most com-
monly used in wind power generation. It is a wound rotor
induction machine with slip rings attached at the rotor and
fed by power converter. With DFIG, generation can be ac-
complished in variable speed ranging from sub-synchronous
speed to super-synchronous speed. The power converters
feeding the rotor winding is usually controlled in a current reg-
ulated PWM type, thus the stator current can be adjusted in
magnitude and phase angle. The rotor side converter oper-
ates at the slip frequency and the power converter processes
only the slip power. Thus if the DFIG is to be varied within
+30% slip, the rating of the power converter is only about
+30% of the rated power of the wind turbine. In this design
the net power out of the machine is a summation of the power
coming from the stator and the rotor [14]. Recently, with
the rapid development of the power semiconductor devices,
DFIG is an attractive choice for variable speed application
such as the electrical machine drive and Renewable energy
production.

The theory of field orientation control (FOC), commonly
known as vector control was introduced by Hasse and
Blaschke [3]. The standard method uses the stator flux ori-
entation aligned with direct axis to control powers of double
fed induction generator [1], [6], [10]. On the other hand, it
has been proven that an alternative orientation can be used,
namely the grid voltage oriented control (VOC). When VOC
is adopted, obviously the system frame is aligned on the
grid voltage, with main advantages the improved damping of
these poles and an easy implementation [15], [17].

Nonlinear multivariable systems has been extensively

studied in many books and papers, the design procedures
for such high order nonlinear control systems may be compli-
cated and vary from case to case [4], [5]. Therefore, under
the control of nonlinear systems, the question of applicability
is important and general method does not exist. All the efforts
made in recent years aim to expand as much as possible, all
of the systems that the method is applicable.

The Backstepping approach has been introduced in
1991 by Krstic, Kanellakopoulos and Kokotovic [2] and en-
sures overall stability control systems, usually multivariate
and higher order. It is a method for synthesis of recursive
class having triangular nonlinear systems form, regardless of
their order.

Rotor side converter (RSC) and grid side converter
(GSC), these two converters are based IGBT which provides
the power flow in both directions from the grid to the rotor
and the rotor to the grid, the GSC works a rectifier and the
RSC a inverter in mode sub-synchronne therefore the power
transits the grid to the rotor, in mode super-synchrone, the
GSC works a inverter and the RSC a rectifier in this case
the power fraction transits the rotor to the grid, the capacity
of the voltage smoothing delivered by the rectifier is between
the RSC and GSC for more details [21].

This paper is organized as follows: Section 2 is devoted
to wind energy conversion system, which will be separately
modeled: wind turbine, gearbox and DFIG in the (d-q) ro-
tating frame, a new modeling approach that uses active and
reactive power as states. Section 3 show first, control of the
wind turbine to get the maximum power point tracking us-
ing linear PI regulator, then the principle of voltage oriented
control is presented to control stator powers using non linear
backstepping controller applied to rotor side converter. Sec-
tion 4 we adopt the grid side converter modeling, control and
maintain the DC bus voltage constant with linear IP regulator
and assure a unity power factor on the grid side in different
conditions. Simulation tests and results are presented and
discussed in section 5. Finally, Section 6 ends the paper with
a conclusion.
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System description and modeling

The system studied in the present paper is constituted
of wind energy conversion system, which uses DFIG. The
conversion chain can be divided into three interacting main
components which will be separately modeled: wind turbine,
gearbox, DFIG with the topology that stator is connected di-
rect to the grid while the rotor is connected to grid with back
to back converter as presented in Fig. 1.
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Fig. 1. Wind energy conversion system chain with DFIG

Wind turbine model
The expression for aerodynamic power and torque cap-
tured by the wind turbine are given by [6], [7]:

(1) { Paer = %Cp()\, 6)[?7'(]’%2‘/‘3

Toer = CP(A,B).g.w.RQ.V?’ﬁ ’
Where V is the wind speed, p is the air density, R is the
blade radius and C'p(, () is the power coefficient which is a
function of both A tip speed ratio and 3 pitch angle which is
described as [9]:
2)
{ Cp=c1—ca.(B—c3).sin(N;) — ea.(A—¢5).(8 — ¢co)
N\ — ﬂ.(A—f—O.l)
i = T2.8-0.3.(3—2)

Table 1. Parameters coefficient value

c1 C2 c3 Cq Cs C5
0,5176 | 116 0.4 5 21 0.0068
The tip speed ratio is given by the following equation [8]:
Qturb~R
3 A= ———,
@) v

Q4urpis the turbine rotational speed.
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Fig. 2. Power coefficient versus tip-speed ratio for different values of
the pitch angle

From Fig. 2, the maximum values of C), is achieved for
the curve associated to 3 = 2. From this curve, the maximum
value of C), (Cpmaz = 0,5) and a particular value of X is de-
fined as the optimal value of tip speed ratio A,y = 9,15, which
represents the optimum speed ratio. In These conditions we
can apply the MPPT control.

Gearbox model
The expression of the gearbox G is given by [10]:

Tiurd Q
%7 Qturb = 57
Double fed induction generator model
The electrical equations of the DFIG in the synchronous
frame are written as follow [11], [12]:

(4) Tg =

Via = Rs.isa + 2220 — w5044
Vig = Reisg + 2220 4 w0,

Via = Ryipg + dszd — (ws — W) prg
Vig = Ryiipg + dﬁ;q + (ws — W) .pra

(5)

Where R, and R, are the stator and rotor phase resis-
tances, respectively. We note w = p.€2 the electrical speed
and p is the number of pair poles.

The stator and rotor flux equations:

Psd = Lg.isq+ My.ivg
Ysq = Lgigqg + Mgy .irg
Prd = Lyirg + Mgy .igq
Orq = Lyiirg + Mg, .isq

Where, Lg, L, are respectively the stator and rotor in-
ductances and M, is the magnetizing inductance. isq4, isq,
tq and i,., are the direct and quadrature stator and rotor cur-
rents respectively.

The mathematical model of DFIG applied in the paper,
has been obtained after the according to the voltage equa-
tions and equations of flux, expressed in a dq reference frame
rotating at synchronous speed, the differential equations of
the stator and rotor circuits of the generator with stator and
rotor current as state variables can be given by [13], [14].

(7)

% = —a1.05q + (0w + wWs) isq + a3.5rq + 5.W.1rg
- +b1.Vea — b3.Vig
d;‘;“ = — (a.w + Ws) isqg — A1.isg — A5.W.ird + A3.07¢
+b1-V9q - b3-‘/7>q
diyg

. . . W\ -

T T A4.lsd — A5.W.lsqg — A2.0r4 + (ws — ;) g
—b3.Vea +b2.V,g

di . . W\ .

= 06-W.lsd + A4.lsq — (ws — ;) Apd — 4205

—b3.Vsq + b2.V,y

Where,
o=1- P a=1%a = B o= B
ag = St ay = TN a5 = 2 ag =
bi= b= 55 bs = oo

The electromagnetic torque is expressed as:
M,, ) )
(8) Te = pTST (@Sq~z7'd - @sd-qu) 5
S

The stator active and reactive powers are given as:
Py = Vig.isq + ‘/sq-isq

®) { Qs = ‘/;q~isd - ‘/;d~isq

Derivatives of stator active and reactive powers:

(10)

. di. di.

Py = Vaa- gt + Vg3
N dig dig )
Qs - ‘/;q- dtd - ‘/;d- dtq
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Substituting (7) in (10), the derivatives stator active and
reactive powers can then be expressed as follows:

(11)

P, =—a1.Ps — (ws + a.w)Qs + (a5.w.Vsq + a3.Vig) irg

+b1- (‘/Szd + qu) + (a3-Ved - a5-w-‘/sq) ird

—b3 (Vsa-Vea + Vsg-Vig)

Qs = (ws + G.W)PS —a1.Qs + b3 (V;d~‘/;"q - ‘/;q-Vrd)
—+ (a5.w.Vsd + ag.‘/sq) trd + (a5.w.V5q — ag.VSd) irq

Wind turbine control
In order to capture the maximum power, we use the max-
imum power point tracking (MPPT) control with wind speed

measurement developed in paper [6].
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Fig. 3. Speed control loop using Pl regulator
The turbine speed reference is expressed as:

L oV
(12) turb — pr ’
(13) 0* = Qttﬂ“b'Gv

The transfer function in closed loop can be determined
as follows:

Qfs) Bt le.s
Qref(s) 524’#54’%

The transfer function has a zero term in the numerator,
identify the transfer function (14) with general second order
defined by:

(14)

2bwns + w?
F(s) = —en® T W
() 82 + 2wy s + w2’

allows determining the parameters proportional and in-
tegral gains:

(16) {

Where £ is the damping coefficient (¢ =0.707) and w,, is
the undamped natural frequency.

(15)

kp=2.&wn.J — B
ki = Jw? ’

Voltage oriented control

In the case studied, the proposed control a grid voltage
orientated control (VOC) is adopted, in which the reference
frame is chosen to align with the g-axis component of the
stator voltage [15], [17], resulting as:

(17) { Vaa =0

‘/sq = ‘/s (CSt) ’
Hence, the expressions of the derivatives stator active
and reactive powers (11) are easily simplified as follow:
(18)
P, =—a1.Ps — (ws + a.w)Qs + a3.Vs.irg + by.V2
) —CL5.LU.VS.7;Td — b3VéV,q
Q, = (ws + aw)Ps —a1.Qs — b3.Vs.Vig + a3.Viirg

+as5.w.Vs.irg

Backstepping control of rotor side converter

Backstepping control provides a systematic method to
perform the design of a controller for nonlinear system. The
idea is to computer a control law to ensure, for a positive
definite Lyapunov function, the derivative time negative.
The method is to divide the system into a set of nested
subsystems descending. The calculation of the Lyapunov
function is performed. Control is calculated in several steps
and guarantees the overall system stability [18], [19].

The active and reactive power tracking errors e; and es
are defined respectively by:
e1 = P; ef —p,

(19) { €9 = Qgef -Q,

Where Pr¢f and Q%¢/ are the expected active and re-
active powers references.
The derivative of equation errors variables gives:

(20) {

€1 = Psref +a1.Ps + (ws + a.w)Qs — by .V2
—a3.VS.irq + bng.qu + a5.w.V3.i,«d

é2 = Qgef - (Ws + a~w)Ps + al-Qs - a5-‘/s-ird
—‘y—bg.VYS.V;d - a5.w.VS.irq

é1 = Pref — P,
e = Q) = Qs

Choosing V' as a Lyapunov function candidate:

(22) {

The derivative of equation errors variables gives:

9]

Viel) =
V(eg) =

)

SIS
DD = N

o]

V(el) = €1.é1 =e€1. P;"ef — Pé)

(23) : . o AN
V(@Q) = €92.2 = €2. QS — Qs)
(24) .
. Pref 4 a1 Py + (ws + a.w)Qs
V(el) = €. —bl.‘/sz + bg.V;.qu + a5.w.VS.ird

—a3.Vs.i,.q

- _ Qe — (ws + a.w)Ps + a1.Q,
Viea) = ez ( b3V Vg — a5.Vairg — as.w.Vyirg

The control algorithm proposed which is based on back-
stepping has been introduced:

(29) )
—Pref —ay Py — (ws + a.w)Qs

V= +b1.‘/82 —a5.w.Vs.ipqg + (Z3.Vs.i7«q

rq b3.Vs

—)\1.61 )

Voo [ QT+ (et aw)Pi—a1.Qs
rd bs. Vs +as.Vs.ipg + a5.w.Vs.i,.q — Ag.€9

With \; and A\ are positives constants.

(26) { Viel) = er.é1 = ~ .}

V(EQ) = €2.é2 = —/\1.63
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Grid side converter modeling

Fig. 4 shows representation of the converter topology
which is very similar to the machine side converter. L, and
R, represent respectively the line resistance and inductance.
imdc 18 the current out of the machine side converter, 7,4, is
the current into the grid side inverter and i4. is the current
into the DC-bus capacitor; V,,; are the GSC output voltages.
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Fig. 4. Gid side converter
The grid phase voltages equations can be written as:

il

. dig
Viyca = Rg.iag + Ly it Vya

. dip,
Ve = Ry.ipg + Lg 7d_tJ +vgp s

. di.
Vgeb = Rg.leg + Lg =57 + vge

(27)

After Concordia and Park transformations, (27) can be
expressed as follow, [21]:

digg

. di .
(28) Vgea = Rgiga + Lg dgtd - Wng?gq + Vya
Vgeq = Rgtgq + Lg—33* + wsLgiga + vgq

Active and reactive powers, exchanged between the grid
and the GSC, are given by the following equations:

{ Pg = ngigd + quigq

(29) ; .
Qg = Vyqiga — Viglgq

Grid side converter powers control
By using the oriented voltage control strategy, one can
align the d-axis with the stator voltage, so:

(30) Vig =0, Vya = Vy (CSt),

Hence, the expressions of stator active and reactive
powers (29), exchanged between the grid and the GSC, are
easily simplified as follow:

{ Py =V4.i44
Qg =—Vi.igq ’
Elsewhere, by neglecting the converter losses, the DC

power has to be equal to the active power flowing between
the grid and the GSC and one can write:

(31)

(32)

From equation (32), we can note that the DC link volt-
age (Vqc) can be regulated by acting on the current i 44 in the
voltage vector oriented reference frame. From equation (30),
we can note also that the reactive power (Q),) can be regu-
lated to its reference value (Q 4. r) by acting on the current
144. Consequently, to guarantee a unity power factor at the
grid side, the reactive power command must be chosen as
Qgref = 0,50 iggrer = 0. Finally, after a dg-abc transforma-
tion of these reference currents (igaref, tgqrer), Nysteresis
modulation may then be used as shown in Fig. 5 [20].

z >
S -
n:"EE EEE PLI @,
o,
“EE¢
ll faae
‘_‘—n_s"_n!x lfe—— a-pt l—— i -0
—]:EE
*— % 5 [+
e—] = ) P 2] Sa—— ‘Wo—|"-«
o e |
—

Fig. 5. Grid side converter powers control
DC bus voltage control

To improve the dynamic for transient state and avoid
overshoots [22], the DC bus voltage control is confided to
an integral and proportional (IP) controller. We can be repre-
sented by the block diagram shown in Fig. 6.

IP controller

Fig. 6. DC link voltage control loop using IP controller

The transfer function in closed loop can be determined
as follow

VdC(S) _ kibkp
(33) ref -
Q7 (s)

k kp. ki ?
2 Fp p i
S +Cs—|— C

The transfer function has no zero term in the numerator,
identify the transfer function (32) with general second order
defined by:

28wy s + w2

34 G R o—
34 2 4+ 28wps + w2

F(s) =

allows determining the parameters proportional and in-

tegral gains:
k
2wy, = &
(35) { S
Wy, = e}
where
k, =2.£.w,.C
(36) { "o :
ki — kpn

Fig. 7 represent the application wind energy conversion
system integrated to grid.
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Fig. 7. Wind energy conversion system block diagram simulation
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Simulation results

Simulation of the proposed strategies for the association
of wind turbine with DFIG topology stator is connected direct
to the grid while the rotor is connected to grid with back to
back converters. The behavior analysis of the system for dif-
ferent operating conditions to verify the performance during
the operation of sub-synchronous to super-synchronous gen-
erating modes. The wind turbine, DFIG and filter parameters
are given in the appendix.

The model of the wind profile used in reference [23] is
expressed by a summation of several harmonics in a deter-
ministic form given by:

V =8+ 0,2sin(0, 1047t) + 2sin(0, 2665¢)

37 +sin(1,293t) + 0, 2sin(3, 6645¢)

1 |
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Fig. 8. Wind speed profile
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Fig. 9. Mechanical speed with MPPT
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B To extract the maximum power point tracking, for that
0 a profile of the wind speed chosen in a manner to take into
account the two operating processes in sub-synchronous
and super-synchronous mode with an average speed of 8
40 m/s presented frome Fig. 8. In Fig. 9 shown the generator
o \ speed follows well the profile of the wind proposed, with a
-80

&

slight overshoot for a Pl controller for maximum power point
tracking (MPPT) in transient state, as well as it reference
in steady state. The operation is sub-synchronous speed
s 1 15 2 28 3 35 4 45 5 (<157 rad/s) and the slip is positive, then it is reaches for

Time (s) a speed of 9,5 m/s the operation is super synchronous
speed (>157 rad/s) and the slip is negative, it is shown in
Fig. 10. Fig. 11 present the evolution of power coefficient,
it reache the optimal value (Cp,q,=0,5) for pitch angle is
chosen to be 8 =2. Fig. 12 show the optimal tip speed ratio

Torque Tem (Nm)

Fig. 18. Electromagnetic torque

:.’7 500 (Aopt=9,14), this can show that the tip speed ratio can follow
N . the reference in steady state regime and a slight overshoot
& in transient regime.
g W
S o ; In Fig. 13 the stator active power correctly follows
g 100 —Vi almost perfectly its reference generated by the turbine with
i — Vi sign negative which means that the DFIG produces energy
005 1 15 2 25 3 35 4 45 5 and delivered to the grid after the end of transient regime.
Time (s) The unit power factor is a guarantee for a reactive power of

zero obtained after the end of its transient regime, as well

Fig. 19. DC link voltage as it reference in steady state regime is shown in Fig. 14.

7 In Fig. 15 present the three phases stator currents are
6- / 1 1 / i / / - sinusoidal and constitute a balanced system of frequency
5 50H z. It is very clear in the zoom of currents are sinusoidal
| '/ / / / / / / / and less disturbed is shown in Fig. 16. The three phases

rotor currents are also sinusoidal, present a good tracking
and the frequency of the current varies with the slip is shown
in Fig. 17. The variation of the electromagnetic torque
looks the same as that of the stator active power is shown in
Fig. 18.

Theta s

3 302 304 306 308 31 342 314 346 318 32

Time (s) Adjusting the DC link voltage is shown in Fig. 19 with
an IP controller give’s a good track of the reference 620V
without overshoot in transient regime, the static error is then
null once the steady state reached. The angular position
stator generated by the PLL is represented in Fig. 20. The
angular position generated by the rotor is show the direction
of the passage of the sub-synchronous to super synchronous
modes operation in three zones of operation represented
in Fig. 21. The grid current is in phase opposition with the
generator voltage, Hence a unity power factor has been
achieved it is very clear in Fig. 22.

Fig. 20. Angular position stator using PLL

]

N

0 0.5 1 1.5 2

Theta r

Time (s)

Fig. 21. Angular position rotor
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Conclusion

This paper, present a modeling, control and simulation
of the mechanical part of a wind turbine using a Pl con-
troller to extract the MPPT for the variable speed operating
in region two is presented. It also presents the Backstep-
ping controller of stator active and reactive powers control of
a double fed induction generator using a stator voltage ori-
ented applied to the rotor side converter. The second one
is the DC bus voltage controller using IP regulator of the
grid side converter, in two case studied sub-synchronous and
super-synchronous operations. The results of simulation are
presented and discussed confirming its feasibility of the pro-
posed control scheme had a good follow regardless of varia-
tion wind speed profile.

Acknowledgement

This work is supported by the Direction Générale de la
Recherche Scientifique et du Développement Technologique
(DG RSDT), Algeria.

Appendix
Table 2. Wind turbine parameters
Parameters Value Unite
Nominal power P, 10 Kuw
Air density p 1,22 Kg/3
Rotor radius R 3 m
Turbine inertia J; 0,02 Kg.m?
Turbine friction coefficient B; 0,0016 Nm/rad/ 3
Number of blade 3 -
Gearbox ratio G 5,4 -
Table 3. DFIG parameters
Parameters Value Unite
Nominal power P, 7,5 Kw
Nominal speed N,, 1440 Rpm
Number of poles pair p 2 -
Stator resistance R 0.455 Q
Rotor resistance R, 0.62 Q
Stator inductance L 0,084 mH
Rotor inductance L, 0,081 mH
Stator-rotor mutual inductance 2.691.10° |mH
Mgr
Moment of inertia .J 0,3125 N.m.s?
Coefficient of friction B 6.73e-3  |kg.m/s
Table 4. Filter RL and the DC bus
Parameters Value Unite
Filter resistance R, 0.4 Q
Filter inductance L, 4 mH
Capacitor C' 2e3 F
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