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Abstract: This paper presents a m_odeling a}nd slidingand reactive power can be regulated by separately
mode control of a doubly fed induction machine ®@JI controlling the d-axis and g-axis rotor current
integrated in wind energy system for independentrod  components. Actually the main drawback of FOC is

of active and reactive power. Foracompara}tivejytuhe the unstable system and sensitivity to machine
independent control of active and reactive power 'Barameters [4-5]

ensured in the first step by conventional contrslléPl)

and the second step by sliding mode controllersGEM
Finally, the performance of the system are testad a Wind _P. Q stator Transformer
compared by simulation in terms of reference tnagki NNAlF !
and robustness based on MATLAB / SIMULINK software. “Sa| |

Gearbox
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Wind Turbine

1. Introduction

wind energy is the most promising renewable
source of electrical power generation for the feitur
Many countries promote the wind power technology DFIG-Side || Grid-Side
through various national programs and market Control Control
incentives. Wind energy technology has evolved
rapidly over the past three decades with increasingrig.1 Block of variable speed wind turbine system
rotor diameters and the use of sophisticated power with a DFIG.
electronics to allow operation at variable speed][1

Variable-speed turbines are typically basedao In the area of the control of the electric machines
doubly fed induction generator (DFIG), with thethe research works are oriented more and more
stator is usually connected directly to the threase towards the application of the modern control
grid; the rotor is also connected to the grid batav techniques. These techniques are the fuzzy control,
transformer and two back-to-back converters (Fig.1the adaptive control, and the variable structure
Usually, the rotor-side converter controls the\acti control. The aim of this paper is to apply a Vhiea
and reactive power and the grid side convert&tructure Control (VSC), called also the slidingdmo
controls the DC-link voltage and ensures operatfon control (SMC) of the DFIG.
the converter at a unity power factor [3]. The use of this control mode can be justifisd

The control of DFIG has been well developedhe high performances required by DFIG and the
one of the most popular control techniques is th@bustness of the controller.
vector control (VC) or flux orientation control (&) In this work, first, a wind turbine system is
associated with classical (PI) controllers. Thavact presented and its characteristics are depicted to




estimate its dynamics and performances in different x 10°
operating conditions. Then, a SMC of the DFIG used >
to control independently the active and reactive§
powers between the stator of and the grid is preghos 5 4
and tested on a wind turbine equipped with a DFIG;
of 10 kWw. 3
2. Model and Equations of Wind Turbine
The relation between the wind speed andE
mechanic power, delivered by the wind turbine, can§

3

calp

be described by the foIIowing equation: =
pﬂR 1
Puw = Cp(4, B)—— (1)
O L
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1= QR @) Rotating speed of generator [rpm]

V - . . .
Where C,: power coefficient;.: relative speedg: Fig.3 Mechanical power of the wind turbine.

pitch angle deg; R radius of turbiney: wind speed
(M/9; Qum: turbine speedrd/s); p: air density(1.225 3. Modeling of the DFIG
kg.nd). The dynamic model of doubly fed induction
According to Betz, the power coefficien, machl'ne ind- q frame can be represented by the
cannot be greater than 16/27 or 0.59 [6-7-8-9]. following equations: [5-6]
The torque produced by the turbine is expikssd-1 Electrical equations
in the following way: d¢
I_turb = turb/Qturb (3) V R I dt —@ ¢qs
A typical relationship betwee®, and is shown dg,. )
in Fig.2. It is clear from this figure that there & |V, =R+ L rwd,
value of 4 for which C, is maximized thus dt

maximizing the power for a given wind speed _ dg,,
Because of the relationship betwe@nand}, as the Var =R lg + dt ~ (@, - @)@,
turbine speed that gives a maximum output powe dg (5)
This |0553hown in Fig.3 for various wind speeds. V., =R | .|.d_0Ir +(w, - w )P,
o 3.2 Magnetic equations
% 0.4 ¢ds = le ds +MI dr (6)
()
k&) Pos =Ll +MI,
@ 03 —
8 ¢dr _Lrldr +M|ds (7)
% 0.2 ¢qr :Lrlqr+M|qs
a
3.3 Mechanical equation
0.1 The fundamental equation of dynamics to
determine the evolution of the mechanical speed
0 from total mechanical torque applied to the rotor

Fmeé
Tip speed ratio. do . _
Jﬁ_rmec_l_turb em_f'(2
Fig.2 Power coefficienCp as a function (8)
of g andi. Where the electromagnetic torque of DFIG
can be written as a function of stator fluxes awtdrr
currents:
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Cen=P (b~ h) © p,=-* (13)

S S
Where: s / r are stator/rotor subscripty / I Where:V; is the RMS value of the grid voltage. The
voltage/current;¢ : flux; R resistanceM: mutual active and reactive powers of the DFIG can be

inductance; L: inductancew /ax rotor/stator expressed by:

frequency; f.: viscous friction; Qn.s mechanical P.=V| 4
speed of the DFIGP: number of the pairs of poles; B (14)
J: Moment of inertia. Q, =Vl
4. Fidd Oriented Control of the DFIG Using equation (12), a relation between the statalr
In order to easily control the production ofrotor currents can be established:
electricity by the DFIG, we will carry out an M P,
independent control of active and reactive powsrs b| | 4s = _L_ | g +L_
orientation of the stator flux [7-8]. s s
. : (15)
By choosing a reference frame linked to tla¢ost M
flux, rotor currents will be related directly toeth |qs __L_IQr
stator active and reactive power. An adapted cbntro s _
of these currents will thus permit to control thér from the rotor currents by:
power exchanged between the stator and the grid. If:, Y MI
the stator flux is linked to thd-axis of the frame s™ s ar
(Fig.4) we have [10-11]: I\jl p (16)
qs = P.andg,, =0 (10) |Q, =V, — 1, +V, ==
S S
— gggraax):; The relationship between the rotor currents and
——  Reference frame voltages are established and will be applied tdrobn
the generator by the following equations:
M?\dl,, M?
Vdr :Rldr +[Lr _LSJ dO:L. _gag(l'r _LSJIQr
17
M \dl M? MV
V. =RI_+ L — |—C+ — ly+tg—
o =Rlq (Lr Lstt g“g[l-r L dr gl-s
Where: g: is the rotor slip.
The resulting bloc diagram of the DFIG is presented
in Fig. 5.
Fig.4 Diagram of the stator flux oriented
with d-axis. gMV5 /Ls
. . . |
The electromagnetic torque equation (9) is then % a Ps
written: Rr+p[L,—M j > -MVJ/Ls —>
M Ls
rem = pL_ l qr¢ds Ill
S | N2
By substituting equation (10) in equation (6), the g (L—M "L N
following rotor flux equations are obtained:

gWe (Lr_M 2/]—5)

¢ds:Ls|ds+M|dr 12
0=L+MI, 12, 1 S

dr + 5
The grid is assumed to be stable and consequggatly RﬁD(L r_M ] > -MVJL, -:@"
constant. By neglecting the stator resistance ef th L lar

DFIG, we obtained:

A

S|

Fig. 5 Block diagram of the DFIG.



5. Sliding M ode Control saturation function; ¢: threshold width of the
5.1 General concepts saturation function.

The sliding mode control knows a big success.2 Application of SMC tothe DFIM
these last years. It is due to the implementatidn2.1 Active power control
simplicity and the robustness with regard to the To control the power, the surface expression of
system uncertainties and the external disturbances.the active power control has the form:

The SMC consists to return the state trajgctolS(P) = (P,* - P,) (24)

towards the sliding surface and to develop it abovgaking its derivative and replacing it in the aetiv
with a certain dynamics up to the equilibrium .ltgowerP; expression (15) we get:

design consists mainly to determine three stad@s. [  of M .
13]. S(P) = (Ps +Vs_|qr) (25)
5.1.1 The switching surface choice Ls

For a non-linear system represented by ”P@eplacinqu, byV,, :qurq +Vqr:,the control appears
following equation

. clearly in the following equation:
X=f(X,t)+g(X,t)u(X,t); XOR",uOR (18 . .

B+ gt ulx.d) ey = e DRI @
Where: f(X, t); g (X, t) are two continuous and_ ) ' .
uncertain non-linear functions, supposed limited.  With: 0=1-M*/L,L, , 0: Leakage coefficient.

We take the general equation to determine thring the sliding mode and in steady state, weshav
sliding surface, proposed by J.J. Slotine [14-15],

given by: S(P)=0, therefore S(P)=0, and Vg =0
n-1 . eq:
The equivalent control amoui,“is found from the
s(x)= 9ial e;e=x9-x (19) & _ _ M
dt previous equations and written as:
. oL.L
eq — _ pref s-r
Where: e: error on the signal to be adjusted; Vqr - Ps V.M + erqr (27)
. . L ~vd : s
positive coefficient;n: system order;X": desired ) N
signal:X: state variable of the control signal. During the convergence mode, so that the condition
SPHP)<0 is verified, we set:
5.1.2 Conver gence condition ) M
The convergence condition is defined by th&P) :—VS—Vq”r (28)
Lyapunov equation [12]; it makes the surface sl
attractive and invariant And consequently, the switching term is given by:
< .
S(x)s(x)<0 20) 2 =K, sign(S(P) @

To verify the system stability condition, the
parameteKV, must be positive.
To reduce any possible overshoot of the reference

5.1.3 Control Calculation
The control algorithm is defined by the rigat

[16:'12 N voltageVy, it is often useful to add a Voltage limiter
u=u—+u (21)  which is expressed by:
With: VM = v &¥sat(p) (30)
5.2.2 Reactive power contr ol
n —  max To control the power, the surface expression of
u=u Sal(S(X)/¢) (22) the reactive power control has the form:
. . S(Q) = (Q -Q, 31
(sign(s) if )¢ Q= Q" -Q) ey
Sal(S(X)/ ¢)— . (23) Taking its derivative and replacing it in the aetiv
Slg if [S(g powerQ; expression (15) we get:
Where: u: control signal; u®** equivalent control ¢ — Ayef — —VMI' 32
signal; u™ switching control term; satS(X)/¢p): Q)= Q ( ° L ar (32)



Replacing Vo by V, =Vg'+Vy, the control M

0= v un
appears clearly in the following equation: Q) So L, (35)
ref . . . .
. : M And consequently, the switching term is given by:
= Q +V—" (v, -RI 33) 1 .
Q= Q %y baRl) B9 va =kv, sign(sQ) (39

During the sliding mode and in steady state, weehavlo verify the system stability condition, the
S(Q) =0, therefore S(Q)=0, and V, =0 parameteKVy must be positive.

. eq; To reduce any possible overshoot of the reference
The equivalent control amoub,"is found from the voltageVy, it is often useful to add a voltage limiter

previous equations and written as: which is expressed by:
lim _,, max
eq j ref OLs Lr Vdr _.Vdr sat(Q) (37)
Vo' = —Qs ——+R (34)  To illustrate the control performance of SMC,
VsM sliding mode controller applied to DFIG, a block

During the convergence mode, so that the conditishiagram of the system is proposed in Fig.6.
S(Q)S(Q) < Ois verified, we set:

Grid
3~_
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Fig.6 Schematic diagram of SMC strategy for DFIG.

6. Validation of the Proposed Control The results plotted in the following figuresosy

In this part, simulations are investigated hwitthe powers generated when reference signals are
alOkw DFIG connected to a 400V/50Hz gricapplied. Fig. 7 shows the responses of the system
(appendix), by using the MATLAB/SIMULINK with the conventional controller (Plyhereas Fig.8
software. The both control strategies FOC and SM&hows the responses with sliding mode controller
are simulated, tested and compared in terms of powMC), and then fig.9 shows the wind speed
reference tracking, robustness against machimariation effect on the active and reactive power.
parameters variations.
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Fig.7 System responses with conventional
controller(PI).
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Fig.8 System responses with slidimgde
controller(SMC).

According to the Fig.7 and Fig.8 we can s t

power
requirements.

is adjusted

to the network
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Fig.9 The wind speed variation effect on the
active and reactive power.

In the wind power generation system, the DEIG

the power references are followed by the generatesquired to operate at variable speed, for this im
both for active and reactive power.

The active power of the stator side is ne@ativalso be variable.
which means that the network in this case is a Under this circumstance, the active and reacti
receiver of the energy supplied by the DFIG, reacti power of the DFIG follows the power reference

required active and reactive power references may



calculated from the wind speed. This active power i 0
limited by the generator nominal power (10kW). g
6. 1robustnesstests = 5000
The Fig.10 represents a comparison between the
robustness of the tow controllers: Pl and SMC with &
parametric variationss, L,, R andM of -20% and 210000
+20% of their nominal’s values. <
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g Fig.10 Comparison of robustness between of direct
g8 of control with (PI) and (SMC).
(]
% From the obtained results (Fig.10-a ) and.(flg
g b), we find that FOC strategy can provide good
’1_5000 performances and robustness by using sliding mode
0 0.2 0.4 0.6 0.8 controller, in terms of response time (Table.1) and
Time[s] reference tracking (Table.2), compared to the FOC
(b) : +20% with PI controller.



Table. 1 Comparison of response times

tr (Py) tr (Qy)
-20% +20% -20% +20%
Pl 35 ms 29 ms 46 ms 40 ms
SMC 0.32ms] 0.30ms 0.15ms 0.13ms

Table. 2 Comparison of static errors

AP (%) AQs (%)
20% | +20% -20% +20%
2.30 | 205 1.80 1.55
Pl | (230W) | (205W) | (180VAR) | (155VAR)
0.085 | 0.075 | 0.035 0.025
SMC | (8.5W) | (7.5W) | (3.5VAR) | (2.5VAR)

6.2 Power factor control

In this part the stator reactive power refeeewill

be maintained zero to ensure unity power factor ats

the stator side in the aim to optimize the quatity

the energy produced on the grid. The active powers .99
reference should allow keeping the power coefficien

optimal Fig.11.
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Fig.11 Power factor control

We can say that the control of active powaer f
wind generator is perfectly realized a unity power
factor (cog = 1) for vector control (Fig.11- a) and
sliding mode control (Fig. 11- b).

7. Appendix

Table 3. Doubly fed induction generator parameters
Rated powerP, 10 kw
Stator rated voltagd/s 230/400 V
Rated current,, 20/30 A
Stator rated frequency, 50 Hz
Stator resistancds 0.455Q
Rotor resistancdy, 0.19Q
Rotor inductanced, 0.07H
Rotor Inductancd,, 0.0213 H
Mutual inductancey 0.034 H
Number of pair of polegq 2
Moment of inertia,) 0.031 Kg.M
viscous frictionf, 0.00114 Kg.rfis




8. Conclusion

This paper has presented a comparative stud
between two controllers of active and reactivél-

powers for DFIG integrated in wind energy system,
the first one is a Proportional-Integral (PI) cofier
and the second is a Sliding Mode (SM) controller

based Field Oriented Control (FOC) strategy.

Simulation
performances of the FOC strategy based a slidiAg-
mode
characteristics, we observe high performances in
terms of response time and reference tracking

results show the optimized

controller. Through  the response

without overshoots. The decoupling, the stabilitd a

the convergence towards the equilibrium are assurag.

Furthermore, this regulation presents a high dynami

response, and it's more robust against parameté

variation of the DFIG versus the conventional PI
controller.
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