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Abstract: Direct Torque Control (DTC), without inner subsynchronous and supersynchronous speeds in both
current control loops, is capable of simplifying#tructure  generating and motoring modes (+30% around the
of control system and improving its dynamic per@mee synchronous speed). The power inverter needs to

‘("g‘lflr(‘;)abpp"ec? to dthe Doubly F?.d |ndutctionHGeggratohanme a fraction (25-30%) of the total power to
ased wind power generation system. Howeler, ; ;
most significant drawback of the Conventional Direcggglgxgi nf;” ccg;trol ?}]: ethe ggrn?ir:;iobrl’ ethe ;L%Cg%g

Torque Control (C-DTC) strategy is the variable teling
frequency which mainly depends on the samplingiéegy, SUPersynchronous speed range [1]. _

the lookup table structure, hysteresis bands, ane t Directtorque control (DTC) was proposed in 1980s
converter switching status. This paper proposes aand then it was well developed In power electronics
improved DTC strategy by using an approach inteliig and drives application for its excellent steadyestad
artificial technique such as Artificial Neural Nedvks transient performance [2-3]. Compared to fieldruee
(ANN), applied in switching select voltage vectarthis  control (FOC) technique [4], DTC system is very
way, the ripple in current and torque can be rediiCEhe  simple and robust because current regulators and
'Beve”ber%' Marq‘?ardﬁ baCk'prloF’agat'ok” a'go”rfhm.ha omplicate coordinate transformation are eliminated
een used to train the neural network and the M, vever due to the fixed sampling frequency and

structure network facilitates a short training apibcessing . . - X
times. Finally, simulation results show that theposed limited minimum hysteresis bands, both torque and

ANN-DTC strategy effectively reduces the torquefand flux exceed the bands imposed by the hysteresis
ripples at low switching frequency, even under alle Comparators, which lead to undesired torque and flu

speed operation conditions. ripples. Another reason for large torque and flux
_ . . ripples is that the selected voltage vector baseith®
Key words: Doubly fed induction generator, direct torqueclassic DTC table is not necessarily the most bléta

control, neural networks, wind energy. one. On the other hand, the slopes of the
electromagnetic torque and flux vary according to
Nomenclature different operating conditions and time interval,

s, r: Rotor and stator indices

d, q: Synchronous reference frame indexes
a, [ : Fixed stator reference frame indexes
V, |, w : Voltage, current and flux

variable switching frequency behavior is unavoidabl
These two main drawbacks of conventional DTC (C-
DTC) have become the obstacle for high power

R, R : Stator and rotor resistances application such as wind power generation.
Ls, Ly andL,, Stator, rotor and mutual inductances To overcome these difficulties lots of papers have
P;, PsandQs: Turbine, active and reactive powers been pUblIShEd in the last few years on solvmg DTC
Ty, Tem: Turbine and electromagnetic torques drawbacks. Some of these papers are combined the
Q, : Rotor speed DTC with Space Vector Modulation (SVM) technique
ws;: Stator and rotor pulsations (SVM-DTC) [5-6], or with Discrete Space Vector

_ Modulation (DSVM) technique (DSVM-DTC) [7-8],
1. Introduction other papers fuzzified the DTC system inputs and

~ The most important advantages of variable spe@éprove its characteristics [9-10], some else ttied
wind turbines as compared with conventional cortstajinprove the torque and flux estimators [11].
speed system are the improved dynamic behavior, |n this paper, a neuronal controller is used ttaep
resulting in the reduction of the drive train megical the switching table, where the inputs are the asfor
stress and electrical power fluctuation, and aled tthe flux, of the electromagnetic torque plus thsitpm
increase of power capture [1]. One of the genematigngle of rotor flux, and the output is the impulses
systems commercially available in the wind energyliowing the control of the inverter switches [12-1
market currently is the Doubly Fed Induction Get®ra 14]. in order to generate this neuronal controigr
(DFIG) with its stator winding directly connectedthe  Matlab / Simulink, we selected three linear feed-
grid and with its rotor winding connected to thedgr forward layers with thirty five neurons at the héaid

through a frequency converter. ~layer, and three neurons at the output layer, thi¢h
This arrangement provides flexibility of operation



activation tasks respectively of type ‘tansig’ andf the stator resistance can be neglected andater s

‘purelin’. flux can be held constant as the stator is condeote
Finally, simulation results show that the proposethe grid. Consequently [15]:
ANN-DTC strategy effectively reduces the torque angy =W, and ¢, =0 (8)

flux ripples at low switching frequency compared to
the conventional DTC strategy.

Stator axis

—— Rolor axis
A

2. Modeling of the DFIG B —— d-g reference frame

—— a-f reference frame

In the synchronoud-q reference frame rotating at
ws speed, the model of the DFIG is given by th
following equations:

Stator voltage components:
d

V=R o+ =y — @,
ds s ds dt wds s[n[/qs (1)

d
Vqs = Rsl gs + aqu + w#’ds

b

Rotor components: Fig. 1. Field oriented control technique.

d _
Vdr = Rr I dr + Ewdr - ((4.)5 - a)r )l//qr Vds B 0 (9)
dt (2) Vqs :Vs = ws‘l//s
qu =Rflq' +awqr +(a)5_a)')¢/dr l//s :leds+Lm|dr (10)
O=LJ,+Llg
Stator flux components: v L
wds:leds-'-LmIdr 3 Idszf_fmldr
_ ( ) s r (11)
l//qs_leqs-l-LmIqr L
Iqs =-— Iqr
Rotor flux components: L,
‘/ldr :Lrldr +Lm|ds (4) Ps =§Vslqs
‘/lqr :Lrlqr +Lm| gs 23 (12)
Qs = 7Vsl ds
. 2
DFIG electromagnetic torque:
3 L
Tem = =3 pfm (l//dsl a ~ Wl dr) (3) Replacing the stator currents by their expressjore
" in (11), the equations below are expressed:
Mechanical equation: P = _§hv I
dQ s 2 Ls s'gr
LTI o+ 10, (6) 13

Qs =3Vs( VS _Lmldr]

Generator active and reactive powers at the ssater 2 (L, L

are given by the expressions:

Ps = g(\/dsl ds +Vqs| qs)

3
Qs = 5 6/qs| ds _Vdsl qs)
4. Direct torque control principle

3. The smplified model of DFIG Fig. 2 shows the schematic of Direct Torque

The rotor-side converter is controlled in g-ontrol of doubly fed induction generator. Stator
synchronously rotating-q axis frame, with the d-axis Winding of DFIG is connected directly to the griuda
oriented along the stator flux vector position (Fiy the rotor is fed by converter that is also conreote
In this approach, decoupled control between therstal€ 9rid- The main goal of the DTC is directly ot
active and reactive powers is obtained. The infteen the rotor flux and the electromagnetic torque @ th

The electromagnetic torque is as follows:

3 L
T.=-=p-"y,l (14
(7) em 2 p LS siar

®3)



DFIG with choosing the best voltage vector. Depending on the operation conditions of the

machine and the position of the rotor and statox fl
space vectors expressed in the rotor referenceefram
(ov-p;), the rotor voltage vectors affect the torque in a

different manner [16-17].

gf;irlel:irss Swiching '@ As the stator winding of DFIG is connected to
.y er e |_| I—'IDCbus _ power grid, by ignoring the voltage drop of stator
Gaic  winding resistance and the fluctuation of supply

Rectifier

Q) Av _G - voltage, one can appropriately consider the madaitu
M VA B of the stator flux vectop_to be constant and rotate at
r k Inverter .
synchronous speed [16]:
Trm, |Wr | }r_aLa,B s
Tem and sector —
estimation )V qp e V. ‘7 ‘ = & (15)

Fig. 2. The diagram of the DFIG direct torque ° A
control system.
The torque of DFIG can be represented as a
As shown in Fig. 3, the position of the rotor fisx function of the anglé between the stator and the rotor
divided into six sectors. There are also 8 voItadBJXGS space vectors as follows:
vectors which correspond to possible inverter state

These vectors are shown in Fig. 3. There are atso _.3 L, ,
active vectors V. V,,..., Vs and two zero vectorsV Y= LI W |sind (16)
and \,. s
2
(a) Where g = 1—i is the leakage coefficient.
3dg ond S LSL
/ B, ‘\ r
v,010) 4 v, (110) v\
s Differentiating (16) results in the following eqigat:
ATy 3 Loy d{y,[sino) an
s |y, o11) v, (100)| 1S dt 2 oL, dt
a,

Therefore, according to (17), we know that the
torque control of wound rotor doubly fed machinas ¢
be realized through adjusting the rotor flux vector

s,,/ Where the amplitude of the rotor flux vector can be
expressed by:

Sub:\ With:

(

b)
3 g 2ond §
5, \
v,010 4 v, (110)

“ZT

L ° L
S \v, 011 v, (100)) 'S L2 19
% =L -— ||
l//ﬁr ( r LS j Jiis
; Furthermore, in the case that the rotor i]quhas a
V0T ¥ o1 ,,/ circular trajectory (Fig. 4). The electromagneticue
'&5) :/ Tembecomes the function of phase angl€&.increase
s oS aso increase. Converselyh,decrease asdecrease.

Fig. 3. Flux space vectors in the rotor reference Therefore, the control of the torque can be redlize
frame, in motor and generator modes. (a) Motor through adjusting the phase angle
mode, (b) Generator mode.



Fig. 4. Trajectory representation of rotor flux epa

Positive

direction of

‘war/’ flux

vector with different voltage vector.

A. Hysteresis controllers choice

_ The DTC technique selects the required rotor vectghe output of both hysteresis controllers that sfiaw
directly from the rotor flux and electromagnetiojoe g torque should be increase or decrease. Tregeolt

errors, using hysteresis controllers. The flux culter

variable H what must limit the torque to a value such

asfT, -T. |<AT,..
H; A
Subsynchronous 1
_AI;'L 1-0:1'
1 ¥ sz e
-1
H, A
Supersynchronous | 1
AT, Yo 4
1 oz, 1o
-1

Fig. 6. Three level hysteresis controllers.

B. Rotor voltage vector selection

vectors are selected from the hysteresis contsoller

is based on a two level hysteresis comparator Mith oytputs and the sector where the rotor flux spactov

hysteresis band, while the torque controller usbeea

is located. Then the selection of rotor voltagaaeis

level hysteresis comparator with Rysteresis band. At carried out according to Table 1, deduced from #ig.

the zero level of this controller, the zero voltagetor
is selected in order reduce the torque ripple.
Flux vector control:

Table 1
Switching table with zero voltage vectors

So as to obtain very good dynamic performancey Hysteresis He 1 -1
the choice of the hysteresis controller with tweele bands Hy 1/0|-1|/12]0]-1
seems to be the simplest solution and best adépted sector] 1 | (330°. 30° YREAALIAL,
the studied control (Fig. 5). Indeed, with thiseypf > (300 ’900) h: VO V2 V5 V7 V3
controller, one can easily control and maintainghd | VErsus (30°,90%) | M| V7| Vs|Ve|Vo|Vs
of the vector flux¥, in a circular ring. The exit of the | gotor |3 | (90° 150°)] V| Vo | Va| V1| V7| Vs
comparator represented by the variable¢1 or 1) 4 |(150°, 210°) V3 | V7 | V5| V2| Vo | Vg
must indicate if the module of flux must decreages¢ Flux 5 [(210°. 270°) V. | Vo | Vel Val Vo |V
1) or increase (k1) by such kind to always maintain | anqe ( P e L B
v -w|<0y,). 6 |(270° 330° Vs | V7 | V1| Va|Vo|V,
As an example, if the rotor flux is located in tinst
sector, the application of voltages vect@tsand \;
1 results in an increase in the torque£H) whereas, the
application of vectors ¥and \4 would decrease it
Al | Al | (Hr=-1). In the other hand, the application ¢favid \;

-1

€| #r|

Fig. 5. Tow level hysteresis controller.

Torquevector control:

would increase the rotor flux @d1), while Vs and \&
would decrease it (#-1).

As a generalization it can therefore, be said ifhat
the rotor flux resides in thid" sector, wheré& =1, 2,
...6, the application of voltage vectorg.Yand M.,
would decrease the electromagnetic torque, whée th
vectors \,.; and k., would increase it. Moreover, the

The hysteresis controller on 3 levels, he makesapplication of \(,, and \{,would decrease rotor flux,
possible to control the device in the two direcsiai  while V., and \t; would increase it. In this case, for
rotation that is to say for a positive or negativejue each sector only four active vectors are permiited,
(Fig. 6). The exit of the comparator representethBy V.1, Vis2, Vi+1) and the zero vectors ¢\W»).



The choice of the zero vectors produces a smalleevenberg-Marquardt (LVMback propagation [23-
torque and flux variations compared with the active4], it updates weights and bias values according t
vectors. Then, the zero vectors are not reallye@éal Levenberg-Marquardiptimization algorithm. As soon
keep the torque and flux controlled; however,itded as the training procedure is over, the neural ndtwo
to reduce the torque and flux ripples at steadie stagives almost the same output pattern for the same o
operation. For almost every application of DTOsit nearby values of input. This tendency of the neural
advantageous if the torque and flux ripples anmeetworks which approximates the output for new inpu
minimized as much as possible [17]. data is the reason for which they are used adigest

systems. In Matlab command we generate the Simulink
5. Artificial Neural Network Based VoltageVector  block ANN of switching table bydensim (net35)”
Selection given this model shown in Fig. 8

ANN has a very significant role in the field of

artificial intelligence. The artificial neurons legfrom

the data fed to them and keep on decreasing the err

during training time and once trained properly,irthe (@ — YT
results are very much same to the results reqtrived X{1) yi)
them, thus referred to as universal approximat8§ [

The most popular neural network used by researchers Neural Network

are the multilayer feed forward neural networkrteai

by the back propagation algorithm [19] .There are
different kinds of neural networks classified acting

to operations they perform or the way of
interconnection of neurons. Some approaches use

Fig. 8. ANN model switching table.

The block ANN content two layer 1 and 2:

neural networks for parameters estimation of dladtr ®_>._> o e >
machines in feedback control of their speeds [28ie X1} Proceputl % ?{1/}
we have used a feed forward neural network to selec
the voltage vector which replaces the lookup téble
the case of C-DTC strategy [12-13-21-22]. Layer 2

In the case presented in this paper the DTC contro
strategy shown on Table 1 has been implementedau ProcessOutput 1 y{1)
Neural network has been devised having as inpeats th
torque error, the rotor flux error and the positidthe Fig. 9. Neural Network Block.

flux sector and as output the rotor voltage spactor

to be generate by the inverter [22]. The ANN blockvhere the Layer 1 and Layer 2 are show in Fig. 9.
then replaces the switching table selector blodkigf

2; this is illustrated in the Fig. 7. @—> o> {weion]
d p{l} Delays 1 IW{L,1} @
| | m netsum tansig a{l}

b{1}
—G Rectifier
Neural Network

Tem‘ ;3_15:11 Controller l_| |_| DCbus
I ®_ = S;
(1 — 'G

K Inverter

DL

Grid afl} Delays 2 @
m netsuml purelin af2}

b{2}

T
I

v | Ten, T | ) Leap [ o5 Fig. 10. Block Layer 1 and Layer 2.
Tem and sector
estimation JVsop L2V, 6. Simulation results and comparison
Fig. 7. DTC neural networks controller scheme. ~ Simulations of the proposed direct torque and

reactive power control approach are carried outgusi
The network taken in this study is a 3-35-3 feed¥latlab/ Simulink. The simulated DFIG is based an th

forward network with first layer of log sigmoithnsfer Parameters available in the appendix.
function, second layer of hyperboliangent sigmoid The simulation results of torque control and rotor
transfer function and third layer dinear transfer flux for both C-DTC strategy and the proposed sggt
function. Training method used wasgain back- (ANN-DTC) are presented in Fig. 11 and Fig. 12
propagation. All the three neuratworks were trained respectively
to performance 0.01 msec.

The back-propagation algorithm is used to train the
neural networks. The training function used is
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Fig. 11. C-DTC strategy responses. Fig. 12. ANN-DTC strategy responses.



The Sampling period of the system is i80the frequency is achieved with the proposed ANN-DTC
torque and flux references used in the simulatiostrategy while the simplicity and robustness of@e
results of the both strategies are (-5kN.m in OBTC is inherited at the most.

(generator mode), +5kN.m in 0.4s (motor mode), and Simulation results show that the C-DTC strategy
again -5kN.m in 0.7s) and 1.1Wb respectively. Thpresents a fast and good dynamic torque in staatéy s
machine is driven at supersynchronous spedéehavior. However this strategy because of thabki
(1700rpm). All simulation results are show in Fif). switching frequency presents the drawback to haaing
and Fig. 11. From top to bottom, the curves arerrothigh frequency of switching which present a high
rotating speed, electromagnetic torque, rotor flatgr  harmonic distortion of currents, high ripples of
currents, stator currents, and stator current i@ve electromagnetic torque, and warming-up of theailic
with THD rate. switchers.

Fig. 10-(a) and Fig .11-(a) show the rotor speed The proposed ANN-DTC strategy constitutes a
range of operating of the doubly fed inductiorviable alternative to the conventional control tetgy
machine, the machine is running from theand it has many features and advantages such as:

subsynchronous speed (1000rpm) until the - It has good performances;
supersynchronous speed (2000rpm) by crossing the - Fast flux and torque responses;
synchronous speed (1500rpm) in 0.55s. - Fixed and low switching frequency;
The electromagnetic torque follows the referendgeva - Reduced torque and current ripples.
quickly in both cases, this is illustrated in Fl§-(b) - It offers sinusoidal line currents.

and Fig. 11-(b); it can be seen that the torquipjdes
with ANN-DTC strategy irsteady state is significantly ~ Appendix
reduced (x50N.m) compared to tReDTC strategy

(+150N.m). Table 2
Fig. 10-(c) and Fig. 11-(c) are showing the rotopyind turbine parameters
flux magnitude responses of C-DTC and ANN-DTC 5 5qe radiusR 3525 m
strategy respectively. Note that the rotor flux i
maintained constant (1.1Whb) while torque chandes iNumber of b_lades 3
certify that the decoupled control of rotor fluxdan | C€arbox ratioG 90
torque is achieved. It is also remarkable thatifiygle | Moment of inertia,J 1000 Kg.m
in steady state is reduced in the case of ANN-DT|CViscous friction coefficientf; 0.0024 N.m.$
strategy compared with C-DTC strategy. The rotot fl | Cut-in wind speed 4 m/s
fluctuating ranges are nearly +0.12Wb for C-DTC andcut-out wind speed 25 m/s
only +0.06Wb for ANN-DTC. Nominal wind speed 16 m/s
The simulation results in Fig.10-(d and e) and

Fig.11-(d and e) show the response of rotor artdrstatgpje 3
currents of C-DTC strategy and ANN-DTC Strategboubly fed induction generator parameters

respectively. The changeover from subsynchronousst
sup%rsyncgronous spged crossing they synchron iated powerp, 1.5 MW
speed in 0.55s is observed to be smooth without grytator rated voltage/; 398/690 V
transients in the rotor current waveform. Rated current, 1900 A
On the other hand, the FFT analysis (evaluated foRated DC-Link voltagéJpc 1200 vV
five cycles starting at t=0.1s) of the stator cuotre| Stator rated frequency, 50 Hz
waveform of phase (a) show that the total harmonidtator inductance. 0.0137H
distortion (THD) of the stator currents with ANN-BT | Rotor inductancel., 0.0136 H
[Fig. 11-(f)] is much smaller than that of the etat | Mutual inductancel, 0.0135H
currents with C-DTC [Fig. 10-(f)]. In the case of C| Stator resistanc: 0.012Q
DTC strategy the THD rate is nearly 2.10%, while inRotor resistance’ 0.021Q
the case of ANN-DTC is only 0.51%. Then, we can saNumber of pair of poleg 2

that the ANN-DTC strategy has a negligible ripple i
stator current and a nearly sinusoidal wave fon'{ie;\efpentC% Analvs dell d control of doubl

} . A. Petersson,Analysis, modeling and control of doubly
compared to the C-DTC strategy. fed induction generators for wind turbingsPhD
i thesis, Champers University of Technology, Sweden,
7. Conclusion _ _ 2005.

This paper presents an improved direct torque |. Takahashi and T. Noguchi new quick-response and
control strategy for DFIG based wind energy high-efficiency control strategy of an induction
conversion systems. The torque and flux rippledean motor”, IEEE Trans. Ind. Appl., vol. 1A-22, no. 5,
reduced significantly and low constant switching October 1986, pp. 820-827.
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