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Abstract

In this paper a new direct torque control

applied to doubly fed

system is proposed and is

induction generator driven by variable speed wind

turbine. In this control system the rotor flux and the electromagnetic torque are
estimated based on the rotor voltage and currents measurements. Control system

response is based only on wind

speed  profile. The control strategy is

based on keeping harmonics at low order under the constraint of unity rotor
power factor and also under decreasing torque ripples. Results are obtained from
simulations show a very fast dynamic response for the control system with
sensorless operation under wind speed variation.

Keywords: Direct torque control (DTC), doubly fed induction generator (DFIG),
variable wind speed, turbine characteristics, grid connection, and voltage source

converter (VSC).

LIST OF SYMOBLS

is the air density (Kg/m")
is the power coefficient
is the tip speed ratio
is the pitch angle (deg.)
is the area covered by the rotor ( m)
is differential operator (p = d/dt)
is the turbine speed (rad./sec.)
is generator rotor speed (rad./sec )
is the mechanical torque (N.m)
is the electromagnetic torque of the
generator(N.m)
T, is an internal torque of the two
mass model (N.m)
H, is 1inertia constants
turbine(Kg.mz)
H, is the generator inertia constants
(kg.m2 )
D is the damping coefficients of the
turbine(N.sec)
D, is the
generator (N.sec)
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damping coefficients of

V s the instantaneous voltage (volt)
R is the resistance (ohm)
i isthe instantaneous current (amper)
®e is slip electrical angular speed
(rad./Sec.)
®s 1is stator angular speed (rad./Sec.)
o, is the rotor electrical angul
speed (rad./sec.)
®, is the base angular speed (rad./Sec.)
L, 1is the mutual inductance (H)
L is the stator leakage inductance (H)
L, is the rotor leakage inductance (H)
\ is the flux linkage (web.)
P  is the active power (watt)
Q isthe reactive power (VAR)
P is the number of pair poles
The subscripts
d - q indicate the direct and quadrature
axis components.
s -1 indicate stator and rotor quantities.
*  indicates reference value
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D, is the damping coefficient of the e indicates the synchronous rotating
Flexible coupling (shaft) reference  frame.

Ki; 1is the shaft stiffness(N.m.sec/rad).

vy 1is the wind speed (m/sec.)

1. Introduction

Worldwide concerns about the environmental pollution, that has led to
increase interest in technologies for generating clean and renewable sources of
electrical energy. As most renewable energy sources emit neither greenhouses
gases nor other pollutants. These will form the basis of any long- term sustainable
energy supply system [1]. Among various renewable energy sources, wind
power is the most rapidly growing one. Since the fuel of the wind turbine is free,
the generated kilowatts should be used as often as possible in the electricity.
Wind energy costs nothing and is absolutely pollution-free [2].

The wind turbine system has two configurations. The first is the fixed speed

system in which the generator is connected directly to the grid. The disadvantage
of this concept is the power variation due to wind turbulence, that affects the
power quality of the grid [3].
The second is the variable speed doubly fed induction generator (DFIG) which is
the most widely used concept [4]. Due to its high performance, it controls the
rotor speed thus the power variation due to wind can be reduced. Its capability to
capture maximum power from wind energy compared to fixed speed concept and
its low cost converters which handles only about 20-30% of the total power are
advantages.

It is well known that the direct torque control (DTC) has an excellent dynamic
performance compared to other control strategies for its rapid control about flux
and torque. In generation system, the voltage regulation behavior during sudden
change in rotor speed [5].

In this paper, a new direct torque control (DTC) strategy for doubly-fed
induction generator (DFIG) is proposed to pursue a simple control structure, very
fast dynamic response and high efficiency. The control technique proposed in this
paper doesn’t use classical hysteresis band. It is replaced by logic look up table
based only on the torque error , flux error and the operating sector.

The aim of the proposed control system is to keep the rotor power factor at
unity by selecting the proper voltage vector, to provide very fast dynamic
response and decrease torque ripples under wind speed variation.

A simulation is performed by Matlab/Simulink program under wind speed
variation which lead to change the doubly fed induction generator speed from
sub-synchronous to super- synchronous speed. Detailed results are obtained and
explained below.
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2. Wind Turbine and DFIG Model

A wind turbine consists of rotor that extracts kinetic energy from the wind and
converts it into a rotating movement , which is then converted into electrical
energy by the DFIG .

Connection between the turbine and the generator is through a low-speed shaft
and a high-speed shaft and a gearbox in between [2].

Figure (1) shows the basic configuration of a DFIG wind turbine. The stator of
the DFIG is directly connected to power grid and its rotor is connected to stator
terminals through two voltage source converter (VSC). In order to produce
electrical power fed to utility grid, the grid side converter (GSC) is controlled so
as to obtain constant DC bus voltage, and the rotor side converter (RSC) is used
to control the power through rotor, so that controlling power flow from DFIG and
power grid is achieved. Since the main objective of grid side converter is to keep
DC link voltage constant at any operating condition, so that in this paper the
control system is applied only to rotor side converter (RSC) for simplicity.

Wind Mechanical

speed power

! 0,

Ywit Pm d
A—(O)}
(I)l U

Gearbox
Rotor blade &

pitch control

. Rotor-side DC-link Grid-side
Vdg.r i converter converter

Figure 1 Basic configuration of wind turbine DFIG system.

2.1. Wind turbine model

The algebraic relation between wind speed (v,,) and mechanical power extracted
(P is described by the following relation[6]:

P,.=0.5p A v, C,(\,B) 1)
Where c, is the power coefficient
116 - ‘A
Cy(A.p) =0.5( ——-04p-5) e 21/3i Q)
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1 0.035 ,

Ai= - 3
1=Cio0ss 2 3
¢
3 = — )
Vi
The mechanical Torque of turbine is expressed as
P
T =" (5)
0y

The power coefficient C, of a wind turbine is not constant but varies with wind
speed , rotational speed of the turbine and the pitch angle B as shown in Figure(2).
In practice a wind turbine generator with good blade control C, may reach a value of

0.5[7].

e Bota®0

-

e "
e Belgrd e ‘“‘x,,,_

“‘ ‘\Betafﬁl"'-- _

"\\\B&\ta=1--0.. - ™ .
" .
., \\ \‘\.\ . .
Betax12 . . .

\\' \'\ h RS ..-'.
| ! | | e ] |
4 § 8 1 2 n 1g 1
Tip speed

Figure 2 power coefficient versus tip speed ratio.

Pitch control is the most common method of controlling the aerodynamic power
generated
by a turbine rotor, for newer larger wind turbines. Almost all variable-speed wind
turbines use pitch control. Below rated wind speed the turbine should produce as
much
Power as possible, i.e., using a pitch angle that maximizes the energy capture.
The block diagram used to represent the wind turbine is shown in Figure (3)
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Figure 3 Block diagram of wind turbine.

2.2. Modeling of Shaft System

The equivalent model of a wind turbine and generator shafts are presented by
two mass system as shown in Figure(4). The masses correspond to a large mass of
the wind turbine rotor, masses for the gearbox wheels and a mass for generator
respectively. Taking into account the stiffness and the damping factors for both
shafts the dynamic equations can be written as [8] :

2H:  pwp = Tm - D - Dyg(werwr) -Ty (6)
2Hg pwr = Ttg + Dtg(wt'wr)' Dg(.l)r'Te (7)
thg =th(wt'wr) (8)
=
-
-
-
-
—-
—-
-
—

Figure 4 Two mass system of wind turbine and generator shafts

2.3. Modeling of the Induction Generator
The mathematical dynamic model of the DFIG in d-q form can be written as
following [9]:
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i % = Ry igstOsWqs + Vs 0)
= d_il“ = Ry gt oas + Vs (10)
i % = R, ig+(ms-0r) yqr +Vg, (11)
i d_i:'r_ = RiigH@5-0r) Wart Ve 12)

The d-q stator and rotor fluxes are described as :
Y= - (L1S+Lm) idsf Lm idr ,
‘qu= - (Lyg+Ly) iqs_ Ln iqr
3
\I’drz - (L1r+Lm) idr_ Lm ids N
Y = - (Ly+Ly,) ig— Lmiigg

The electrical active and reactive power delivered by the stator circuit are given
by:

Ps= IS(P/z)(Vds ids+Vqs iqs)v

(14)
Q§=15(P/2)(Vd§ iqs'Vqs ids)

Where P is the number of pole pairs.

The electrical active and reactive power delivered by the rotor circuit are given by:
P=1.5(P2)(Vq ig+Vq igr),

15)
Qr= 1 S(Plz)(vdr iqr"]qr idr)

The electromagnetic torque based on rotor flux and rotor
current components can be expressed as,

Te=1.5(P/2) (Pyriar - Parigr) (16)

3. Design of Rotor flux and electromagnetic torque
Estimators for DTC

It is assumed that stator flux is aligned with d°,so that (yg =0). And also stator

dilrgs _
5 =0 [10].

Under rotating synchronous reference frame V¢4 =0 ,and V= Vm [11].
Under these considerations the previous four order model of the DFIG becomes a
two order model based only on the rotor flux and rotor voltage for simplicity[12].
thus:

flux is assumed to be constant, so that
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1 dy* e e e e

E dsdr‘ =R rl dr+((’)s'(’)r) v qr+V dr (17)
1 d'pe e e e €

E dsw =R rl qr+((’)s'(’)r) vy dr+V qr (18)

The reference value of rotor flux can be calculated according to the utility
condition of stator active power, stator voltage and stator power factor according
to the following equations:

i*es = (218)P*s/ V'gs 19
i'g=(2/3)Q%/ V' (20)
- Ls+Lm__
g =" L )*l*qs9 (21
o= (o L) ) @)

Note , Le=Lj+L,,
Then from equation (13) we can obtain d-q rotor flux (reference values). And the

reference value of rotor flux will be
\V*r :( \Pzdr + \Pqu)O.S . (23)

Figure (5) indicates calculating reference value of rotor flux

P %
5 |q5 |qr
— Eq.(19)  —— Eq.(21) .
V.. * ; Eq.(13)
_.7“ and
Q;* Eq.(23)
|ds* |dr*

) Eq20) —— E2))

Figure 5 calculating reference value of rotor flux

The reference value of the electromagnetic torque can be obtained from the
two mass model as shown in figure (6)
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3
wt Ttg
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ratio - - e
f Eq.(8)
3

Figure 6 calculating reference value of electromagnetic torque

4. Complete System configuration

The objective of the RSC is to govern both the stator-side active and reactive
powers independently, while the objective of the GSC is to keep the dc-link
voltage constant regardless of the magnitude and direction of the rotor power. In
this paper the dc- link voltage is assumed to be constant and the DTC is applied
only to RSC. The DTC allows very fast torque responses and flexible control for
the RSC of the DFIG .In DTC it is possible to control machine flux and
electromagnetic torque by the selection of the optimum inverter switching
modes.

Figure (7) shows the basic concept of the DTC system.
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Figure 7 The proposed control scheme of a DFIG driven by a wind
turbine based on DTC

Both error of torque and flux are terminated in order to provide logic outputs
then the terminated logic signal and rotor flux position are fed to the look up
table in order to generate switching action which is fed to the voltage source
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converter (VSC). Replacing the classical hysteresis band by the logic look up
table makes the selection of the switching action more and more flexible,
decrease torque ripples whatever is the wind speed, and keeps switching
constant.

If er>0 the logic output is set to 1, if et.<0 the logic output is set to -1& if er.=0
the logic output is set to 0. Also for rotor flux error, if e,>0 the logic output is set
to 1& if the e, <0 the output logic is set to 0. Figure (8) shows how the output
logic is obtained. The frequency of the reference signal is calculated according to
the rotor slip frequency (for constant switching frequency), and the amplitude is
according the error limitations (upper and lower values). Then the terminated
errors and the operating sector (Or) are fed to logic look up table in order to
obtain the appropriate switching actions which is fed to voltage source converter
to obtain the rotor voltage. Table (1) indicates the voltage vectors under super-
synchronous and sub-synchronous speed which is built at the constraint of unity
rotor power factor.

Output logic
e‘l‘e i signals = ;
——————1 Logic comparator = O :
-1
Reference Estimatad
value

L f /( value

Look up —*

table 3 Switching
actions
1.\
eq_,r ’V Qutput logic
———————— Logic comparator $Z> é':'.
o
Figure (8)
lﬁ’dr
Where, ©=tan"( ) (24)

‘ﬁ"qr

The phasor diagram shown in Figure (9) indicates how the voltage vector
selection is made.
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Figure 9 Rotor voltage vectors (a) sub-synchronous, (b) super-synchronous.

Table 1 rotor voltage vectors selection
DFIG speed e, | e S(1) | S(2) | S(3) | S(4) | S(5) | S(6)

1 | V2| V3 |V4a | V5] Ve | Ve
1 |0 | V7 |VO| V7| V0| V7| VO
21| Ve | V1| V2| V3| Vva]| Vs
Sub.synchronous 1 | V3| V4 |V5]| Ve |Vl | V2

speed 0| o0 |vVvo|V7Z]|VOo| V7| VO| V7
21| Vs | Ve | V1| V2| V3| V4
1 | Ve |Vl |V2|V3]|Vva]| Vs
1| 0 | V7 |VO| V7| V0| V7| VO

Super -1 | vVl | V2 | V3 | V4 | V5| Vb
synchronous 1 | V5| V6 |Vl | V2| V3| V4
speed O |0 |VvVOo|V7Z|VO|V7|VOo| V7

-1 | v4 | V5 | Ve | V1 | V2 | V3

4. Simulation results and Discussions

Matlab /Simulink program is used to carry out simulation of DFIG driven by wind
turbine under variable wind speed. Simulation is performed under sub-synchronous and
super-synchronous speeds (wind speed changed from 12.5 m/sec to 17.5 m/sec). The
generated rotor voltage by the proposed control system is shown in figure (10). In this
figure rotor has unity power factor at both sub- synchronous and super- synchronous
speed but the peak value of rotor current is higher at super-synchronous speed . In order
to make transition from sub-synchronous to super synchronous speed the rotor phase
sequence is changed according to the voltage vector obtained from the voltage vector of
the look up table and then applied to source converter (VSC).
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Figure 10 Rotor voltage and current.(a) under sub- synchronous.
(b) under super-synchronous.

Figure (11) indicates stator voltage under the two previous conditions wind
speed changed from 12.8 to 17.5 m/sec. (sub- synchronous and super-
synchronous speed). In this figure the stator voltage appears as constant dc
voltage in the synchronous rotating frame d°-q° [11]. The dc value is peak
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value of stator voltage . As shown in figure (10) the peak value of the output
stator voltage is higher at super-synchronous speed than in sub- synchronous
speed.

920
Super-syncgronous speed

910 e

900

890 -

Wolt

Sub-syncgronous speed
870|- S P

260 /l,—’l_

850 | | | |
0 g 10 Time(Sec.) 19 20

Figure 11 stator voltage

Figure(12) shows the rotor flux paths in the d-q plane, where under super-
synchronous speed the rotor flux is more than under sub-synchronous speed. The
increase in the rotor flux under super-synchronous speed covers the DFIG reactive
power and supplies reactive power to the grid.

K i 1

Feetar F s {0 Com
-
. o

Rotor Flux (Q.Corm )

2 ] 2
Rotor Flux (C.Com.

(a) (b)

2 [
Reator Flu L e

Figure 12 Rotor Flux (a) sub-synchronous (b) super-synchronous

Another simulation is carried out to obtain the wind speed profile shown in
Figure (13). The period from lsec. to 5.7 sec represents sub-synchronous speed
(10.8 m/sec.) , the period from 5.7 sec to 11.5 sec represents super-synchronous
speed (15.4 m/sec.), and again wind speed decreases to sub-synchronous speed
(13.2 m/sec.) from 11.5 to 12.5 sec.
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Figure 13 Wind speed profile

Figure (14) indicates the electro-magnetic torque, the reference and the calculated
values. The calculated value has low order of ripples.
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Figure 14 Electro-magnetic Torque

Figure (15) indicates operation of the DFIG under sub- synchronous speed.
Under this condition the DFIG rotor absorbs active power from the utility grid
so that the total active power fed to the grid decreases (Pt=Ps-Pr), while under
super-synchronous speed both rotor and stator of the DFIG supplies active
power to the utility grid (Pt=Ps+Pr),so that the total active power fed to the grid
increases.
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Figure 15 (a) stator Power
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Figure 15 (b) Rotor Power
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Figure(14) (a) stator power. (b) Rotor power. (c) power fed to grid. under
sub-synchronous and super-synchronous speed.

Figure (16) indicates the stator reactive power. The period from 1 sec to 5.7
sec the DFIG absorbs reactive power from the utility grid (+Q is fed to the
DFIG) , but from 5.7 sec to 11.5 sec the DFIG supplies reactive power to the
utility grid (-Q is fed to the grid). Again from 11.5 sec to 12.5 sec the DFIG
absorbs reactive power from the utility grid.

25510

Stator Reavtive powerVAR)

Time(Sec.) 8

Figure 16 Stator Reactive Power
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5. CONCLUSION

This paper presents a very simple implementation of DTC system is
applied to DFIG driven by wind turbine under variable wind speed. Obtained
results indicate that, variation in stator voltage is about 10% of its rated value
which is considered to be accepted value for grid connection between DFIG
and the utility power grid, and also the transition from sub-synchronous speed
to super-synchronous speed is very fast and is made by changing phase
sequence of rotor voltage.

The advantages of this control system are,

(1) It depends only on the input wind speed profile without using any
measurement or sensing devices.

(2) The control is simple since no PI regulators are used. Thus, problems
related to parameter tuning and machine parameter dependence are eliminated.
(3) It Provides very fast dynamic response under variation of wind speed .
(4) It Keeps torque ripples at a desired lower level under variable wind speed
(5) Finally using this control algorithm makes integration of wind farms in the
electrical power utility grid very easy.

APPENDIX

Table(2) indicates Parameters and data specifications of the DFIG and
wind turbine used in the simulation.

850 KW
\ 890V
F 58 Hz
Rs 0.003058 ohm
R, 0.0045387 ohm
Lm 67.848*10™ H
L 1.157*10* H
L, 1.7952*10* H
H, 4.17 Kg.m’
H, 0.54 Kgm’
Dy, 365
Ky 1.16 N.m.sec/rad
nominal wind speed 14 m/sec
swept area 2122 m’




Direct Torque Control of a Doubly fed Induction Generator... 215

[10]

[11]

[12]

6. REFERENCES

THODORE WILDI PROFESSOR EMERITUS, LAVAL UNIVERSITY “ ELECTRICA
MACHINES, DRIVES , AND POWER SYSTEMS” . Sixth Edition p.p 691,copy
right by Sperika Enterprises,Ltd.and published by Pearson Education,Inc.2006.

T. Acherman , and L.Soder, “ An Over View of Wind Energy” Renew. Sustain. Energy
Rev., Vol.6, n0. 1-2 , pp.67-128, Feb./Apr.2002.

M.P.Papadoulos, S.A.Papathanassios, N.G.Boulaxis, and S.T.tenzrakis, “Voltage quality
change by grid connected Wind Turbine” In European Wind Energy Conference,
Nice,France,1999,pp.783-785.

H.Akagi and H.Sato, “Control and Performance of Doubly fed Induction Machine
Intended for A fly wheel Energy system” IEEE Trans. Power Electron. Vol. 17
no.1,pp.109-116, Jan.2002.

D.Casadie, G. Serra, A.Tani “steady state and Transient Performance Evaluation of A
DTC Scheme in different Speed Ranges” IEEE Transaction on power Electronics , Vol.16,
Issup: 6,Nov.2001, pp.846-851.

L.J.Ontiveros,P.E.Mercado,Senior Member,IEEE,and G.O.Suvire. “A New Model of
Double —Feed Induction Generator Wind Turbine” . 2010 IEEE/PES Transmission
and Distribution conference and Exposition .

M .Aktarujjaman, M.E.Haque, K .M Muttaqi,Senior,Member,IEEE. “ Control
Dynamics of a Doubly Fed Induction  Generator Under Sub- and Super-
Synchronous Modes of Operation” Integration of  Distribution and Renewable
Power Generation into Electricity Grid  Systems” collaboration with Aurora
energy. ©2008 IEEE .

W.Qiao,Member,IEEE, “Dynamic Modeling and Control of Doubly Fed Induction
Generators Drive by ~ Wind Turbine”. IEEE/PES Power System Conference and
Exposition, 2009.PSCE’09.

Hee-sang Ko, Gi-Gab Yoon, Nam-Ho Kyung. “Modeling and Control of DFIG-
based variable-  Speed wind —turbine” .Electric Powe System Research 78
(2008)1841-1849.

H.Djeghloud , A.Bentounsi , H. Benalla. “Simulation of a DFIG-Based Wind Turbine
With  Active filtering function using Matlab/Simulation” X IX International
Conference on  Electrical Machines — ICEM 2010, IEEE .

Bimal K. Bose condrachair of Excellence in Power Electronics. The University
of Tennessee , Knoxville. “Modern Power Electronics and AC Drives”. First Edition p.p
78, This Edition is published by Pearson Education, Inc. 2002.

I. Erlich, Senior Member IEEE , J. Kretschmann , S. Mueller- Engelhardth.
“Modeling of Wind Turbines basd on Doubly —Fed  Induction Generators For

power system Stability studies”. IEEE Transactions on Power Systems (2008) , Vol. 22
, pp- 909-919.

215



216 A.A.Hassan, A.M. El-Sawy , O.M.Kamel

Blaall et Al adal) clalgall ale B pdluall aSadl)
Ao pud) By gl iy

afileSl) ailall g 8 axdid Al eaaaidly sapadl 4Bl pslas aal L) dls o
anaiisall 4pail) adlall aladd Doy ydied WY Bl alledl gsie o S Z Ll Al s
2 lae lsS e Dl cadnll Gl o 4l abiaall o 4 Wl @llyg J5ills aadllS Wl
Wl Al PDlauly aladiul 148 Jsa Slals alaa¥) oy cllilsas ae Logy cacali; & daaie
4l aslal) - Ly

Slaall Adall 4006 Afiall gl e ajall 8 ) oSanll digpl Gadad Gaad) e Jsbiy
Wl Ao b afalid) il o L) algal) (pe 4nll) 4l Sl 4Bllall b oSanll Glldy oLyl dalsy
G il a8 LS, gty an fial) 4iplall olSlaa Jeal (Uil olSlad) zaliy pladid 5 Cum
S 8 5ae

Clalsall (e oyt oAbl S i) alsal) dladiu) lusd e dedie Jsln : A¥) o8l

a6 i i Lo aly g gaimsally allaiall 5 ppiial) Cila ) A0

Al op Ll 8 4l 4SlSaal slhadl b)) Jiall RES Jslin : AR ojdY)
Agally aglsg]

il el py Jals Lalyy 4l Al i) alpall (s A i ¢ Anglyl o 81

bl el Fady pebalinal) () (e JSI 4l el Cla Jslie Ausalil) o i)

Glabaiall aladinl axe i, adgall 5 4cjull Cllia Hladinl aie e il sapa 4l Gaje &
ol SYaeall e sadieall
ol ahasinly Bakd A (e deaiioall sapaal) 4dylll Jols maa g <l ¢ Asglad) o58dl)
@Y i) A jucaenall dhlay Cua e 4ajitd) aiphll Gl @ Cpell G CDll)
Slo eadindl cladaidl S clbliall (e gl A alaiu) axe e Db Zll Aoy 8 i
Slgs el 48l 5eSI (558l Aaglaia Jals Ll lale del)ys platind Jeay Lea 138 LaglalSall Y aedl)

TN



