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Abstract: Electromagnetic torque of doubly fed induction generator (DFIG) is a consequence of the rotor and stator
supply. The stator voltage has a fixed amount and frequency. The rotor voltage of the DFIG as a part of a wind turbine
has a variable amount and frequency. The aim of this paper is an investigation of the torque-speed characteristics of the
DFIG depending on the amount of the stator and rotor voltage space vectors and angle & between them. A mathematical
model of DFIG for steady-state modes in a known double-axis dq reference frame concerned with stator voltage vector
has been made. Expressions concerning DFIG power from both the rotor and the stator side have been derived.
Expressions regarding torque values have been obtained from the generator active power and mechanical rotational
speed. Torque consists of asynchronous and synchronous torque components, whereas DFIG has been observed as a
hybrid between asynchronous and synchronous machine. The asynchronous torque and the synchronous torque depend
on the amount of the stator and rotor voltage space vectors. The synchronous torque depends on the angle between stator
and rotor space vectors 6, while asynchronous component do not depend on the angle .
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1 Introduction

Wind turbines connected to an electric grid represent ‘The DFIG is the generator most widely used in
a complex automated electrical-mechanical system. A Variable speed wind turbines [3]. It is therefore

turbine, a gearbox, a DFIG, and a control system dealing elec_trical and mech_anical DFIG chgracteristics in
with the total active and reactive wind turbine power  Stationary and dynamic modes of operation. One of the
output. The control system consists of a back-to-back basic characteristics of the generator fed both from the
semiconductor converter, on one side being connected to  Stator and rotor sides is the electromagnetic torque as a
the DFIG rotor and on the other to the electric grid. The ~ function of rotational speed. _

basic integral parts of the variable speed DFIG connected By controlling the rotor speed and electromagnetic

to electric grid have been shown in Figure 1. [4]: torque, as well as active and reactive DFIG power
connected to the electric grid, control of feed voltage on

the rotor side can be affected.

Doubly fed Induction In papers [1,2] methods of mathematical modelling
generator Electric grid of DFIG torque have been presented. In paper [1]
equations expressing DFIG active and reactive power
have been derived. The electromagnetic torque has been
A obtained by means of DFIG active power and the DFIG
& mechanical rotor speed. In this paper, analytical
—— expression for the calculation of DFIG torque has been
{} 1 {} given and discussed. However, the DFIG torque

T

Wind turbine

Gearbox

simulation results have not been presented.

Paper [2] views the DFIG as a hybrid of an
asynchronous and synchronous machine; as a
synchronous generator since the DFIG torque depends
upon the rotor voltage and angle o between the rotor

Psa Psr

Fig.1. Variable speed DFIG in wind turbine.
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and stator feed voltage vector, and as an asynchronous
machine due to the fact that DFIG torques depend upon
the slip s. The torque equations have been derived with a
negligible generator magnetizing inductance. In this
paper mathematical expressions pertaining to both the
DFIG asynchronous and synchronous torques have been
derived.

DFIG active power is obtained as a sum (or
difference) of powers on the stator and rotor terminals
reduced by Joule's losses in the generator coils. The total
DFIG electromagnetic torque is obtained as a quotient of
DFIG active power and the mechanical rotational speed
of the rotor. Steady-state modes have been analysed as a
special case of machine status if transitional phenomena
in the generator are to be neglected.

An analysis of the electromagnetic torque in the rotor
feed voltage controlled generator has been done.
Analytical expressions regarding four DFIG torque
components, DFIG being perceived as a hybrid of an
asynchronous and synchronous machine, have been
derived. The components of asynchronous torque and the
components of synchronous torque depend on the
amount of the stator and rotor voltage space vectors. The
synchronous components depend on the angle between
stator and rotor space vectors 5, while asynchronous
components do not depend on the angle o.

2 Asynchronous Generator Mathematical
Model

DFIG Voltage differential equations for stator and
rotor coils written in vector form read as follows [4,5]:

LA
dt
dt

M)

where U, , T, - stator and rotor feed voltage, I, I, - stator

s r
and rotor current vectors, ¥, ¥,- stator and rotor

magnetic flux vectors, and R_, R - stator and rotor

resistance.

In DFIG mathematical modelling dg coordinate
systems connected to the stator magnetic flux vector or
stator voltage vector are commonly used. Asynchronous
vector voltage differential equations expressed in the dg
coordinate system rotating at synchronous rotational
speed read as follows:

i

_ SVsdg s —
sdq — sdq S + Ja)sV/sdq !

)
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dyg
rdqu+ =

urd

+ J(a)s - a))l/7rdq !

where @, - coordinate system electric rotational speed

and stator voltage angular frequency, with @ - rotor
mechanical rotational speed.

The relation between the magnetic flux vector and
stator and rotor currents has been expressed by the
following equations:

Vsig = lesdq + Lmlrdq :

Viig = Lmlqu + Lrlrdq : @)
where L,=L +L,, L =L, +L,- total inductance
of stator and rotor coils, while L_, L ., L, - stator
and rotor leakage inductance and magnetizing
inductance.

Stator and rotor current vectors have been expressed
as a function of magnetic flux and are as follows:

N

sdq _L_'SWsdq _L_'sl//rdq |
k1

Irdq = _r ¥ sdq +Fl//rdq ’ 4)

r T

and the magnetizing current is:

If in the equations (2) stator and rotor current vectors
should be expressed as a function of the correspondent
magnetic flux, a system of vector voltage differential
equations is obtained in which status variables are
represented by the magnetic fluxes:

dl/75dq 1 : v I(r v
usdq :T"' F"’_ Joo, Vsdq _?l//rdq '
s s
(5)
rdg :T_T_:'l//sdq + T_r'+ J(ws _w) Vg -

The parameters appearing in equations (4) and (5) are:

2

L =ol,, L =ol,, o=1-—"—,
Ler

L L . L L.

kSZL_m’kr:L_m’TSZES'TrZR_r

S T S r

DFIG steady-state modes may be described by
means of voltage differential equations (2), assuming
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that dy, /dt=0 and dy, /dt=0, and by

substituting magnetic flux vectors in the equations (2) by
means of stator and rotor currents from equation (3),
thereby obtaining the following expression:

U, =LR +jo, (LI, +L,I,), ©)
U,

c=1R +jsa, (LI, +L1,).
or else:

(RS+ja)SLSO') Ja) Lmlm’
(R _ )
I (—+] j+ja)SLmIm.
S

where @, = @, — @ = Sw, - rotor angular frequency and
s — slip (for the sake of simplicity / more simply written
as U =U U =U

sdq ? rdq’lszlsdq’I :Irdq)
By means of an equation system (7) a substitute DFIG
scheme for steady-state mode is obtained as illustrated in
Figure 2.

U, =
e
s

&
Ry  Jasls, Joskys s
[ [
U P — . L= U,
s Josys |m]IJa)sLm Josy, hd
S

Fig.2. Equivalent circuit of DFIG for steady-state

By resolving the equations (6), stator and rotor
current vectors pertaining to DFIG steady-state modes
are obtained.
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' 1l o o '
ol | =+——+]j|l o - —
T o, o T T,

3 oK g
1l o [ o ]
ol | —+ -+ j| o, —
TI’ a)STS a)STSTI’

Multiplying the above expressions representing
stator and rotor current vectors by a conjugated complex
denominator the following equations are obtained for
stator and rotor current vector expressed as a function of
stator and rotor feed voltage:

s*

.0, +V,0,
V0, +Y,

T
T 0., ©)

(10)

Complex coefficients in the equations (9) (presented in
appendix) written in the dgq coordinate system can be
divided into the real and imaginary parts:

Y_ =Yg + JYi1g Y_Zl =Yo14 + 1Ya1q (11)
Yio =Yipq + JYqu’ Yoo =Yapq + [Yppq -

On the basis of known stator and rotor voltage and
current vectors the DFIG power and electromagnetic
torque can be calculated.

3 DFIG Power

Active and reactive power at the DFIG stator and
rotor terminals are as follows [1]:

S—UI +0.0 . (12)

Stator and rotor feed voltage vectors can be expressed by
means of current vectors and stator and rotor magnetic
flux vectors (equations (2)):

= (= dy., . _\ (.~ dy, . _
S =i (Rs|s+ :j/:s +Ja)sWsJ+lr [err+ :j/;r +Ja)rl//rJ:
—12 —|2 . — — %
=Ri| +R [ + o (7L +777) - (13)
dlpsi_* dV7r I_*}

S + r
dt dt

- ja”:;ri* + {
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Changes in magnetic flux as shown by equation (13) in
the stationary mode can be neglected (di, /dt =0 and

dy, /dt=0). If stator and rotor currents should be

substituted for stator and rotor magnetic flux by means of
the stator and rotor equation (3), the following result will
be obtained:

2

S=R[L[+R[L[+

+j0)5 |:(Ls|_s + Lml_r)l_s* +(Lm|_s + Lrl_r)l_r*]_ (14)

—jo(L, T+ LT)T

After equation (14) has been resolved, and slip value
substituted, as shown in the following expression,

s=w,/w,, a vector representing total power at the

DFIG stator and rotor terminals in the stationary mode is
obtained:

2+(Rr + jsa L |1, ?

Peu+ QL

S =(R, + jar, Ly )1 +

S = (15)
+ijsoL, 1 -1+ joLl, -1

Py+1Qqg

where Pg + ng describes active and reactive generator

power, and P, + JQ, represents Joule's losses and the

DFIG reactive power consumption.

If stator and rotor current vectors should be
expressed in an equation (15) by means of d i g
components, an equation representing active and reactive
DFIG power will be obtained as is illustrated below

Pg + JQQ :gjwsl‘m(lsd N jIS )(Ird + jqu)+

3 (16)
+Ejsa)5|-m(lsd 1) (1 = i)
which, after being resolved, reads as follows:
. 3.
Py + 1Qy =3 joiLy {[(|rd|Sd Flgly)+
+j(|rq|sd - Irdlsq)]+s[(lsdlrd + |sq|rq)+ (17)

+J(Isq|rd - Isdqu

)]}

After the equation has been resolved, the DFIG active
and reactive power is
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).

3
1=ttt 1),

3
Pg :Ea)sLm (1_3)(Ird|5q_quISd (18)

An expression describing electromagnetic torque is
obtained on the basis of DFIG active power.

4 DFIG Electromagnetic Torque
The electromagnetic torque of the DFIG is derived
from eq. (18).

T=p-2. (19)

The equation used for obtaining the generator torque in
the stationary mode with synchronous rotational speed
reads as follows:

Irqlsd

(20)

3
T:Eme(Irdlsq—

).

Consequently, for obtaining the generator torque in the
steady-state mode stator and rotor current vector
components should be known. Here, the rotor voltage
space vector is a function of the slip s and the angle
between stator and rotor voltage vector S .
Equation of the rotor voltage space vector is
U, =sU,|(coss + jsing). (21)
Figure 3 shows the stator and rotor voltage space
vectors in the dq reference frame. The direct axes of the
dqg reference frame is aligned to the space vector of the
stator voltage (U,=U +j0.0), whereas the rotor
voltage vectors can be generally taken as reading

U =U,+jU,.

Uy =Up + jUrq

5
d

I
>

Ug =Ugy + j0.0

Fig. 3. Stator and rotor feed voltage vector represented in
dq reference frame
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Figure 4 shows the total electromagnetic torque
determined by eq. (20). The components of the stator
current space vectors (1, and I, ) and components of the

rotor current space vectors (I 4andl ) are determined

by eq. (9). The amounts of the space vectors of the
stator I, rotorl,, and magnetizing current |_are

determined by (9) and (10) and shown in Figures 5, 6
and 7. The electromagnetic torque and the currents
versus the rotor voltage and the angle between the stator
and rotor voltage space vectors are obtained for slip s =
0.4. The rotor voltage is the range from 0.0 to

0.5U, (U, =563[V]), and angle & is the range from 0°

to 360°. It is evident that the currents and the
electromagnetic torque of the DFIG significantly depend
on the amount and space position of the rotor space
vector.

Fig. 4. Electromagnetic torque T versus rotor voltage U,
and angle §; slip s=0.4

AL

U, V]
Fig. 5. Stator current |, versus rotor voltage U, and
angle 9; slip s=0.4

300 O S[°]
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Fig. 6. Rotor current |, versus rotor voltage U, and
angle §; slip s=0.4
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Fig. 7. Magnetizing current | versus rotor voltage U,
and angle 6; slip s=0.4

5 Components of asynchronous and

synchronous torque DFIG

For a proper analysis of DFIG electromagnetic
torque asynchronous torque components due to feed on
the stator and rotor side, as well as synchronous torque

components due to generator excitation with U, and
U,, rotor voltage vector respectively need to be
explored.

Substituting equation (11) into (9) yields:

I_s = (Ylld + lelq)(Usd + JO)+ (Y12d + leZq)(U rd + jUrq)

(22)
[ =Yy + jYZlq)(Usd +JO) + (Ypq + jYZZq)(U o+ JU rq)
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or

Ty = (Yi1aUgs +YioaUrg —YiogUq ) +
+§(Yi3Usa +Yia0Urq +YiogUa ), )
1o = (YauqUgq +YapaU g =YopUpg ) +
+§(Yo1gUsa +YarsUrq +YoogU g ).

If in the equation representing electromagnetic torque
(20) expressions describing stator and rotor current
vector components are substituted, the following result
will be obtained:

3
T= E me (Y21dUsd +Y22dUrd _Y22quq )(Yllqusd +Y12qU rd +Y12dUrq)

3
S pLy, (YZIqud +YoqUrg +Y22dUrq)(Y11dUsd +Y124U g —Y12qU g )-(24)

Upon resolving the equation (24) the total
electromagnetic torque can be expressed by means of the
following four components:

(25)

Srcos srsin !

Ty =T +T, + T +T

where T, - asynchronous torque due to feed on the stator
side, T, - torque components due to feed on the rotor
side, T, and T, - synchronous torques caused by

Srcos srsin

the excitation of rotor voltage vector components.
Asynchronous Torque Components of DFIG

The asynchronous torque of a DFIG is caused by
feed from the stator and rotor side.
Asynchronous torque components caused by feed on the
stator side reads as follows:

3
T = 5 pL,US (Y21dY11q — Y14 Y114 ) , (26)
Torque component caused by feed on the rotor side:
3 2
T = 5 pL, Uy (Y22dY12q —Ya2q Y12 ) 27)
where U? =U7 +U7 .

Therefore, the component of the torque T, and T,

depends only of the stator and rotor voltage vector
amount.
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The torgue between the voltage components d and g
equals zero.

The DFIG torque characteristics have been
calculated for the rotor voltage vector obtained by
following expressions:

Ur = \/Urzd +Ur2q :S|Js|’

US

where (28)

Urd =S

coso ,

U, =5U,

. ) V.4
sind i 6 =—.
4
Mechanical rotational speed @ varies from 05%% 1o
p

1.5%(60b =314[1/s]). Generator parameters are given in

the appendix.

The DFIG asynchronous torque depending on the
rotational speed w due to feed on the stator side T, and

S

the rotor side T, have been presented (Fig. 8.).

X 104

235.5

Fig.8. DFIG asynchronous torque component caused by
feed on the stator T, (w) and rotor T, (@) sides.

The torque-speed characteristic T, is well known as
the asynchronous machine torque characteristic. It is
obtained at the constant voltage U, =690[V | and the
frequency @ =314[1/s]. The torque-speed characteristic
of the asynchronous torque T, is obtained for the rotor
U,
asynchronous torque components T, and T, are not
depend on the angle 6.

voltage U, =s

=s and the rotor frequency. The

Issue 5, Volume 7, May 2008



WSEAS TRANSACTIONS on SYSTEMS

Synchronous Torque Components of DFIG

DFIG synchronous torque is caused by rotor
excitation voltage. Torque characteristics due to voltage
vector component U, and those caused by excitation

rotor voltage component U, can be separately analysed.

Torque component due to rotor voltage vector
component U, reads as follows:

3
Tsr cos — E meUst rd (Y21d Y12q + Y22dY11q - Y21qY12d - Y22qYlld )

(29)
where as torque component due to rotor voltage vector

Uy Is:

Tsrsin = % PLU U g (Yszlzu —YauqY11q * Y21qY12q — Y224 Y114 )
(30)
In Figure 9 DFIG torque components caused by the rotor
feed voltage d and the stator feed voltage T, as well
as rotor and stator supply voltage components, g and
T respectively, have been illustrated.

X 104

srsin

6

235.5

Fig.9. DFIG synchronous torque components due to
components U, of rotor voltage vector T, . (®),

component U, of rotor voltage vector component
T,rsin (@) and total electromagnetic torque T, ().

Total Generator Torque

Total DFIG electromagnetic torque T, depending on

rotor rotational speed @ has been shown in Figure 9.
The torque has been obtained by means of equation (24)
as a sum of the generator asynchronous and synchronous
torques.

By analysing the total DFIG electromagnetic torque
under observation, as well as the torque per each
particular component, the following conclusion may be
drawn: the sum of the asynchronous torques T, and T, is
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approximately equal in amount with the synchronous
torque T, but have opposite signs. Consequently, the

Srcos !
amount and the sign of the total generator torque is
mainly determined by the synchronous torque
component T,

srsin *

6 Torque-speed curves of DFIG

In this section it will be investigated the components
of the electromagnetic torque obtained over a wide range
of the angle 3. Here, the considered rotor speed changes

from 0.5% to 1.5%. As mentioned above, the

asynchronous components of the electromagnetic torque
T, and T, do not depend on the angle o.

Figure 10 shows the asynchronous torque
components T, and T,, the synchronous torque

S
components T, and the total DFIG torque T

srsin ! Tsrcos
depending on the angle & between the stator and rotor
voltage vectors for slip value s = 0.2.

8

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

360

Fig.10. Asynchronous and synchronous electromagnetic
torque and total DFIG torque for s 0.2 and

0=0"-360".

Asynchronous torque component depending upon
the stator voltage T, and that depending upon the rotor

voltage T, represent constant values and are different in

sign. Synchronous torque component, on the other hand,
is variable in character, substantially determining the
total generator torque. Total DFIG electromagnetic
torque is obtained by adding all the components
constituting the generator torque.

Figures 11, 12, 13 and 14 show the components of
the synchronous torque T, (@), Tgeos (@) and the total

electromagnetic torque T,(w) obtained for the
angleo =07,90°,180°, 270 respectively.
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s . T
T A4 o Tl
[Nm]| i T

-4
78.5 o [1/5] 157 235.5

Fig. 11. Components of synchronous torqueT,(®),
Torcos (@) @nd total electromagnetic torque Ty (w) ; 6 =07,

X 104

-1

78.5 235.5

Fig.12. Components of synchronous torque T, (@),
Tocos(@) and total electromagnetic torque T, (o);

0=90".
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Fig.13. Components of synchronous torque T, (@),
Tees(@) and total electromagnetic torque T (w);

0 =180°

In Figure 13 the total electromagnetic torque T,

have the identical sign as the synchronous

component Ty o -
X 104

12

-4
78.5 o [1/s] 235.5

Fig. 14. Components of synchronous torque T, (@),
Tees(@) and total electromagnetic torque Ty (w);

0=270".

The synchronous rotor speed o of the DFIG is
equal 157 [1/s].

The following conclusion may be reached:
- the synchronous component of the torque T

obtained for angles § = 90" and 270" is equal to zero,
- the synchronous component of the torque T,

obtained for angles § = 0° and 180° is equal to zero,

- forangles § = 90° and 270° the amount and the sign
of the total torque is determined by the synchronous
component T . ,

- for angles § = 0° i 180° the amount and the sign of
the total torque is determined by the synchronous
component T, ...

The total electromagnetic torque Ty is always negative
for angle & =090°and for angle & =270 always
positive.

7 Conclusion

This paper deals with torque characteristics of DFIG,
the generator most commonly employed in variable
speed wind turbines. The system of DFIG voltage
equations for steady-state modes has been expressed in
the dqg reference frame with respect to the stator voltage
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vector. From the expression for total generator power a
mathematical expression stating the generator active
power is obtained. Generator active power yields an
equation used for calculating the generator asynchronous
and synchronous torque(s) by means of stator and rotor
current vector components. Stator and rotor current
vectors are expressed as a function of stator and rotor
voltage vectors, the relation between them being
represented by complex coefficients determined by the
parameters of the generator itself. By substituting
expressions for stator and rotor current vectors into the
torque equation the DFIG torque components are
obtained, represented as functions of stator and rotor feed
voltage vectors. By a further analysis of the total DFIG
electromagnetic torque, as well as separate consideration
of its particular components, the following conclusion
may be reached:

- the synchronous component of the torque T

Srcos
obtained for angles § = 90° and 270" is equal to zero,
- the synchronous component of the torque T,

obtained for angles 6 = 0° and 180° is equal to zero,

- for angles 5§ = 90° and 270" the amount and the
sign of the total torque is determined by the synchronous
component T

srsin

- for angles 6 = 0" i 180° the amount and the sign of
the total torque is determined by the synchronous
component T, ..

- the total electromagnetic torque T is always negative
for angle & =90°and for angle & =270 always
positive.

Appendix

A. Generator Data

Rated power Pgn=2 [MW]
Nominal voltage U,=690 [V]
Rated frequency =50 [Hz]
Number of pole-pairs p=2

Stator resistance

Rotor resistance

Stator inductance

Rotor inductance
Magnetizing inductance

R,=0,0114 [Q]
R/=0,0043 [Q]
L=2,925 [mH]
L,=2,959 [mH]
L,=2,868 [mH]

B. Complex coefficients
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1 2 2
N=|—+ a)r' +| o, - G,, .
Tr a)STS a)STSTI‘
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