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Abstract — The paper is concerned with the Wind Energy
Converter System applying Doubly Fed Induction Generator. It
treats the control of Rotor Side Converter when the stator flux
oriented vector control strategy is used. The relations are derived
governing the stator and rotor power flow and the electric torque
controlled by the d and q component of the rotor supply voltage.
The relations are illustrated by characteristics in per unit and
their evaluations throw light to the physical background with
practical application comments. The description is devised in a
comprehensive and concise way.

Keywords: wind power, control of doubly fed induction
generator, torque-speed characteristics, torque-power
characteristics.

I. INTRODUCTION

One of the greatest challenges for human kind is to secure
the soaring energy demand and avoiding the climate change.
Renewable energies are promising players in the future energy
sources. The renewable energies are planed to take part in the
solution of energy crisis.

The major renewable energy sources are the wind,
photovoltaic (PV), hydro, biomass, tidal and wave etc.
energies. We are interested in the paper in the utilization of
wind energy. The wind energy installations are growing
exponentially in developed countries and intensive research is
supported by governments and industries. Fig.1 shows the
global installed cumulative wind capacity (ICWC) from 1996
to 2010. The new, added capacity was approximately 27 GWs
in 2008 and 37 GWs in 2009. The annual market growth was
more than 35%

Now the total cumulative wind capacity is well over 200
GWs. The ICWC was about the same, approximately 40 GWs
in Nord America and in Asia in 2009, while its value was
almost twice as high, 76 GWs in Europe.

The paper is concerned with the study of wind energy
conversion system (WECS) and in particular the modeling and
control of the doubly fed induction generator (DFIG)
connected to the grid within WECS. Its performance and
control is quite different from the conventional induction
generator. Its comprehensive and concise description together
with characteristics in per unit is not readily available in the
relevant literature. The results presented here offer better
insight both into the steady-state and dynamic performance of
the system.

The sections are organized as follows: Section II briefly
describes the WECS with DFIG and Section III discusses its

control. Section IV derives the relations for the stator power
flow when stator flux oriented vector control is applied in the
rotor side converter. Section V contains the slip-torque and
slip-stator reactive power curves and their evaluations. The
Conclusions are in Section VI. The derivations of the relations
used in the paper are in the Appendix.
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Fig. 1 Global installed commulative wind capacity (soruce: Global Wind

Energy Council)

II.  DOUBLY-FED INDUCTION GENERATOR (DFIG) IN WECS

Currently the most popular WECSs apply DFIG. Technical
and economic reasons explain the widespread application of
this configuration. It incorporates two three phase converters;
both are seated in the rotor circuit between the rotor terminals
of IG and the grid (Fig.2).

DC link connects the rotor side converter (RSC) and the
grid side converter (GSC). The stator of DFIG is directly
connected to the grid. The generator is driven through gear box
by the wind turbine operating in a speed range (6~20) rpm. The
synchronous speed of IG is (1000-1500) rpm for a 6 or 4 pole
IG, therefore high conversation ratio is needed for coupling the
turbine and the generator.

+ 30% of speed range around the synchronous speed of IG
is usually satisfactory to harvest the optimum wind power up to
rated wind velocity by controlling the speed of the turbine-
generator set and independently the power factor. The speed
change within this speed range can be done by the rotor supply
voltage. There are decisive benefits from the greatly reduced
speed range. The weight, volume and investment cost of the
two converters, the RSC and GSC are only a fraction of those
designed for full rated power as their rated power is only the
third of the rated power of the generator or to the rated power
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of the full-capacity converters connected in series in the stator
circuit. Similarly the power loss is substantially lowered in the
two converters and the efficiency of the overall system is
boosted.
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Fig.2 Wind energy conversion system (WECS) with DFIG

The converters with the DC link partly decouple the wind
turbine and the grid and they make it possible to supply power
to the grid working at constant voltage and frequency while the
rotor speed varies £ 30%. As the DFIG works both in
subsynchronous and supersynchronous state the power flow is
bidirectional in the rotor. The largest drawbacks in the WECS
with DFIG are the slip rings. The reliability of WECS depends
on it. As most WECS installed apply DFIG the paper is
concerned exclusively with this system.

III. CONTROLS IN WECS APPLYING DOUBLY FED
INDUCTION GENERATOR (DFIG)

The short overview of the controls in WECS with DFIG
can be divided into two parts: Turbine side controls and
Generator side controls. The controls in the turbine side consist
of pitch control and yaw control. The pitch mechanism
performs the rotation of the three blades of the turbine on their
longitudinal axis. The angle of attack of the blades is modified
by the rotation and it affects the captured wind power and the
power conversion efficiency. They can be optimized by pitch
control. It even offers protection of the turbine structure against
damage caused by strong wind.

The other turbine side control is the yaw control which
keeps the area swept by the blades facing always into the
directions of the wind maximizing the captured wind power.

The generator side controls are performed by the RSC and
the GSC. The RSC control regulates the stator active and
reactive power by rotor current component iy and i,
respectively. It can be expressed in another way. The stator
active and reactive power can be modified by the two
components of rotor supply voltage: v, and v, (See details
later).

Finally the GSC control regulates the DC link voltage in the
rotor circuit and the rotor reactive power flow Q, between GSC
and the grid by the grid side rotor current component i, and i,.
(is and i, are different from i, and i, ). Regulating the DC link
voltage modifies the P, active power of the rotor.
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Fig.3 Turbine power P, as a function of wind speed v,.
Four operation modes.

Fig. 3 presents the turbine power P,,, as a function of wind
speed v,,. The operation modes are classified in four modes in
the wind speed range In the “Parking Model” below the so
called Cut-in wind speed the turbine generator set is turned-off,
it is in stall. The captured power P,,, would be less than the
loss of the system. Above the Cut-out wind speed in “Parking
Mode2” the wind turbine is stopped again (w,,, = 0) to prevent
the mechanical damage resulting in very high wind. The
“Generator Control section” starts from the Cut-in wind speed
to the rated wind speed or @, = 1 p.u. The Maximum Power
Point Tracking (MPPT) control sets @, at the peak power
point (MPP) of each wind speed. Along the trajectory of MPP
curve P, is proportional to @ wrp- Finally in the “Pitch Control
section” the harvested power is kept at P,,, = 1 p.u. to avoid
higher mechanical and electrical stress than their rated values.
As it has been mentioned the stator and the rotor active and
reactive power can be controlled by RSC. The paper treats in
next sections in some detail the RSC control.

IV. POWERFLOW

The direction of the active power flow is always from the
turbine to the generator and from the generator to the grid
through the stator but bidirectional power flow can take place
in the rotor circuit. The stator flux oriented vector control
(SFOVC) is the most popular control strategy in the RSC. Next
we have an insight how the electric torque 7, and generator
speed or slips s can be changed by the rotor supply voltage V,,
or current I, space vectors applying SFOVC in steady-state. It
opens the door for the determination of the active and reactive
power flow both in the stator and in the rotor. All vectors are
space vectors in the paper. In this study the stator copper, iron
and ventilation losses are neglected.

In the stator flux oriented vector control the basic equations are
written in Rotating Reference Frame (RRF) revolving with
synchronous angular speed w, determined by the stator
frequency f;. The stator flux oriented vector control means that
the d axis of RRF is fixed to space vector of the stator linkage
flux ¥ (Fig. 4). Therefore ¥, = 0. Considering steady-state,
the grid voltage ¥V and its angular frequency @ are assumed
constant. Neglecting the stator resistance (R, = 0), V; = jas ¥
=jV,. Both ¥ = ¥, and V,, are constant and V,;, = 0.
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The basic equations are derived in Appendix 1. From now
on steady-state is considered, capital letters are used instead of
lower case and we take into account Vi, = R, + @ ¥y =
w, ¥, =V, from (Al1.4). V; is the absolute value of the stator
voltage space vector or that of the grid voltage.

Substituting Vy from (Al.3) and V, from (Al.4) into
relation (A1.14) the stator active power in steady-state is
3
PS = E(stlqs _\Iqulds )O)S = Tews (1)

where T, is the electric torque. Applying ¥, = 0 and V, =
@, ¥, the stator active power from (A1.10) and (1) is

3 3L

P = 2 qulqv = 2 Lm qulqr Kplqr (2)
and the stator reactive power from (A.1.15) and (A1.9)
3 3
O = 2 Vqslds 2 qs L, (\Pds +Lylg) = KQI +KQ21dr 3)

Applying (1) and (A1.10), the electric torque is

3 3L
T, =E\Pdslqs =E Lr: Wyl qr 4)

Equation ¥, =0 and /,, = (L,/L,) I, is taken into account
in (2) and (4) from (A1.10). Equation I, = (1/Ly) (¥y +L,.14)
from (A1.9) is used in (3). The main message from (2) and (3)
is that both the stator active power P, and the reactive power QO
can be changed independently by the rotor current component
1, and I, respectively. Furthermore the torque can be changed
together with P, by I,

V. TORQUE AND STATOR POWER RELATIONS

Both the stator active power and the torque can be varied
y I, [(2) and (4)] in steady-state as it is expected. The torque-
slip relation 7,(s) is derived in Appendix 2:

R, R\ X |2
3 x, [X jV‘V"’H[XJ(Xs ]V” (5)
Te(S)=5

XS 2
o, X, [(R'J + 0'2s2]
Xr

Knowing 7,(s), the stator active power versus slip Py(s) in
steady-state is known as well (R;= 0)

P (s) = ayT, (6)

Using the extreme value calculation by the slip derivative
of (5), the slip value belonging to peak torque is
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2
R 1
S'fe_ak S0 + 5‘02 +(7’] ? =35 iASpeak (7)
r

where s, is the slip belonging to 7,= 0. Its value from (5) is

X Vo
SO :—Xm VS (8)
o X XV
R, X, Vi
With the numerical values given in Appendix 3

sf’e_“k = £0.051 when V,. = 0 and it is independent of V. In
the case when V.= 0

2 2
peuk Xs &i Xs Vqr + & L (9)
S X m Vs X m Vs X r o 2
The slope dT/ds at s = 0 depends on the sign of V,, and it is
always positive when V,, > 0. The sign of the slope is crucial as
it determines the stability in the lack of feedback control. The

slope can be negative by negative V. In the border case the
slope is zero, dT,/ds =0 and it occurs when the voltage

R. X, 1
V,o=——L—"2_} 10
dr0 Xr XS o N ( )
which can be derived from (6). Using the numerical values
given in Appendix 3, V9 =-0.0492 p.u. is obtained.

On the basis of (6) the slip-torque characteristics are drawn
first when the parameter is V,, and V, is zero (Fig. 5) and
conversely when the parameter is V. and V,, is zero (Fig. 6),
respectively. The numerical values used for the calculation are
listed in Appendix 4.

v, =0 pu
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Fig.5 Slip-torque characteristics. Paramter V.. Voltage component V4 =0

The rated working area in steady-state is stretched along the
slip axis from s = 0.3 to s = -0.3 and in the torque axis from 7,
=0to 7, =-1 p.u.. In transient state (e.g. having a short circuit
in the network) the operation area in the torque axis can be
much larger in absolute value (4-6 times larger or more).

The following conclusions can be drawn from Fig. 5:

1.) The speed, or slip can be changed in much wider range
by V,, than by V. at constant T, in the stable part of s(7,). See
Fig. 6.

2.) Depending on the sign of voltage V,,, the slip s,
belonging to 7, = 0 can be positive or negative and the s(7,)
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curves are shifted by V,, in vertical direction. On the other
hand, if the slip has to be changed in large step from s = 0 to
s = +0.3 the voltage change needed in negative slip direction is
V,-=-0.3 p.u. and in positive slip direction V,, = 0.2.

3.) The slope dT./ds of all curves are positive at the
crossing points when 7, = 0 in the range |s| < 0.3. The crossing
points are in the stable segments of the curves.

4.) The peak torques 7,/** are placed on both sides of s,
shifted by +4s"* (see (8)). The negative 7.7 is shifted by
-As"* and conversely the positive 7,7“* is shifted by +4s7*
around s.

-0.3
vdr=0.1 pu

Vqr=0 pu

xr/
N AN
A < - b >
) 0.1 v :T:u ’(E 004 pu A z |
9 T N/
T 1T [ N7

4 2
Electric torque [pu]
Fig. 6 Slip-torque characteristics. Paramter V.. Voltage component V,, =0

Next the characteristics s(T,) with V,= 0 are treated (Fig.
6). Now the parameter is V. All curves are crossing the point s
=0, T, = 0. The speed, slip can be changed in a very narrow
band in the stable segments of the curves by voltage V. Stable
segments of curves s(7,) exist for positive V. When Vy, is
more negative than ¥V, = -0.0492 p.u. the slope d7,/ds turns to
negative value at s = 0, where s(7,) is unstable. The conclusion
is that the component V. as control signal for changing the
speed is not practical.

Turning to the stator reactive power flow in the stator, the
starting equation from (4) for deriving the stator reactive power
versus slip, Q,(s) is

_37

Qs - 2 Xs
where V= o,¥,; = V; was used (see (Al.4)). Substituting 7,
from (A2.2) and [, from (A2.4) into (12), we end up with

Vs + Xmlar) )

3 Vsz X m VSVdr Vsz X m VSVdr VA‘VW
Q,=-4=2-" s+ Loy -
2lx., Xx. R |X, X, R X, | (12)

(/X )os
(R, X,)" +(ov)*

On the basis of (13) the characteristics of s(Q;) are drawn in
Fig. 7. The curves are image reflected by mirror to axis s = 0.
All curves are crossing point s = 0, O, = (3/2)V,’/X, when
V4 = 0 (Fig. 7b). At constant speed O, can be changed either
by V4 (Fig. 7a) or by V,, (Fig. 7b.) except s = 0, where only V.
can change Q,. The velocity of change in Q; when both s and
V, are constant
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(13)

_ do, zsn{ (X, X)) X,

Y= av, 2R R/X )2 2 X}
dr r ( r r ) +(OS) s s=const,V,,=const

and when both s and V, are constant

L0, 3V | (Xl X o (14)
oAV 22X, | R IX, +(ov)?

:l s=const,V,.=const

Table I. shows Gy, and Gy, at different slip values. Gy, is
always negative, it does not depend on ¥, and on the sign of s
and symmetrical to axis s. It depends on V7, only on s. Gy, is
negative for s > 0 and conversely it is positive for s < 0.
Otherwise its absolute values are the same for the same |s].
Around zero slip |Gy,,| is much higher than |Gy,,| and as |s| is
getting larger it turns around, |Gy,,| becomes higher.

vqr=0 pu

£ 9 ) [~ -0.02pr1=0 0
Y ——S

-6 -4 -2 0 2 4 6 8
Stator reactive power [pu]

vdr=0 pu

02 [rg=0pe] \‘/\\ \
LN
__— —

-.€ Vg=-0.1pu
'\
\ \0.03 pu
0.1

V=01 pu \\0\0 pu \
02

slip
o

N

03 4
5 0 5 10 15
Stator reactive power [pu] b,

Fig. 7  Slip versus stator reactive power, s(Qs) curves. parameter Vg,
(Fig.7a) and V (Fig.7b)

TABLE I
slip GVd" Yar

Vqr=0) (Vdr=0)

-0.25 5.8 28.33

0.2 8.8 134.64

0.1 -29.79 58.62

0 -145.16 0

0.1 -29.79 -58.62

0.2 8.8 346

0.25 5.8 -28.44

VI. CONCLUSIONS

On the basis of stator flux oriented vector control of
rotor side converter the relations and characteristics of slip-
torque and slip-power of doubly fed induction generator were
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derived. The electric torque and stator active power can be
controlled by /,, or V,,, while the stator reactive power can be
changed by I, or V,. It was shown that negative V. can
change the positive sign of the slope into negative one
producing unstable region around slip s = 0. When the stator
and rotor supply voltages are in phase subsynchronous state,
when they are phase shifted by 180° super-synchronous state
exist.

APPENDIX 1. BASIC RELATIONS

The aim is to derive a few basic relations for doubly fed induction machine
(DFIM). Space vectors and Rotating Reference Frame (RRF) fixed to the stator
linkage flux space vector ¥ are used (Fig. 4). RRF is fixed to vector ¥
revolving with angular frequency ..

The stator and rotor voltage equations in space vector form are

vy=—Riig+p¥+jo, ¥ (Al.1)

(A1.2)
where @,, = P@yeer , P =Nr. of pole pairs, p = d/dt. v,, v, and iy, i, are the stator
and rotor voltage and current space vectors, respectively. The resistance of one
phase is R, and R,.

Ve =_Rrir +p¥’r +j(ws _wm)ylr

Here mmech is the rotor mechanical angular frequency. The d and q
coordinate equations of eq. (Al.1) and (A1.2), respectively

Vs = Ryigs + Py — 0P, (Al1.3)

Vs = Ryl + Py + 0¥y, (A1.4)

Var = —Ryig + PPy — 0, ', (AL5)

Vgr =Ry + p¥y, + 0y, Yy, (A1.6)
The stator and rotor linkage flux equation in space vector form are

W, =Li,—L,i, (A1.7)

v, =L, —L,i, (AL.8)

where L, and L, are the stator and rotor inductances, L,, the mutual inductance.
The d and q coordinate equations of (A1.7) and (A1.8), respectively

\Pds = Lyigs = Lyigy (Al 9)

qus = Lsiqs - Lmiqr (Al . 10)

\ydr =L,ig —Lyig, (Alll)

\qu = Lmiqs - Lrlqr (Al . 12)
The instantaneous stator power

5= pot sty =vis =2 [Relygiz Jo iz ]} (AL13)

2 2
where i, is the complex conjugate of space vector i,. 3 stands for 3 phases, 2
stands for peak values of v, and ;.

Taking into account vy = vgs + jvgs and is = ig, + i, the active power p, and
reactive power g, are

3( . .

Ps= E (vdxldx + Vaslqs ) (Al . 14)
3( . .

4= (Vqslds ~Vdslys ) (Al N 5)

2

Considering that ¥= ¥, that is, ¥, = 0, and substituting the linkage flux
equations (Al.11), (A1.12) into the rotor voltage equations (Al.5), (A1.6) the
results are

Var = Vari (idr) + Vdrq (iqr s \Pds ) (Al . 16)
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Var = Vari (iqr ) + Vard (idr 5 \Pds ) (Al 1 7)
where
Vari =_(Rr +O_Lrp)idr (A1.18)
Virg = @stipOLyig, + %P\de (AL19)
and
Vari = 7(Rr + O-Lrp)iq;" (Al 20)
(A121)

L
_ . m
Vgrd = ~Wgip |:O—Lrldr - \Pds
Ly

The two stator quantities ids and i, had been eliminated from
(A1.16)...(A1.21) by using the stator flux linkage relation (A1.9), (A1.10) and
¥,s=0. The value ois

LZ
o=1-n (A1.22)

Note, that the term vy, in (A1.16) and v, in (A1.17) are expressing cross-
coupling between the d and q components as v, depends not only on i, but on
ig-as well and similarly v, depends not only on i, but on iz as well.

Measured by
Encoder

Yos -— Re

Fig. A.1.1 Determination of ®;and

The determination of angle ©; is needed for the calculation of dynamics
and for the control of DFIG (Fig.Al.l1 and Al.2). In Stationary Reference
Frame (SRF) o, §

Ve =V, t+ Vg Al1.23
s os T JV s

iy =iy + jigs (A1.24)

The calculation of the ¢ and S component of the stator flux linkage space
vector ¥; can be done by

W = [(vgs = Ryig )dt (A1.25)

W, = (g, — R e (A1.26)
The instantaneous value of angle O, is (Fig. A1.2)

0, =tan" (¥4, / ¥,y ) (A127)
and the angular frequency

o, = d25 (A1.28)

APPENDIX 2. TORQUE AND ROTOR POWER RELATIONS

The aim is the derivation of the torque-slip relation. Applying stator flux
oriented vector control, the flux component ¥~ 0. From (A1.10)

f=mg (A2.1)

Let us express vq- and v, [see (A1.5), (A1.6)] as a function of iy and i, by
substituting ¥, and ¥, from (A1.11) and (A1.12), respectively
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Vr = _Rridr + a)s/ipo- Lriqr (A22)

. . L
Vgr = =Ry — a)slip[o. Lyiy — Tm Td.v] (A2.3)
5

Here eq. (A2.1) and (A1.9) were used as well. From the last two equations

. 1 Rr Xm B
b= [ By, mzfq (A24)
i = v s R ) (0, 01} (A2.5)
where
R 2
Dls)-=x, ( : ] losf (A2.6)
XV
Here V, = @, ¥ the grid voltage, X, = @[, and s = wy,/o, the slip.
Substituting i, from (A2.5) into the torque equation (5) the torque
3 Xy, 3K, RJX,
T(s)=3 X V=% 0 (A2.7)
Fop el o voetr,x)02]}
The instantaneous rotor power likewise to stator power (A1.13)
. 3 0« 3 sl .*
S, =D+ Jjq, :Ev, i, =5{RL,[vr i, ]+j1m [v, t,]} (A2.8)
Substituting here v, = v + jv,- and i =ig- Jlgr
3 . R
pr= E(Vdr lgp + Var lqr) (A2.9)
3 . .
qr = 5 (vqr tar = Var lqr) (A2.10)
APPENDIX 3. NUMERICAL VALUES
Notation Value p.u.
Grid voltage Vs 1
Grid angular frequency s 1
Stator linkage flux V= Yo 1
Mutual inductance Xn=Lon 3
Stator inductance X=Ls 3.1
Rotor inductance X=L, 3.1
Stator resistance Ry 0.01
Rotor resistance R, 0.01
2
o=1- Lo =0.0634
sHr
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