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Abstract. The doubly fed induction generator (DFIG) is a
very suitable generator type for wind turbine applications.
However, its operation principles and its control are rather
complex. This paper will describe the different steps for
modelling and simulating the generator behaviour. A
simulation example of the operation of a DFIG in a small
power system is presented.
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1. Introduction

Wind power is an explosively expanding source of
renewable energy in Europe: compared to 1995, the
installed wind power in the European Union has been
multiplied by amost a factor of ten. In some parts of
Europe, such as northern Germany and Denmark, the
installed wind power becomes a considerable fraction of
the total installed system power. Therefore, wind power
generators can no longer be fully excluded from the
demands that are related to grid support: besides
generating active power, wind turbines will also be
required to provide some ancillary services, such as
support for voltage and frequency control. As an
illustration to this evolution, a reference can be made to
the wind turbine connection requirements, issued by the
German grid operator E.O.N., that came into effect on
January 1%, 2003 [1].

Historically, the first wide-spread generator type for
wind turbines was the induction generator. This
generator has the advantage of being relatively cheap
and robust. On the other hand, its speed cannot be
continuously controlled, and it is a large and rather
uncontrollable consumer of reactive power: this is a
major disadvantage with respect to the grid voltage
stability.
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The doubly fed induction generator is a more suitable
generator for wind turbines. It is constructed as an
induction generator with wound rotor. The stator
windings are directly connected to the grid. The rotor
windings are connected to the grid through an IGBT-
frequency converter. The frequency converter only hasto
process the generator's dlip power fraction, which is
generally no more than 30% of the generator rated power
[2], [3], [4]. This reduced rating for the frequency
converter implies an important cost saving, compared to
afully rated converter. A schematic diagram of a doubly
fed generator is shown in Figure 1. To start up a machine
from zero speed, an additional soft-starter connected to
the stator windings may be needed.
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Fig. 1: Doubly fed induction generator

By means of controlling the rotor currents through the
frequency converter, the speed and stator reactive power
of the generator can be controlled in a small range around
the generator's rated values. The extent of this range
depends on the rating of the frequency converter. A rule
of thumb is: if Peony = K * Pgator, ratea » then the speed range
limits are (1£K) - niaeq.  Furthermore, the reactive power
on the grid side of the converter can be controlled
independently from the other machine parameters.

The modelling and control strategy of such a wind

turbine doubly fed induction generator is the subject of
this paper.
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2. Mode of the generator and its control

A. Mode Structure

The structure of the global model is depicted in Figure 2.
The arrow directions indicate the data flow from and to
the different submodels.
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Fig. 2: Global overview of the model
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Figure 3.
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Fig. 3: Generator model structure

B. Transformation towards ( d,q)- frame

The 3-phase voltage is transformed into a voltage vector
with d-q components, according to the well-known Park
transformation. In a first step, the 3-phase voltage is
transformed into a complex voltage vector, referred to a
fixed (a,B)-frame. The following transformation matrix

isused:
[u 2 |t _% _% :
‘== u D
u} \/7 o
’ 3o 3 _J3 u,
2 2

Various transformation matrixes can be used, who all
differ in a constant factor. In (1), the choice has been
made for a power invariant transformation. This means,
when applying the same transformation matrix for both
voltages and currents :

Pabc :ua ma +ub D‘L +uc [Q :ua @ +u/3’ IQ? :Blﬂ (2)
In a second step, the coordinates of this voltage vector

are referred to a rotating (d,q)-frame, by a rotational
transformation (3):
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Uy | | cos@ sind||u, 3
U, ~|-sin@ cosé Ug
The usua approach is to align the d-axis with the rotor
flux. This allows optimal decoupling between the d- and
g-current control schemes, which is a important feature
for high-performance speed controlled drives[5].
The approach in this paper is to align the (d,q)-frame as
shown in Figure4, i.e. aligned with the stator voltage.
Thisimpliesthat usg = 0 and usq = |ug|. The rotor voltage

is referred to the same frame, and consists in general of
two non-zero (d,q)-components.

UE', o = O
Fig 4: Choice of the (d,q)-frame orientation

This is a useful approach, particularly for doubly fed
machines. The control is performed by means of the rotor
voltage. The stator voltage is the grid voltage, and can be
regarded as a ‘disturbance factor’. In stable grid
conditions, the grid voltage is approximately constant. As
a result, with the chosen orientation the disturbance
factor is zero in the d-axis and a DC-quantity in the g-
axis. Another advantage of the chosen (d,q)-frame
orientation is that the expressions for stator active and
reactive power simply become:

ps =usq msq and qs :usq msd (4)

It becomes clear that this is the most easy framework in
which active and reactive power can be controlled
independently.

In Fig.3 it can be seen that the calculation of wand &
(Park’s angle) is done in the transformation block itself.
In arotor flux-oriented frame, wand &would have to be
calculated in a flux-model, which is basically a reversed
motor model that uses the measured machine currents as
input.

The stator and rotor currents are calculated by the
machine model, and can be transformed back into 3-
phase current by applying the inverse Park
transformation.

It must be mentioned that many authors already noticed
the importance of an appropiate choice for the reference
frame. The use of the stator-flux oriented frame has aso
been suggested for a doubly fed machine (i.e. ¢4 = 0)
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[4]. If the flux transients and the stator resistance are
neglected, thisis exactly the same frame as used here, as
can be seen in the equations mentioned further (5), (6).

C. Thestator and rotor voltage equations

The voltage equations for the stator and rotor are, in per
unit notation and motor sign convention [6]:

o=y W +% £ 0o (5)
o =1 WL 4 +£ £ 0, (6)

The motor sign convention implies that isq iS negative
in case of power generation. As it is the most common
formulation for general machine equations, the motor
sign convention will be maintained here.

In these equations, wis the rotational speed of the (d,q)-
frame (in rad/s). With the frame orientation chosen in B.,
w is simply the instantaneous grid frequency (rad/s). w
is a base value for the frequency, generally the system’'s
nominal frequency. ae, is the electrical speed of the
rotor (rotational speed multiplied by pole-pair number).

The correlation between fluxes and currentsis[6]:

Waww = *sa@ La FXna@ Tra 9)
' a@ = X a0 Ura@ F Xma Lac (10)

With Xsg(g) » X r.d(q 8Nd Xma(q respectively the stator, rotor
and mutual inductance, in per unit notation and referred
to stator quantities. Saturation can be modelled by
making the inductances dependent on the flux level.

D. Torque and motion equation

The eguation for the electromagnetic torque (per unit
notation and motor sign convention) is:

Tem = is,q lzy/s,d _is,d m/s,q (11)
Several formulations for the torque in terms of fluxes
and/or currents can be written. It is a disadvantage of the
chosen reference frame that the torque equation will
always consist of two non-zero terms. However, in this
work, it is direct power control, and not direct torque
control, that is the main target envisaged.

The mechanical motion equation
convention):

is (motor sign
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Wy = T, _Tshaft)
2H .,

em

Equations (5) to (12) are the entire machine model in
(d,q)-components.

E. Thedtator current control

In order to control the stator currents by modifying the
rotor voltage, the reference values for the rotor currents
that induce the desired stator currents need to be
calculated with the following equation (applying for both
d- and g-component).

. l//sd(q) . Xsd(q)
I dayrer = “lsagrer B
Xnd(q) Xn

,d(q)

(13)

In reality, voltages and currents are the only electrical
quantities that are measured, thus ¢4 must be calculated
from(9).

The rotor currents can be directly controlled from the
rotor voltage. A P.l.-controller with limited output, for
both d and g-components, is used (Figure5). The P.I.-
controller is provided with anti-windup. This means that
the input for the integrator is set to zero any time the
output of the controller is not between its lower and
higher limit value. Anti-windup prevents the integrator-
part of the controller from building up too high output
values, which would make the controller rather inert.

anti-windup
signal
D li
. “Sorni"® <] | [
|r,d(q),ref4, N —= U
() —-» = il T

Fig. 5: Current P.1.-controller with decoupling and anti-windup

Decoupling terms are added to the output of the PI-
controllers to compensate for the influence from ¢, in
the d-voltage equation and vice versa. It can be seen from
equations (5) and (6) that the decoupling terms for the d-
and g-current controller are respectively:

“aE =
- = |y and
w,

The converter builds up the real rotor voltage from the
reference value. It can be modelled as a simple time
delay.

W= @,

led,r (14)
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F. Calculation of reference stator currents

The reference values for isq comes from the reference
reactive power. Alternatively, as reactive power is very
strongly related to voltage control, a voltage controller
could also directly provide a value for igqre. The
reference value for igq is given either by the reference
torque or by the reference active stator power (direct
power control).

Either the machine speed or the machine active power
can be controlled independently of the reactive power.

A speed-controlled doubly fed machine has possible
applications for high-power precision drives that operate
only around a narrow but continuous speed range around
the synchronous speed, such as continuous rolling mills.
The speed is controlled by a P.l.-controller with anti-
windup. The output of that controller is a reference
torque, which isthen trandlated into a reference value for
the stator g-current:

i - Tref +|s,d lzy/s,q

sar (15)
e ws,d

The g-current behaviour is dlightly influenced by a

changeinisq (Or reactive power).

For variable speed generators, such as wind or hydro
turbines, direct stator power control may be preferential:
i.e. control directly stator active power output through
the current with the following equation:

_ ps,ref
s,q.ref
uS,q

i (16)

When the mechanical torque increases (due to a wind
speed increase), the turbine will accelerate when the
reference electrical power output remains the same. The
turbine can thus act as a flywheel to store temporarily
some excess energy and to damp out power output
fluctuations due to wind speed changes. When the wind
speed remains at a higher average level, either the
reference electrical power must increase or the blades
must be pitched out of the wind, to prevent too much
acceleration.

The reactive power (seen from the grid) of the machine
consists of two parts: rotor and stator reactive power.
The grid-side rotor reactive power can be controlled by
the frequency converter front-end, independent of the
machine’s operating point. However, as the rating of the
converter’s apparent power is limited (in order to save
costs), the possibility to exploit the rotor converter as a
kind of STATCOM is also limited.

More reactive power can be supplied or consumed by
the stator windings. From equation (4), it can be seen
that a reference value for the stator reactive power
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directly gives a reference value for isg, which is used as
the input for the d-current controller:

i _ qs,ref
s, d,ref
uS,q

17

Itisalso possible to derive isq e from areference voltage.
A P.l.-controller uses then as input the voltage error on
the controlled node (Figure 6). This controlled node can
be the generator terminals, or another node nearby, as
will be done further below.

anti-windup
signal

is max
Vref + =
V i / Is,d,ref
rneas -

[EXi

Fig. 6: Voltage control through reactive current control

G. Rotor overcurrent relay

The various controllers (for torque, reactive power and
current) are equiped with limiters, which prevent the
rotor reference current from becoming higher than the
rated rotor current. But even then, it may occur that rotor
currents become too high during a certain time. In case of
a grid voltage dip, the stator currents will increase fast,
and the rotor currents will increase too to compensate for
the machine flux changes.

One way to protect the rotor converter from overcurrent
is to bypass the converter with a ‘crowbar’, when the
rotor current has been too high for a defined length of
time. The converter is then put out of operation and the
generator acts as a common induction generator with
short-circuited rotor windings. The generator can be
disconnected from the grid to wait for more stable grid
conditions, or it can operate further as an induction
generator. The way to protect the rotor converter
accurately from rotor overcurrents, and at the same time
operate the generator in such a mode that allows maximal
grid support in any circumstances, has been the topic of
many discussions that are not yet fully answered [7].

3. Mode of the mechanical torque

The modéel structure for the mechanical torque of a wind
turbine is depicted in Figure 2. The mechanical system is
modeled as two rotating masses: the turbine and the
generator, connected by a shaft with finite stiffness.

RE&PQJ, Vol. 1, No.1, April 2003



A. Turbine

The mechanical power of awind turbineis given by:

1
Pturb = E”Rz p/windgcp ( A ﬁpilch) (18)
in which R[m] is the turbine radius, fkg/m’] the air
density, Vuind[M/s] the wind speed, Bien (deg) the pitch
angle of the turbine blades, and A the tip-speed ratio, i.e.

/] - a‘{urbR
V

wind

(19)

C, isthe wind energy capture efficiency, the fraction of
the kinetic energy of the air that is captured as rotational
energy by the turbine. C, is a rather complex function of
the wind speed and its division over the rotor surface
area, and of the turbine speed and pitch angle. C, can be
calculated by e.g. the ‘Blade Elementum Method'. The
numerical approximation that is used in this simplified
mechanical model is given by equations (20) and (21),
of which aplotisgivenin Figure 7 [4]:

-22.5

116 —
Co(A Biten) = O.ZZ{T -0.480n —5) @+ (20
with = = 1 _ 0.035 21
A A+008 anch ﬂpnch +1
0.5
0.451 pitch angle = 0 deg

0.4}
035}
03}
025t
0.2}
015}
01t

0.05-

lambda

Fig. 7: Approximation for Cy(A,Bpitcr)

The plot in Figure 7 show that for each pitch angle there
is a value for A a which C, becomes maximal. This
corresponds with the optimal turbine speed for a given
wind speed.

From (18), it follows that the mechanical turbine torque
isequal to:
T =177R3ﬂ/ ch(/"ﬂpitch)
urb

t 2 wind /] (22)
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The turbine motion equation calculates the turbine speed:

d S

— = 23
dt a%urb 2H ( )

L _Tshaﬁ)

turb

B. Shaft (and gearbox)

The shaft and gearbox are together represented as a
torsion spring and damper [3], [8]. The gearbox ratio is
included in the base values that are used to transform real
quantities into per-unit values. It is thus not explicitly
apparent in the model of the shaft. The equation to
caculate Tgan, Which will be used as input for the
generator model, is:

Tshaft = Kshaft |:@alturb _agen) +Cshafl |:&")Iurb _a)gm) (24)

inwhich a,,, = Ia)wrbdt and ay, = Ia)gendt

4. Usein power system simulations
A. Smulation grid

The above equations allow to assemble a model of a
controlled doubly fed induction generator in any software
environment. When a power system simulation tool is
used, which alows the use of self-defined machine
models, then the above described model of awind turbine
generator can be used to evaluate the capabilities of the
generator to perform voltage control in a local grid.
Furthermore the impact from a grid disturbance on the
turbine can be simulated.

The power system simulation tool Eurostag [9] is used to
this purpose. The demo grid (Figure8) consists of 7
buses on 30kV-level, of which one node (*SLACK’) isan
infinite node. The wind turbine generator is modeled as a
(IR,IN-injector, connected to a 690V-node (‘ TURB'). Its
nomina power is 2MW. The electrical data are given in
TABLE | and are typical data for a 2MW-sized turbine.
Theinitial loads at each node are givenin TABLE 1.

The load at BUSG is modelled as an induction motor. For
al lines, Rjjne = 0.01p.u. and X;;,e=0.05p.u. A high X/R-
ratio for the lines allows voltage control by means of
reactive power control.
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Fig 8: Demo grid

TABLE | Generator and turbine data

rs[p.u.] 0.0105 Hgen [s] 05s

r[p.u.] 0.0130 pole pairs: 2
Xm.d [P-U.] 4.37 gearbox 1:88
Xm,q [P-U.] 4.37 Rturb 38m
Xsd[p-U.] 4.55 Hiurb 500 s
Xsq[P-U.] 4.55

TABLE Il Initid loadsin the demo grid

BUS Active Load Reactive Load
[MW] [MVATr]
Bus1 0.5 0.4
Bus2 1.0 -0.1
Bus3 1.0 0.0
Bus4 0.6 0.5
Bus5 4.0 -0.2
Bus6 3.0 1.0

B. Smulated cases

Three cases were ssimulated, depending on the type of
wind turbine generator:

1) induction generator (short circuited rotor
windings)

2) doubly fed induction generator, stator reactive
power controlled to be zero at its 690V-
terminals

3) doubly fed induction generator, stator reactive
current controlled to maintain the voltage of
BUS3 at 1 p.u.

https://doi.org/10.24084/repqj01.389

In each case, the rotor grid-side reactive power was zero.
The rotor active power is exchanged with the grid (both
generation and consumption are possible).

For each of the three cases, the turbine is in steady-state
operation at the start of the simulation. Then, some
variations in wind speed are simulated: vy fluctuates
randomly between 7 m/s and 15 nm/s, from t = 100s until
t = 250s. The reference active stator power in cases 2)
and 3) remains 1 MW all the time. The electrical output
of the induction generator cannot be continuously
controlled.

Fromt = 250s, the wind speed is kept constant, to be able
to view more clearly the impact of variations of the active
and reactive load at various nodes. The following load
variations are simulated:

300.0000 s - LOAD VARIATION AT NODE BUS4

SUBLOAD IMP : .6000000 / .5000000 --> .6000000 / 1.000000
300.0000 s - LOAD VARIATION AT NODE BUS5

SUBLOAD IMP : 4.000000 / -.200000 --> 4.500000 / .3000000
310.0000 s - OPENING OF MACHINE MOT
310.0000 s - NEXT MACHINES HAVE BEEN STOPPED

MOT

310.0000 s - LOAD VARIATION AT NODE BUS1

SUBLOAD IMP : .5000000 / .4000000 --> .5000000 / -1.10000
320.0000 s - LOAD VARIATION AT NODE BUS2

SUBLOAD IMP : 1.000000 / -.100000 --> .5000000 / 1.400000
350.0000 s - STARTING OF MACHINE MOT1
400.0000 s - LOAD VARIATION AT NODE BUS2

SUBLOAD IMP : .5000000 / 1.400000 --> 1.000000 / 2.900000
410.0000 s - LOAD VARIATION AT NODE BUS2

SUBLOAD IMP : 1.000000 / 2.900000 -->.8000000 / 1.900000
450.0000 s — END OF SIMULATION

The voltage at BUS3 is shown in Figure 10. There is a
clear difference in voltage behaviour between the three
cases:

The use of an induction generator implicates the worst
voltage behaviour. At a change of wind speed (and thus
generator torque), both active and reactive power of the
induction machine change. Especially the reactive power
fluctuations cause high voltage fluctuations in a grid with
inductive lines.

The impact of wind speed fluctuations on the voltage is
much lower when a doubly fed induction generator is
used that consumes no reactive power. However, when
the grid voltage changes due to load changes, the
generator does not control the voltage at its terminals.
When the reference value for isy is calculated by a
voltage controller, the voltage at the generator terminals
or at another node (in this case: BUS3) can be controlled.

The reactive power consumption of the turbine is shown
in Figure 10. It is seen that the voltage-controlled turbine
can operate in both the inductive and capacitive region.
At t=350s and also a t=400s until t=410s, the
generator delivers its maximum reactive power, as iqs iS
limited. Therefore the voltage can no longer be
maintained at 1 p.u. during that time, as is seen on
Figure9.
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Fig 10: Stator reactive power consumption [MVAr] for three
simulated cases

5. Conclusions

This paper has outlined the model of a controlled doubly
fed induction generator, with a simplified mechanical
model of the wind turbine. The model includes an
accurate generator model without neglecting any
transient electrical terms. Furthermore a simplified
model of the mechanical turbine and shaft is given. The
active and reactive power of the generator can be
controlled independently.

The given equations allow to build the model in any
programming language.

The model is used here in a power system simulation
tool, EUROSTAG, to show its voltage control
capabilities within alimited range.
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