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Abstract:  Doubly-Fed Induction Generator (DFIG), with vector control applied, is widely used in Variable-Speed Constant-
Frequency (VSCF) wind energy generation system and shows good performance in maximum wind energy capture. But in two
traditional vector control schemes, the equivalent stator magnetizing current is considered invariant in order to simplify the rotor
current inner-loop controller. The two schemes can perform very well when the grid is in normal condition. However, when grid
disturbance such as grid voltage dip or swell fault occurs, the control performance worsens, the rotor over current occurs and the
Fault Ride-Through (FRT) capability of the DFIG wind energy generation system gets seriously deteriorated. An accurate DFIG
model was used to deeply investigate the deficiency of the traditional vector control. The improved control schemes of two typical
traditional vector control schemes used in DFIG were proposed, and simulation study of the proposed and traditional control
schemes, with robust rotor current control using Internal Model Control (IMC) method, was carried out. The validity of the pro-
posed modified schemes to control the rotor current and to improve the FRT capability of the DFIG wind energy generation system
was proved by the comparison study.
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INTRODUCTION

Due to concerns about emissions from fossil
fuels and the depletion of fossil fuel resources, re-
newable energy systems are becoming a topic of great
interest and investment in the world. In particular,
wind energy has been the subject of much recent
research and development. In order to overcome the
problems associated with fixed-speed wind-turbine
system and to maximize the wind energy capture,
many new wind farms will employ wind turbines
based on Doubly-Fed Induction Generator (DFIG),
which offer several advantages when compared with
fixed speed generators including speed control, re-
duced flicker, and four-quadrant active and reactive
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power capabilities. These excellent merits are pri-
marily achieved via control of a rotor side converter,
which is typically rated at around 25% of the gen-
erator rating for a given rotor speed range of
0.75~1.25 p.u. under normal operation condition
(Hansen et al., 2001; Muller et al., 2002). The sche-
matic diagram of a DFIG generation system is shown
in Fig.1.
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Fig.1 Doubly-Fed Induction Generator (DFIG) system
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The steady-state performance of DFIG wind
turbine under normal grid condition is now well un-
derstood. However, the grid usually requires the wind
generator to have Fault Ride-Through (FRT) capa-
bility during external AC fault. That means the gen-
erators are not allowed to disconnect from the net-
work during disturbance such as voltage dip or swell.
Because of the relatively small rating of the rotor side
converter compared to the generator rating, it only
provides partial control of the system. Therefore, the
over current on the rotor side converter and subse-
quent over voltage on the converter DC link due to the
excessive power coming from the rotor side during
network disturbance easily occur and become two
main concerns to system safety. Thus the main ob-
jectives of the control system during network fault are
to limit the rotor over current and DC over voltage.
Various types of control designs have been proposed
for studying the behavior of DFIG based wind-turbine
system during normal and fault AC grid conditions
(HU et al., 2005; Morren and de Haan, 2005; Muller
etal.,2002; Pena et al., 1996; Sun et al., 2004; 2005;
Conraths, 2001). Most existing models widely use

vector control based on Stator Flux Orientation (SFO).

However, the existing control designs assume the
stator voltage is ideal, i.e., the frequency and ampli-
tude of the stator or grid voltage are constant and the
dynamic characteristic of the stator magnetizing cur-
rent is not considered (Pena et al., 1996; Sun et al.,
2005; Conraths, 2001). Such a system can provide
good dynamic response during normal operation
condition but the performance may be degraded dur-
ing AC voltage disturbance. System based on Stator
Voltage Orientation (SVO) has also been used to
control DFIG system (Muller et al., 2002; Anaya-
Lara et al., 2004). In (Muller et al., 2002), SVO was
proposed for controlling DFIG system under normal
operation, but no detailed design of decoupling circuit
was given and a constant stator voltage was assumed.
In (Anaya-Lara et al., 2004), SVO control was used to
investigate the fault current of DFIG. However, as no
decoupling circuits were used, so that control re-
sponse was inadequate during transient condition.

To reduce the over current and DC link over
voltage to the rotor side converter, and to determine
the DFIG stator voltage fault contribution and the
power rating required for FRT capability and protec-
tion requirements, it is essential to propose a suitable

control model and associated control strategies for
DFIG system. This paper suggests two new-type SFO
and SVO control models for DFIG system suitable for
studying conditions with external network fault. Both
model designs provide complete decoupling control,
mainly introduced in the rotor voltage equations, and
take the stator voltage variation transients into ac-
count. To verify the correctness and effectiveness of
the new control designs in predicting dynamic be-
havior and in the evaluation of the impact of external
network faults on DFIG and its rotor side converter,
detailed simulation studies with robust current control
using Internal Model Control (IMC) method, on a
practical 2 MW DFIG wind-turbine system during
normal and AC voltage dip conditions using two
proposed control models and two conventional mod-
els, and assuming constant stator voltage, were car-
ried out and compared. The effect of the control sys-
tem on rotor fault current and converter DC link
voltage was also illustrated by simulated results. The
studies showed that the proposed models provide
adequate control of the DFIG during AC voltage dips
but that its capability was limited by the relatively
small rating of the rotor side converter. The most
critical situation was found under condition of high
rotor speed and high stator output power, especially
associated with the fault clearance effect. It was
clearly shown that the two proposed control model
designs are useful tools for DFIG fault studies and can
be used to determine the required converter rating and
protection device settings.

MATHEMATICAL MODEL OF DFIG

The equivalent circuit of a DFIG in an arbitrary
reference frame rotating at synchronous angular
speed w; is shown in Fig.2.
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Fig.2 T representation of the DFIG equivalent circuit
in the reference frame rotating at angular speed of @,
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Fig.2 gives the stator and rotor fluxes ¥; and ¥,
as

. (M

Y =Ll +L1I
v =L I +LI,

and the stator and rotor voltages V; and V; as
V.=RI +d¥_ [dt+jo¥,, @
V.=RI +d¥. /dt+j(o - ).,

where, R, and R, are stator and rotor resistance re-
spectively, L&~L,tLn, and L~=L,*tL, are total
self-inductance of stator and rotor winding respec-
tively, Ly, Loy and Ly, are stator and rotor leakage
inductance and mutual inductance respectively, @y is
synchronous angular speed, ; is rotor angular speed,
ws—m—a 1s slip angular speed.

The active and reactive output power from DFIG
are represented respectively by

P=-3Re[V.I.]/2,
3)

Q=-3Im[V.I.]/2.

The equivalent stator magnetizing current Iy, is
defined as

Yls :les +Lrlr :lemo‘ (4)
From Eq.(4),
ImostIs/LerIr’ (5)
Is :Lm(Imo_Ir)/Ls’ (6)
v =01 /L+cL]1, 7

where o =1-L} /(L.L).

Substituting ¥ in Eq.(4), I in Eq.(6) and ¥; in
Eq.(7) into Eq.(2) yields the stator and rotor voltages
in the synchronous d-g reference frame as

V.=RI+L_ -dI_/dt+ja¥P. )
V.=RI +oL -dI /dt+(/L)-dI, /dt+jo¥.

TRADITIONAL VECTOR CONTROLS AND
THEIR LIMITATIONS

If the stator voltage V and flux ¥, in Eq.(8) are
assumed to be constant, dI,,/d=0, whereas the
four-order voltage equation is degraded into a
two-order one

V.=RI +ocL, -dI /dt+jo¥,. ©9)

Eq.(9) is the basis for designing the current inner
loop controllers in the traditional vector control
strategies, where R.I+oL.-dI,/d¢ depends on PI pa-
rameter design, and jax¥; is used to compensate for
the elimination of the cross coupling.

In order to obtain robust current control, the IMC
principle below can be applied for designing the PI
parameters (Harnefors and Nee, 1998)

k,=a.ol,k=anR, (10)

where « is the bandwidth of the current control loop,
ky is the proportional gain, and k; is the integral gain.

Whether SFO or SVO is adopted, Eq.(9) should
be separated into d-g components

{Vrd =RI, +oL -dl  /dt-0¥,,, 1)

V,=RI, +oL -dl /dt+o¥ .

According to Eq.(11), the two control strategies
have the same current control loop structure. How-
ever, their power control loops have some differences,
which result from the fact that d-¢q axes in different
vector orientations represent different power axes,
respectively. For example, in SFO the stator output
active and reactive power can be independently con-
trolled by controlling the rotor g- and d-axis currents
respectively, represented by Eq.(11); while in SVO
the d- and g-axis currents refer to the stator output
active and reactive power components respectively,
represented by Eq.(12).

Neglecting the stator resistive voltage drop, the
stator output active and reactive powers with SFO are
expressed as
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P~150L¥ I, /L, P~15L VI, /L,

(12) . (13)
O~-15V,(V,/w +L,I,)L.

O~1502¥ (I, -, /L)L

From Eq.(11) and Eq.(12), DFIG control based
on traditional SFO can be designed as shown in Fig.3.

Similarly, neglecting the stator resistive voltage
drop, with SVO the stator output active and reactive
powers are represented by

Based on Eq.(11) and Eq.(13), DFIG control
with SVO can be designed as shown in Fig.4.

From the analysis above, the traditional control
designs assume the stator voltage is ideal, such sys-
tem can provide good dynamic response during
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Fig.3 Diagram of the traditional stator flux vector oriented control
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Fig.4 Diagram of the traditional stator voltage vector oriented control
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normal operation conditions, although the perform-
ance may be degraded during AC voltage disturbance.
Therefore, in order to improve the FRT capability of
DFIG during external network fault, it is essential to
use the proposed suitable control models and associ-
ated control strategies for DFIG system.

NEW DFIG CONTROL MODELS WITH GRID
VOLTAGE DYNAMICS CONSIDERED

To design a control system to provide full de-
coupling and good response under stator voltage
variation, it is necessary to consider the stator mag-
netizing current dynamics Ip,.

When stator voltage V; and flux ¥; are assumed
to be variable, it can be obtained from Eq.(8) that

dI_ /dt=WV,-RI —jo¥V,)/L,. (14)
Substituting df;,,,/d¢ in Eq.(14) into Eq.(8) yields rotor
voltage

V.=RI +oclL -dI /dt+jo¥, 5
+L (V.-RI —jo¥,)/ L (15)
used as basis for improved controller designs. Com-
parison of Eq.(15) with Eq.(8) shows that the extra
term on V; presented in Eq.(15) considers the varia-
tion of stator magnetizing current and provides com-
plete decoupling of the system so that Eq.(15) repre-
sents the DFIG system under both normal and AC
fault conditions and can be used to design the required
control system.
With SFO, ¥~|¥, %,~0 and W= ¥+j-0, so
Eq.(15) can be represented as

Vi=RI,+oL -dl /di-o¥,,k
+L (V,-RI,)/L,

V,=RI, +ol -dl /dt+o¥,,
+L,(V,, - R, —o¥,) L.

(16)

The improved control diagram is quite similar to
that in Fig.3, except for that the items w;%;, and
—as ¥, are replaced by @ FgtLn(Vg—Rils— a1 Fig)/
Lg and —a, g+ Lon(VeaRlsq)/ L, respectively.

With SVO, Vi~|Vy, Vs,=0 and V=V 150, so
Eq.(15) can be expressed as

Vi=RIl,+oL -dl /dt-o¥,
+L,(V, —RI,+o¥, )L,

V,=RI, +ol -dl /dit+o¥,,
+L,(-RI,-o¥,)/ L.

(17)

The improved control diagram is quite similar to
that in Fig.4, except for that the items w;%,; and
—ax'¥,, are replaced by @ FatLm(—Rydsy—on Fea)/Ls
and — @y ¥t Ln(VsaRlsat o ¥ig)/Ls, respectively.

SIMULATION INVESTIGATION

In order to verify the FRT capability of the pro-
posed modified DFIG models and associated control
strategies, simulations for DFIG generation were
carried out using Matlab/Simulink. DFIG is rated at 2
MW and its parameters are given in Table 1. Rotor
and grid side converters were represented using the
average VSC models (Thomas et al., 2001). The
normal DC link voltage was set at 1200 V with the
DC capacitance being 16 mF. The results shown here
were for conditions where the dip in the stator voltage
was about 67%, which is approximately a common
value when voltage dip at the point of common cou-
pling was around 85% (National Grid Transco, 2004).

Table 1 Parameters of the simulated DFIG

Parameter Value
Rated power 2 MW
Stator voltage 690 V
Stator/rotor turns ratio 0.38
R, 0.0108 p.u.
R, 0.0121 p.u. (referred to the stator)
Ly 3.362 p.u.
Lo 0.102 p.u.
Lo 0.11 p.u. (referred to the stator)
Lumped inertia const. 3

First, simulations under normal conditions with
various rotor active and reactive current steps are
shown in Fig.5a and Fig.5b for SFO and SVO re-
spectively. The same parameters for the current and
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DC voltage regulators were used for the two designs.
During the simulation, the rotor speed was kept at 0.8
p.u. as rotor speed variation was slow due to the large
inertia of the turbine/generator system. Besides the
active and reactive powers, the voltage and current
waveforms shown are also in per unit values. Fig.5a
shows that the rotor d-axis current reference was step
changed from 0.06 p.u. to 0.25 p.u. at 1.5 s while for
the g-axis current reference, a step from 0.35 p.u. to
0.55 p.u. was applied at 1.7 s. This corresponds to the
changes of reactive power from 0.3 p.u.to O p.u. at 1.5
s and active power from 0.35 p.u. to 0.55 p.u. at 1.7 s
respectively. For the results shown in Fig.5b with
SVO, similar rotor current steps were applied to get
the same stator active and reactive power changes as
shown in Fig.5a. Comparison of the system responses
shown in Fig.5a and Fig.5b showed obviously that the
two control designs have almost identical stator and
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Fig.5 Simulation results of the proposed control

schemes under normal grid condition. (a) Stator Flux
Orientation (SFQ); (b) Stator Voltage Orientation
(SVO)

rotor current waveforms respectively. The responses
during various rotor current steps are satisfactory for
both control designs.

It was found that during AC voltage dip, the
most critical situation when both rotor speed and
stator active power output were at their maximum
values before the AC fault, as higher rotor speed
generates higher voltage on the rotor side. A higher
voltage from the rotor side converter is required
during AC voltage dip for adequate control. However
the voltage that can be generated by the rotor side
converter is limited which is one of the main causes of
DFIG FRT problem. Higher stator active power
output accompanies higher current and is more likely
to induce over current during voltage dips. Therefore,
in the following studies, the rotor speed and stator
active power output was set at 1.2 p.u. and 1.0 p.u. (2
MW), respectively.

Besides, fault clearance time has great effect on
the FRT capability of the DFIG system with stability
considered during voltage dips, although grid fault
occurrence time is meaningless to it. The simulation
results with different fault clearance time and with
SVO applied after grid voltage dips are demonstrated
in Fig.6, the fault occurred at 1.5 s, which lowered the
stator voltage to 0.5 of its nominal value, and cleared
at different time. It is concluded that when the fault
duration time is just even times the half grid period
(0.01 s), the peak stator fluxes after fault clearance are
distinctly smaller, including labels 2, 5, 8, compared
with those when the fault duration time is just odd
times the half grid period, including labels 1, 3,4, 6, 7,
9. As a result, the latter need relatively larger rotor
magnetizing control current. Hence, to determine the
required converter rating and protection device
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Fig.6 g-axis stator flux with SVO at different fault
clearance time of grid voltage
(1: 0.055;2:0.06 55 3:0.07 5;4:0.095;5:0.10s; 6: 0.11 s;
7:0.19; 8:0.20s; 9: 0.21 s)
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settings during FRT operations, it is necessary to
introduce the critical situations among different grid
fault clearance time.

During the simulation, the fault occurred at 1.5 s,
which lowered the stator voltage to 0.67 of its
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Fig.7 Comparison of the response between the tradi-
tional and the proposed stator flux vector oriented
control under the grid voltage dip fault (----- the tra-
ditional control; —— the proposed control)

nominal value, and cleared at 1.7 s. For comparison,
Fig.7 shows the simulated results with the conven-
tional and the proposed SFO designs for the same
operating conditions, and results for the conventional
and the proposed SVO designs are shown in Fig.8.
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Fig.8 Comparison of the response between the tradi-
tional and the proposed stator voltage vector oriented
control under the grid voltage dip fault (----- the tra-
ditional control; the proposed control)
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Comparison of Fig.7 and Fig.8 showed that the
two control designs again resulted in almost identical
waveforms during AC voltage dip. According to (a)
(b), the proposed control designs resulted in much
smaller rotor over currents than the conventional
design, indicating that the proposed control designs
could provide adequate control on over current of
both the rotor and the rotor side converter. (c) (d)
showed that the rotor voltage with the proposed con-
trol designs is somewhat larger than that with the
conventional design, because the proposed design
takes into account the stator magnetizing current
dynamics, indicating that effective control on the
rotor current is achieved by increasing rotor side
voltage. According to (e) (f) (g), the proposed control
designs could not decrease the active power absorbed
in the rotor side converter so that they contribute little
to the DC voltage, but reduce peak electric torque.

CONCLUSION

Two control designs suitable for studying the
DFIG behaviors during external network fault have
been proposed and validated by simulations. One
design is based on stator flux orientation and the other
is based on stator voltage orientation. Both designs
take into account the dynamics of stator voltage
variation and, thus, provide full decoupling of the
system. It has been shown that the proposed control
designs provide adequate control of the DFIG during
AC voltage dips although its capabilities are limited
by the relatively small rating of the rotor side con-
verter compared to the DFIG. The most critical situa-
tion occurs under conditions of high rotor speed and
high stator output power. The two proposed control
designs provide helpful tools for DFIG faults studies
and can be used to determine the required converter
rating and protection device settings.
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