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ABSTRACT

A novel control scheme for power converters of doubly-fed induction generator (DFIG)
wind turbine system has been proposed to mitigate the current oscillations due to grid
voltage unbalance. With this proposed scheme, the current controller is designed in the
synchronous reference frame and composed of a proportional integral (PI) controller and a
repetitive controller. Thus, the proposed controller gives better performance of the DFIG
wind turbine system, compared with the existing dual Pl one. The validity of this control
scheme has been verified by the simulation of the 2MW-DFIG wind turbine system.

Keywords: Current control, doubly-fed induction generator, repetitive control, unbalanced
grid voltage, wind turbine.

1. INTRODUCTION

Nowadays, many speed variable wind turbines with doubly-fed induction generators
(DFIGs), which are connected to the grid through back-to-back converters. For the dynamic
feature, the DFIG becomes the most popular generator for wind power generation system. The
advantage of these facilities is that the power rate of the converters is around 25-30% of the
rated generator power. It has been proven that regulating the electrical power production
within this range will be a good trade-off between optimal operation and costs. Also, DFIG
can supply power to the grid at constant voltage and constant frequency while the rotor can
operate at sub-synchronous mode or super synchronous mode. In addition, the generated
active and reactive power can be controlled independently [1].

The performance of the DFIG wind turbine system under normal conditions is currently
well understood [2, 3]. Practically, both transmission and distribution networks can have
voltage imbalance. Unbalanced voltages cause several drawbacks in the DFIG wind turbine [4].
First, due to the low negative-sequence impedance of a DFIG, high negative-sequence
currents flow in the stator resulting in overcurrents and overheating. Second, a sustained
double-frequency (2w) pulsation in the electric power and electromagnetic torque is
produced by the interaction of negative-sequence voltages with positive-sequence currents.
These pulsations are not negligible and generate a high stress in the turbine mechanical
system, which can lead to the gearbox fatigue or even to the damage of the rotor shaft,
gearbox, or blade assembly [5]. A wind turbine based on DFIG without unbalanced voltage
control might be disconnected from the grid during the network voltage unbalance [6, 7].

Several different methods have been suggested to control the current of the generator
under unbalanced grid conditions [5, 6, 8-10]. The positive and negative proportional-
integral (PI) current controllers in the synchronous dg-axis known as dual Pl controllers have
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been applied in [5, 6, 8, 9], and the proportional resonant (PR) current controller in the
stationary o-f3 axis have been employed in [10]. However, a simple PR controller is effective
for a specific component. Also, its transfer function becomes much more complicated and a
long execution time is required. On the other hand, it is known that a repetitive control is one
of the specific control schemes for which the objective is to remove the errors due to the
fundamental and high-order components of the periodic inputs. Thus, a repetitive control
strategy is added to the simple Pl controller as a compensator for these components.
Simulation results for a 2 MW-DFIG wind turbine system are provided to verify the validity
of the proposed control scheme.

2. EFEECT OF DFIG IN UNBALANCED VOLTAGE

The configuration of the overall system is shown in Figure 1. It consists of a DFIG
wind turbine and back-to-back PWM converters which are connected between the rotor of
DFIG and the grid, whereas the the stator side of DFIG is directly connected to the grid.
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Figure 1. Circuit configuration of DFIG wind turbine system
Figure 2 shows the variable vector F between thea,f3,, «, 8. and dq*, dq . For a vector
F, the transformations between different reference frames are given as
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where F represents voltage, current and flux.
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Figure 2. Relation between the o /3, , «, B, and dq”, dq- reference frames.
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During voltage imbalance, the voltage, current, and flux all contain positive- and
negative-sequence components. Based on equation (1) and shown in Figure 2, F can be
expressed in terms of positive- and negative-sequence components in the respective positive
and negative rotating synchronous frames as

Fo = ng + Fd;eijzwet (2)

It is desired that the term of the oscillating component (2we) in (2) must be eliminated
for safe operation of the grid-connected wind turbine system.

3. CONTROL OF ROTOR-SIDE CONVERTER

The stator-side apparent power under unbalanced grid voltage can be expressed in
terms of the positive and negative sequence components as:

S =1.5V3gsidq

idgs = 1.5( Jwetv+ n eJ(*we )tvd_qs )(ejwet|+ n eJ(*we)tid_qs )

dgs das

3)
=[ Py + P €OS(2,t )+ P sin (2.t ) |+ J[ Qg + Qs €029t ) + Qs Sin(2a5t) |

where Py and Qg are the constant (dc) components of the stator active and reactive powers,
whereas P, Psc, Qss, and Qs are the amplitude of the sine and cosine 2w, oscillation terms of
active and reactive powers, respectively. It is noted that the superscripts of (+), (-), and (#)
are used to indicate a positive sequence, negative sequence, and conjugated value,
respectively.

Similarly, the electromagnetic torque is obtained as [6]
T, (t) =Tep + T COS(209,t ) + Teg Sin (20t ) 4)

Expanding the current and voltage vectors in (3) and (4), the following relations are
obtained:

1’5( ds ds qs qs +Vds ds qs qs)

Psc =115(Vds| +V| +Vds|ds

gs'gs qs qs)

P ],5(vqs [ vgslqs v |ds+vd5|qs)

Qo =1, 5(V iy —Virics +Veglgs —Vigiee)
Qsc =1, S(V:I—S Ids Vd5|q5 +Vqslds Vs qs)
st :1’5(\/:1'5 Ids +Vqslq5 Vd_slgs s qs)

It can be seen from (4) that the generator torque due to the grid voltage unbalance
includes the dc component (Te) and ac components (Te, Tes) Which have the double
frequency (2we) of the grid. In order to eliminate the 2we oscillations in the electromagnetic
torque, its oscillating terms in (4) must be nullified (Tec = Tes =0). To achieve this, the
oscillating components of the reactive powers (Qsc, Qss) must be controlled to be zero. The

reference of the DFIG active power (P,,) is obtained from a maximum power point tracking
(MPPT) algorithm [11]. The reference reactive power (Q;,) injected by the DFIG can be
calculated according to the grid code requirement.
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Figure 3 shows the control block diagram of the rotor-side converter under unbalanced
grid voltage, which consists of an outer power control loop and an inner current control loop.
As for the first loop, the active power is controlled to deliver the generated power from the
generator to the grid and the the reactive power (Qso) is controlled to be zero. The latter loop
one allows to regulate the rotor currents for the reduction of the torque oscillation, regardless
of the unbalanced grid voltages, based on the Pl-repetitive controller.

Grid

:

Positive and negative
sequence extraction
+ - His HI
qus qus qus qus
Positive and | id’fqr
negative sequence
extraction i:
— qur

Rotor-side

converter controller | Q5 =0

Vd‘r PI-Repetitive + Idr EJ wr
MH pover_ |~ MEET}—
Z .
Pl-Repetitive
Ot

, , - [ Q=0
3] \da- %+ Power IQ*—O
[P da™\ [] ape ar | controller s~

fo,

sl sl

Figure 3. Control diagram of rotor-side converter under unbalance grid voltage.
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Figure 4. Bode plots for the Pl and PI-Repetitive controllers.

In order to investigate the superior characteristics of the PI-Repetitive controller
(proposed controller) over the Pl controller (conventional controller), Figure 4 describes
closed-loop Bode diagram for the conventional controller and the proposed controller given
in (5) and (6), respectively.
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Go () =K, +§ 5)

~Ts
GPI—Repetitlve (S) k + S +kre 1ee (6)

As shown in Figure 4, the PI-Repetitive controller designed in the synchronous
reference frame produces very high peak gains at the frequencies of 120 Hz, 180 Hz, etc. In
this research, the frequency of 120 Hz is mainly considered for the rotor current controller of
the DFIG since the oscillating components (2w.) are included in the generator torque and
power under the unbalanced grid voltage. Thus, the proposed current controller can
sufficiently compensate the double frequency components caused by unbalanced grid
voltage and it can guarantee a good quality of the generator current despite the unbalanced
grid voltage.

4. CONTROL OF GRID-SIDE CONVERTER

The apparent power injected by the grid-side converter to the grid can be partitioned as
follows [12, 13]:

_ _15(ele i(-o.)t jai iCati- Y
Sy =1.5Vg, gdqs 15(e Vs +€ vdqs)(e +e gdqs)

gdqs

@
=[Py + P, COS(2m0,t) + P sin(2,t) |+ j[ Qqo + Q. €08 (20,t) + Q. sin (20t |

where Py and Qg are the constant (dc) components of the grid active and reactive

powers, whereas Pgs, Py, Qgs, and Qg are the amplitude of the sine and cosine 2w oscillation
terms of active and reactive powers, respectively.

From (7), the powers (Pgo, Qgo, Pgc, Pgs) Can be represented in a matrix form as

M+ + - - [+ 7
PgO Vds Vqs Vds Vqs Igd
+ + - - FE
Q Voo -V, V, -V, i
0 S ds S ds
Pg -15 q q+ ) .gq (8)
gs Vqs —Vds _Vqs Vds Igd
P - - + + i—
ge _Vds Vqs Vds Vqs | _ng |

The second-order components of power (Pgs, Pyc) due to the unbalanced grid voltage
fluctuates not only the DC-link capacitor power but also the real power delivered to the grid.
These two components are controlled to zero to eliminate the power fluctuations. The real
power reference (Pg*o) is the product of the dc voltage controller output and the dc voltage

reference. Thus, the positive- and negative-sequence components of the current references
are expressed as

[o4* + + - - .
Igd Vds Vqs Vds Vqs Pg 0
P4 + + - -
| 21V -V, V, -V, *
aq gs ds gs ds
o o I I ©)
Igd Vqs —Vds _Vqs Vs 0
L * - - + +
_ng | _Vds Vqs Vds Vqs | 0

Figure 5 shows the control block diagram of the grid-side converter under unbalanced
grid voltage, which consists of an outer DC-link voltage control loop and an inner current
control loop. The dg-axis current controller is employed as in the rotor-side converter, which
depend on the Pl-repetitive control method.
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Figure 5. Control diagram of grid-side converter under unbalance grid voltage.

5. SIMULATION RESULTS

To verify the feasibility of the proposed method, PSCAD simulation has been carried
out for a 2 MW-DFIG wind turbine system. For the wind turbine: R = 44 m; p = 1.225 kg/m?;
hopt = 8; Ji = 5.67x106 kg-m?. For the DFIG: the grid voltage is 690 /60 Hz; the rated power
is 2 MW; Rs= 0.00488 pu; Rr= 0.00549 pu; Lis= 0.0924 pu; L= 0.0995 pu; and Jq = 200 kg-m?.
For 2 MW-DFIG system, 14% unbalanced voltage sag is applied at the grid side for investigation.

Figure 6 shows the control performance of the DFIG at the rotor-side converter for a
grid unbalanced voltage sag. The wind speed is assumed to be constant (10.5 m/s) since the
pattern of variable wind speed can not produce a remarkable effect during the short time
duration of the fault. The fault condition is 14% sag in the grid A-phase voltage for 0.5 s
which is between 1.5 sand 2 s.

Figure 6A shows the performance of the DFIG using dual Pl control method for the
rotor currents, in case of the unbalanced grid condition [6]. As can be seen from Figure
6A(b), the oscillations of the dg-axis positive-sequence rotor currents become large.
Similarly, the stator active and reactive powers, the generator torque as illustrated in Figure
6A(c), (d) and (f), respectively contain the significant pulsations at 120 Hz. As shown in
Figure 6A(e), the generator speed is much oscillated during the grid fault.

Figure 6B shows the DFIG performance using the proposed control method for the
rotor currents under the grid fault condition. With the current control based on PI-Repetitive
controller, the oscillations of the positive-sequence rotor currents in dg-axis, as shown in
Figure 6B(b) are significantly suppressed. Accordingly, the stator active and reactive power
oscillations are also mitigated, as shown in Figure 6B(c) and Figure 6B(d), respectively.
Also, the oscillations of the generator speed and torque are considerably reduced, as shown
in Figure 6B(e) and (f), respectively. By comparison, the rotor current control method based
on PI-Repetitive controller gives less oscillations than dual PI controller.
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Figure 6. Control performance of rotor-side converter for grid phase-A voltage sag (14%) in 2 cases:
(A) Dual PI control [6]. (B) Proposed method. (a) Grid voltage. (b) Rotor current. (c) Stator active
power. (d) Stator reactive power. (e) Generator speed. (f) Generator torque.
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Figure 7 shows the control performance of the DFIG at the grid-side converter for 14%
grid A-phase voltage sag. Figure 7A and 7B show the performance of the DFIG using dual
PI control method (see [6]) and PI-Repetitive control one for the grid currents, respectively.
As can be clearly seen in Figure 7A(b), the DC-link voltage is controlled to follow its
reference well. However, the oscillations of the DC-link voltage is high and its variation is
12.5%, compared with the reference DC-link voltage. Likewise, the oscillations of the
positive-sequence rotor currents in dg-axis, as shown in Figure 7A(c) are also increased. By
applying the PI-Repetitive controller for grid currents, the DC-link voltage and grid current
oscillations are significantly reduced, as shown in Figure 7B(b) and (c), respectively. By
comparison, the grid current control method based on PI-Repetitive controller gives better
performance, compared with dual PI controller.
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Figure 7. Control performance of grid-side converter for grid phase-A voltage sag (14%) in 2 cases:
(A) Dual PI control [6]. (B) Proposed method. (a) Grid voltage. (b) DC-link voltage. (c) Grid current.

6. CONCLUSION

This paper has presented a current control scheme based on the PI-Repetitive
controllers for grid-connected DFIG wind turbine system under unbalanced grid conditions.
The dynamic response of controlling the DFIG to the transient grid unbalance has been
analyzed and the current control scheme for both grid-side converter and rotor-side converter
has been introduced. Compared with the existing unbalanced control method like dual Pl
control, the proposed one provides better performances for both grid and rotor currents, from
which the generator torque and power oscillations are much reduced. The validity of the
proposed one is verified by the simulation results for the 2 MW-DFIG wind turbine system
under unbalanced grid voltage conditions.
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TOM TAT

CHIEN LUOC PIEU KHIEN KET NOI LUOI CUA HE THONG TUA-BIN GIO
DUNG MAY PHAT DFIG KHI BPIEN AP LUGI KHONG CAN BANG

Ding Ngoc Khoal, Van Tan Luong®*, Phan Thi Chiéu M§?
YTruong Pai hoc Cong nghiép Thuc pham TP.HCM
Trwong Pai hoc Vin Hién

*Email: luongvt@hufi.edu.vn

Chién lugc diéu khién céc bo chuyén doi cong suét cua hé théng tua-bin gié dung may
phat khong dong bd ngudn kép (DFIG) duge dé xuat dé giam thiéu do dao dong dong dién
do su khong can bang dién 4p ludi gy ra. BO didu khién dong dién duoc thiét ké trong hé
toa do xoay va bao gdbm bd diéu khién tich phan - ty 1& (PI) va bo diéu khién lap lai. Do do,
bo didu khién dé xuat cho két qua van hanh tot hon cho hé théng tua-bin gié dung may phat
DFIG, so véi bo diéu khién PI kép hién c6. Tinh hop Iy cua chién luoc diéu khién nay da
dugc xac minh bang két qua moé phong hé thdng tua-bin gio 2MW-DFIG.

Tir khéa: Diéu khién dong dién, may phat khong dong bo nguon kép, diéu khién lap lai, dién
ap ludi khong can bang, tua-bin gio.
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