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ABSTRACT

This paper proposes a nonlinear control of dynamic voltage restorer (DVR) based on a
feedback linearization (FL) theory to improve a low-voltage ride-through (LVRT) capability
of a doubly fed induction generator (DFIG) wind turbine system. First, the nonlinear model
of the system including LC filter is obtained in the d-q synchronous reference frame. Then,
the controller design of the linearized model is performed by the multi-input multi-output
feedback linearization. The simulation results for the 2 MW-DFIG wind turbine system with
the DVR compensation at grid faults gives as good performance as those without grid faults.

Keywords: Doubly-fed induction generator, dynamic voltage restorer, feedback linearization
theory, voltage sag, wind turbine.

1. INTRODUCTION

Nowadays, wind energy is one of the fastest growing industries and it will continue to
grow worldwide, as many countries have plans for future development. With rapid increase
in penetration of wind power in electric network, the problems related to system operation,
such as voltage variations, grid voltage unbalance, and grid instability may be derived. Thus,
they must have the same operational behavior with several control tasks in both normal and
fault conditions. One of these control tasks is the low-voltage ride-through (LVRT) capability.

The grid codes require the LVRT capability of the wind turbine system. For some
national grid codes [1], the wind power systems should stay connected to the grid for the grid
fault conditions. In the power system where the wind power generation is of a major portion,
the grid will experience the power outage if the wind farms trip off. A diagram of the LVRT
requirements in which wind turbines should remain connected for voltage sags is shown in
Figure 1 [1].

A doubly fed induction generator (DFIG) is essentially a wound-rotor induction
generator with slip rings, in which the stator is directly connected to the grid, and the rotor is
interfaced through back-to-back PWM converters. Normally, the rating capacity of the
converters could be only 25% ~ 30% of the generation power [2].

A modern wind power system demands the wind turbines kept connected to the grid
during the grid faults, especially the voltage sags. When there are the grid voltage dips, the
rotor voltage can be increased, which may result in the overvoltage or overcurrent of the
rotor-side converter (RSC). To protect the converter as well as achieve the LVRT
successfully, the crowbar has been used in order to absorb the inrush energy [3 - 6].
However, since these circuits are added to the system, the cost is increased and the system
and control become complicated. Also, a static synchronous compensator (STATCOM) has
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been suggested to support with the uninterrupted operation of the DFIG during the grid faults
[7-9]. In this method, the STATCOM that is installed at the point of common coupling
(PCC) can be employed to supply much reactive power to the grid. However, the
STATCOM is not used alone for the DFIG ride-through capability when the grid fault
happens. On the other hand, it should be used together with the crowbar circuit which
protects the RSC from the rotor over-current under the grid fault. An energy storage system
(ESS) which has been applied to the wind generation systems, can offer fault ride-through
capability [10]. For this, the power is absorbed from the system or released to the grid for
both normal and fault conditions by using the ESS. Meanwhile, the DC-link voltage is
controlled at the grid-side converter (GSC) in both normal condition and grid sags and the
power mismatched between the turbine and the grid-side are stored in the inertia by
increasing the generator speed. However, the amount of energy stored in the turbine inertia is
not so large, when the generator operates near the rated speed before the grid sags happen.
Also, a braking chopper (BC) which has low cost and simple control has been applied for the
LVRT [11]. However, the power quality at the output of the wind turbine systems is not
much improved because the BC can just dissipate the power without capability of returning
the power to the grid. In one way, a scheme consists of the ESS and BC which are connected
to the DC-link side of the back-to-back converter in DFIG wind turbine system [12]. The
DC-link voltage is controlled by using the ESS, while the GSC is considered as STATCOM
to regulate the reactive current according to the grid code requirement. Nevertheless, the cost
of the ESS is so high to solve this problem practically. In another way, series voltage
injection approach based on dynamic voltage restorer (DVR) has been applied for the LVRT
capabilities [13]. With this method, the fault ride-through can be obtained effectively.
However, a typical proportional integral (PI) controller does not work well for controlling
the AC signals.

To overcome this problem, a DVR using a feedback linearization technique has been
suggested for the LVRT capability in the DFIG wind power system working in the grid fault
conditions. Thus, the nonlinear controller designed becomes simpler and gives good
performance of the system. Simulation results for a 2 MW-DFIG wind turbine system are
provided to verify the validity of the proposed control scheme.
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Figure 1. National grid codes [1].

14



Nonlinear control of dynamic voltage restorer to improve LVRT capability in wind turbine...

2. SYSTEM MODELING

The configuration of the overall system is shown in Figure 2. It comprises a DFIG wind
turbine and back-to-back PWM converters which are connected between the rotor of DFIG
and the grid. The DVR is a three-phase voltage source converter (VSC) connected in series
with the power line via the transformers to inject the compensation voltages. As can be seen,
an LC filter is connected between the VSC and the series transformer. The DC-link capacitor
of the DVR is connected to the DFIG side through three phase diode rectifier and charged
from a passive filter.
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Figure 2. DFIG wind turbine system within using DVR.

The modeling of the DVR s briefly described in this section, in which the components
of the positive and negative-sequence currents and voltages of the DVR can be expressed in
synchronous d-q reference frame as follows [13-14]:
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and Vg are the dg-components of the voltage across the filter

Vi Vg and Vg are the dg-components of the inverter
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output voltage of the series VSC. 1, Is*q, I, and Is‘q are dq components of the grid

current. |7, |f+q, I, and If’q are dg-components of the filter inductor current of the series

VSC. It is noted that the subscripts “+” and “-” denote the positive and negative-sequence
components, respectively.

From (1), a state-space modeling of the system written in the positive sequence-components
is derived as follows:
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3. PROPOSED DVR CONTROL SCHEME

3.1. Reference of compensation voltage

The reference of the compensation voltage across the series transformer injected by the
DVR can be expressed as:

A v

ca ga, presag _Vga
Vo |= ng, presag _ng (4)
V. v vV

cc gc,presag  'gc

WhEre Vi, sresag Vb, presag @Nd Vga presag @re the voltages across the low-voltage side
of the Y-A transformer before the sag; V,,, V4, and v, are the voltages after the sag.

3.2. DVR control scheme using feedback linearization theory

The fundamental principle of using the FL technique is to linearize the nonlinear system
by differentiating the outputs of the system until the input variables appear [13-14].

A multi-input multiple-output system can be considered as:
x=f(x)+gu 5)
y =h(x) (6)

where X is the state vector, u is the control input, y is the output, f and g are the smooth
vector fields, respectively, and h is the smooth scalar function.

The nonlinear model of the DVR in (3) is expressed in (5) and (6) as:
+ + + + 7. + + . + + "
X:[ @ Mg Ve Ifd:| ,u:[qu Vfd:| ,y=[ cq Vcd:|
To generate an explicit relationship between the outputs y, ,,and the inputs y,
output is differentiated until a control input appears.
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o
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Then, the control law is given as
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vi and vz are new control inputs.

To eliminate this tracking error in the presence of parameters variations, integral
controls are added to the tracking controller. Thus, the new control inputs are given by

|:V1:| _ y: + kllél + klzel + lejel (9)
Vol | ¥, + Ky, +Kpe, + +k23je2

where ¢ =y, -y,, and e,=y,-v,, y; and : are the reference values of the y,and vy,,
respectively, k,, k,, k,,, and k,, are controller gains.

The voltage references obtained from (8) and (9), are expressed as
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The tracking errors can be successfully converged to zero when the gains of tracking
controllers are properly designed. A pole placement technique is used to place all poles of
the system at specific locations in the left-half side of the complex plane resulting in a stable
system. Thus, k, =k, =5.1x10°; k, =k, =8.3x10° and k, =k, =4.8x10°are determined by
assigning the desired poles with a consideration of satisfactory performance in terms of the
percent overshoot, settling time, and rise time.

The block diagram of the proposed control is shown in Figure 3, in which the
components of the positive-sequence voltages in the dg-axis are separately controlled by
using the FL. Meanwhile, the components of the negative-sequence voltages in the dg-axis
are regulated, based on the PI controller. Then, the outputs of the FL control (v, ) and the

P1 control (v, ) are transformed to the voltage references in three-phase abc reference frame,
employed for the space vector pulse-width modulation (SVPWM).
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Figure 3. Proposed control block diagram of DVR.

4. 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. For the DFIG: the grid voltage is 690 V/60 Hz; the rated power is 2 MW; Rs= 0.00488 pu;

r = 0.00549 pu; Lis = 0.0924 pu; Ly = 0.0995 pu; and J = 200 kg-m?2. The grid voltage is
690 V and 60 Hz. For the DVR: the DC-link capacitor is 8200 uF; the inverter output LC
filter is 0.2 mH and 8200 pF.

Figure 4 shows the system performance for unbalanced grid voltage fault without using
DVR system, where the wind speed is assumed to be constant (11 m/s) for easy
investigation. The fault condition is 40% sag in both the grid A-phase and C-phase voltage
and 100% sag in the grid C-phase voltage for 0.1 s which is between 1.4 s and 1.5 s. Due to
the grid unbalanced voltage sag (see Figure 4(a)), the DC-link voltage, stator current, rotor
current, generator speed, and generator torque are illustrated from Figure 4(b) to 4(f),
respectively. As can be clearly seen, almost all of the waveforms give high ripples under the
grid voltage sag.
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Figure 4. Performance of DFIG wind turbine system for unbalanced voltage sag (in pu).
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Figure 5. Performance of DVR system for unbalanced voltage sag (in pu).
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Figure 5 shows the performance of DVR system under three-phase unbalanced
voltages. When the unbalanced voltage sag occurs in Figure 5 (a), the magnitude of the grid
voltage is illustrated in Figure 5 (b). According to several national grid codes as shown in
Figure 1, it is guaranteed that the DFIG wind turbine system can stay connected to the grid
during the unbalanced voltage sag. The compensation voltages in Figure 5 (c) are injected by
the DVR system. Also, the stator voltages in Figure 5 (d) are kept at the rated value. It can be
obviously seen from Figure 5 (e) and (f) that the dg-axis positive sequence voltages of the
DVR are AC values during the grid fault. Since the type of the fault is unbalanced, the
negative-sequence components of the grid voltage in dg-axis are produced, as illustrated in
Figure 5 (g) and (h). The active and reactive powers produced from the DVR are shown in
Figure 5 (i) and (j), respectively. Without compensation, the stator and rotor currents, and
torque oscillate much, as illustrated in Figure 4(c), 4(d) and 4(f), respectively. However, they
are kept almost constant with compensation.

Figure 6 shows the performance of DFIG wind turbine system under three-phase
unbalanced voltages. It is clear from Figure 6 that all quantities of the DFIG with the DVR
compensation at grid faults can be kept the same as those without grid faults since the DFIG
operation is not affected by the grid faults. Thus, the proposed method achieves the good
operation for the DFIG wind turbine system under the grid faults.
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Figure 6. Performance of DFIG wind turbine system for unbalanced voltage sag (in pu).
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5. CONCLUSION

This paper has presented a nonlinear control of dynamic voltage restorer to improve a
low-voltage ride-through of a doubly fed induction generator wind turbine system under grid
voltage sag conditions. With the proposed method, nonlinear model of DVR system based on
a feedback linearization theory is firstly linearized, not by small signal analysis. Then, the
proposed DVR control method can achieve the good operation for the DFIG wind turbine
system under all kinds of grid faults, depending on the design of the system parameters. The
effectiveness of the proposed DVR compensation scheme 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

DIEU KHIEN PHI TUYEN CUA BO PHUC HOI BIEN AP PONG DE CAI THIEN
KHA NANG LVRT TRONG HE THONG TUA-BIN GIO

Vin Tan Luong*, B Vin Si, Nguyén Thi Thanh Tric
Trwong Pai hoe Cong nghiép Thuc pham TP.HCM
*Email: luongvt@hufi.edu.vn

Bai bao nay dé xuét diéu khién phi tuyén cua bd phuc hdi dién ap dong (DVR) dua trén
1y thuyét tuyén tinh hoa phan hoi (FL) dé cai thién kha nang luét qua dién ap thip (LVRT)
cua hé thdng tua-bin gié may phat khong dong bo ngudn kép (DFIG). Pau tién, md hinh phi
tuyén caa hé théng bao gdom b loc LC dat dugc trong hé toa do quay d-q. Sau do, viéc thiét
ké bo diédu khién ciia mé hinh tuyén tinh dugc thuc hién bang viéc tuyén tinh hoa héi tiép da
déu ra, da dau vao. Két qua mo phong da thé hién ring phuong phap dé xuit cho két qua van
hanh t6t d6i voi hé thong tua-bin gié may phat DFIG cong suat 2 MW trong diéu kién do
vong dién ap ludi.

Tir khéa: May phat khong dong bo ngudn kép, bo phuc hdi dién ap dong, Iy thuyét tuyén tinh
hoa hoi tiép, do vong dién ap ludi, tua-bin gio.
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