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ABSTRACT

This paper proposes an enhanced nonlinear control technique based on a combination
of feedback linearization (FBL) and resonant regulator as tracking controllers for the doubly-
fed induction generator (DFIG) wind turbine system under unbalanced grid voltage. A
nonlinear model of DFIG wind turbine system with the rotor-side converter (RSC) is firstly
linearized, not by small signal analysis. Then, the proportional integral plus resonant (PI+R)
regulators are utilized for tracking controller. With the combination of FBL technique and
the tracking controllers based on resonant regulator, the oscillations of the power and
generator torque can be much reduced in the transient and steady states. The effectiveness of
the proposed scheme is verified by the simulation results for the 2 MW-DFIG wind turbine
system under unbalanced grid voltage conditions.

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

1. INTRODUCTION

Nowadays, many speed variable wind turbines (WT) are based on DFIGs, which are
connected to the grid through back to back converters. The major advantage of these
facilities lies in the fact that the power rate of the inverters is around the 25-30% of the rated
generator power. This feature permits to regulate the electrical power production within this
range, something that has been proven to be a good trade-off between the optimal operation
and costs.

The performance of the wind turbine system with DFIG under normal conditions is
currently well understood [l, 2]. Practically, both transmission and distribution networks can
have voltage imbalance. As for the induction generators, if the voltage unbalance is not
considered by the control system, the current could be highly unbalanced even with a small
unbalanced stator voltage. The unbalanced currents cause unequal heating on the stator
windings [3]. The heat may increase the winding temperature, which degrades the insulation
of the winding, i.e., the life expectancy of the winding. Also, unbalanced currents create
torque pulsation on the shaft resulting in audible noise and extra mechanical stress. A wind
turbine based on DFIG without unbalanced voltage control might be disconnected from the
grid during the network voltage unbalance [4]. On the other hand, grid codes are required for
wind farms to withstand a small 2% steady-state voltage unbalance and larger transient
voltage unbalance without tripping [5].
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Several various methods have been suggested to control the current of the generator
under unbalanced grid conditions [6-10]. As suggested by Lopez et al., Brekken et al., Abo-
Khalil et al. and Hu et al., the positive and negative proportional-integral (PI) current
controllers in synchronous d-g axis, and the positive and negative the proportional resonant
(PR) current controller in the stationary o-f axis have been introduced in detail [6-9].
However, both current controllers could not eliminate the non-linearity of the DFIG. A
nonlinear control with feedback linearization method was introduced for DFIG [10, 11]. In
this method, the tracking controllers based on the Pl regulators after linearizing the nonlinear
model of the DFIG wind power system by the FBL technique was used to eliminate the
steady-state errors. Under unbalanced grid voltages, the FBL with PI tracking controllers
fails to eliminate the steady-state errors completely, since the controlled variables contain
AC signals.

To overcome the drawback of the aforementioned feedback linearization control with
the steady-state error for AC controlled variables, an enhanced control strategy for the DFIG
wind power system is proposed in this paper, where a combination of the FBL with the PI
plus R regulator is employed. The FBL technique is used to linearize the nonlinear model of
the DFIG wind power system working in the grid fault conditions. Thus, the nonlinear
controller designed becomes simpler and gives the fast performances of the system,
compared with the dual PI current controllers. Simulation results for a 2 MW-DFIG wind
turbine system are provided to verify the validity of the proposed control scheme.

2. BEHAVIORS OF DFIG UNDER UNBALANCED VOLTAGE CONDITIONS

Figure 1 shows the variable vector F between theq 3., «, B, anddq*, 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.

Figure 1. Relation between the o 3. , , S, and dq*, dq- reference frames.
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During the voltage unbalance, the voltage, current, and flux all contain positive- and
negative-sequence components. Based on equation (1) and shown in Figure 1, F can be
expressed in terms of positive- and negative-sequence components in the respective positive
and negative rotating synchronous frames as

Faa=Fa + Fd;eijzwet )

It is seen in (2) that the dg-axis components contain the second-order oscillation
component.

Under unbalanced voltage conditions, the rotor voltage equations of DFIG in the dq”
reference frame can be expressed as [10]
I +
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In equations (3) and (4), the nonlinear state-space model of the rotor side of DFIG is
represented by
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Under unbalanced voltage condition, the instantaneous active and reactive stator powers
are expressed as [8, 10]

p, (t) = Py + P, C0s(2m.t) + P, sin(2a,t) (6)
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The current reference of the rotor-side converter compensating for the stator active and
reactive power ripples can be derived as

Vd: Vq; Vd; ng T i Pso | 0 0 0 0 ]
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where Py, means the power reference which is obtained from the maximum power point
tracking method.

3. PROPOSED CONTROL SCHEME USING A COMBINATION OF FEEDBACK
LINEARIZATION AND RESONANT REGULATOR

The fundamental principle of using the FBL technique is to linearize the nonlinear
system by differentiating the outputs of the system until the input variables appear [11-14].
A multi-input multiple-output (MIMO) system can be considered as follows:
x=f(X)+gu (10)

y =h(x) (11)

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 DFIG at the rotor side in (3) and (4) is expressed in (10) and
D as: x=[1; 1. ] w=[vy vg | y=heo=[1; 157

An approach to obtain the input—output linearization of the MIMO system is to
differentiate the output y of the system until input control signal appears. The result is given as

y=f(x)+gu (12)
If a control input « is chosen as
u=g7[-f(x)+v] (13)
where v is the equivalent control input to be specified. The resultant dynamics become
linear as
. Vl
y=v= (14)
Vs

Under the grid fault conditions, the rotor currents of the DFIG may contain the DC,
and second-order oscillation component as seen in (2). Thus, the proportional integral plus
resonant regulators are employed for the tracking controllers to eliminate the steady-state
errors. For tracking the references of the dq-axis components, the central frequency of the
resonant regulators are chosen at a second order (2m.) with the aim of obtaining an infinite
gain at this resonant frequency. Therefore, the new control inputs can be rewritten in the
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Laplace domain as

- e S
S — k11e1 - k12 ;1 - k13 ﬁel
w]_ s +(20,) (15)
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where ¢ =y; -y, and e,=y,-y,, y; and y:, are the reference values of the y and y,,
respectively, ki1, Kz, Ki3, ka1, koo and ko3 are the gains of tracking controller.
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Figure 2. Proposed control block diagram of DFIG.

The block diagram of the proposed control is shown in Figure 2, in which the
components of the positive-sequence rotor currents in dg-axis are separately controlled by
the combination of the FBL technique and PI+R. It is noted that, in this work the second
order component of the frequency in the system are only taken into account, which is added
in the new control inputs in (15). Then, the FBL control outputs,v, , v, are transformed to

the voltage references in three-phase abc frame, which are modulated by the space vector
pulse-width modulation (SVPWM).

The tracking errors can be successfully converged to zero when the gains of tracking
controllers are properly designed. A pole-placement technique is commonly used to obtain
the gains. It is assumed that the resonant regulator with a resonant frequency of 2w, is
considered for deriving the closed-loop transfer function of the d-axis positive-sequence
current tracking controller and its plant, G4(s). The closed-loop transfer functions of the g-
axis positive-sequence current tracking controllers and its plants are derived in the same
way. 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, which then the poles
are chosen as s; = =50, s, = s3 = =250 and s4 = 294,4 by a trial-and-error method with a
consideration of satisfactory performance in terms of the percent overshoot, settling time,
and rise time.
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Bode Diagram
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Figure 3. Bode plots for the FBL with tracking controllers of Pl and PI+R.

In order to investigate the superior characteristics of the FBL with PI+R tracking
controller (proposed controller) over the FBL with PI tracking controller (conventional
controller), Figure 3 describes closed-loop Bode diagram for the conventional controller and
the proposed controller given in (16) and (17), respectively.
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As shown in Figure 3, the FBL with PI+R tracking controller including the resonant
frequency of 2w, produces very high gains for ensuring zero steady-state errors in
compensating the current oscillation. If the resonant regulators at 2w, are added in (15), then
the dynamic performance of the FBL with PI+R tracking controller will be satisfied with a
unity gain and low phase shift for the resonant frequency. In addition, as illustrated in Figure 3,
the FBL with PI+R tracking controller has a wide bandwidth than that of the FBL with Pl
tracking controller.
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4. SIMULATION RESULTS

PSCAD simulation has been carried out for a 2 MW-DFIG wind turbine system to
verify the feasibility of the proposed method. For the wind turbine: R = 44 m; p = 1,225
kg/m?®; Aope = 8, J; = 5,67x10° kg-m?; and the wind speed is constant at 10 m/s. For the DFIG:
the grid voltage is 690 V/60 Hz; the rated power is 2 MW, Ry = 0,00488 pu; R;= 0,00549 pu;
Lis=0,0924 pu; L, = 0,0995 pu; and J; = 200 kg-m The grid voltage is 690 V and 60 Hz.

Figure 3 shows the system performance for a grid unbalanced voltage sag. The wind
speed is assumed to be constant (10 m/s) since the wind speed variations cannot produce a
remarkable effect during the short time duration of the fault. The fault condition is 12% sag
in the grid A-phase voltage for 0,5 s which is between 1,5 s and 2 s. Figure 3A shows the
performance of the DFIG wind turbine system using the FBL with PI tracking controller, in
case of the unbalanced grid condition. As can be seen from Figure 3A(c), the positive-
sequence rotor currents in d-and g-axis become large. Likewise, the stator active power,
stator reactive power and the generator torque contain the significant pulsations at 120 Hz.
The generator torque which is shown in Figure 3A (f) is much increased during the grid
fault.

Figure 3B shows the DFIG performance using the FBL with PI+R tracking controller
for the rotor currents at the rotor-side converter under the grid fault condition. With the
current control based on combination of FBL technique and the resonant regulator, the
positive-sequence rotor current ripples in d-and g-axis as shown in Figure 3B (c) are
suppressed. Accordingly, the ripples of the stator active and reactive powers are also
mitigated, as shown in Figure 3B (d) and Figure 3B (e), respectively. Also, the generator
torque ripples as shown in Figure 3B (f) are significantly reduced.

Figure 4 shows the system performance for grid unbalanced voltage sags which are
12% for A-phase and B-phase voltages during 0,5 s. With the combination of FBL technique
and the tracking controllers based on resonant regulator, the ripples of the positive-sequence
rotor current in d-and g-axis as shown in Figure 4B (c) are much reduced. Also, the stator
active power and reactive power ripples are also suppressed, as shown in Figure 4B (d) and
4B (e), respectively. In addition, the generator torque ripples as shown in Figure 4B (f) are
considerably mitigated, compared with the the FBL with PI tracking controller.

By comparison, the FBL with PI+R tracking controller gives smaller ripples than the
FBL with PI tracking controller.
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(A) FBL with PI tracking controller
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(B) FBL with PI+R tracking controller
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Figure 3. Wind generation performance for grid phase-A voltage sag (12%) in 2 cases: (A) FBL with
P1 tracking controller [10]. (B) FBL with PI+R tracking controller. (a). Grid voltage. (b). DC-link
voltage. (c) Rotor current (d). Stator active power. (e). Stator reactive power. (f) Generator torque.
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(A) FBL with Pl tracking controller (B) FBL with PI+R tracking controller
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Figure 4. Wind generation performance for both grid phase-A and grid phase-B voltage sag (12%) in
2 cases: (A) FBL with PI tracking controller 10]. (B) FBL with PI+R tracking controller.
(a). Grid voltage. (b). DC-link voltage. (c) Rotor current (d). Stator active power.
(e). Stator reactive power. (f) Generator torque.
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5. CONCLUSION

This paper has presented a current control scheme based on the feedback-linearization

technique with the PI+R tracking controllers for the RSC of a DFIG wind turbine under
unbalanced grid conditions. The dynamic response of the RSC of the DFIG to the transient
grid unbalance has been analyzed and the current control scheme for RSC has been
introduced. Compared with the existing unbalanced control method, the FBL with PI+R
tracking controller one provides better performances for the rotor currents. 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 LUQC PIEU KHIEN NANG CAO CUA HE THONG TUA-BIN GIO
DUNG MAY PHAT DFIG KHI PIEN AP LUOI KHONG CAN BANG

Vin Tan Luong'’, Phan Thi Chiéu M§%, Duong Vin Khai'
'Trieong Pai hoe Céng nghiép Thuc phdm TP.HCM
Trong Pai hoc Vin Hién

*Email: luonghepc@gmail.com

Bai bao dé xuat ky thuat diéu khién phi tuyén nang cao duwa trén su két hop li thuyét
tuyén tinh hoa héi tiép (FBL) va bo diéu khién cong husng, dugc goi 1a bo didu khién giam
sat, & bo nghich luu phia rotor (RSC) cua hé théng tua-bin gi6 dung may phat khong ddng bo
ngmn kép (DFIG) khi dién ap lu6i khong can bang. Trude tién, mo hinh phi tuyén cua hé
thdng tua-bin gi6 dung DFIG véi bd nghich luu phia rotor (RSC) duoc tuyen tinh hoa, thay
vi dung phuong phap phan tich tin hiéu nho phic tap. Sau do, bd diéu khién tich phan-ty 16
va cong huong (PI+ R) duoc sir dung nhu b didu khién giam sat. V6i su két hop Ky thuat
tuyén tinh hoa hoi tiép va bo diéu khién giam sat dwa trén bo diéu chinh cong huong, cac dao
dong cua cong sudt va mé men may phat dugc giam nhiéu & ca & trang thai qua do Ian trang
thai xac 1ap. Két qua mé phong hé thdng tua-bin gié may phat DFIG véi cong suit 2 MW dung
phuong phép dé xuat da duoc kiém chung trong trudng hop dién ap ludi khong can bang.

Tir khéa: Diéu khién dong dién, méay phat khong dong bo nguon kép, Ii thuyét tuyén tinh hoa
hoi tiép, dién ap ludi khong can bang, tua-bin gio.
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