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LVRT Scheme of PMSG Wind Power Systems Based
on Feedback Linearization

Ki-Hong Kim, Yoon-Cheul Jeung, Dong-Choon Lee, Member, IEEE, and Heung-Geun Kim, Member, IEEE

Abstract—This paper proposes a low-voltage ride-through
scheme for the permanent magnet synchronous generator (PMSG)
wind power system at the grid voltage sag. The dc-link voltage is
controlled by the generator-side converter instead of the grid-side
converter (GSC). Considering the nonlinear relationship between
the generator speed w,, and the dc-link voltage V4., a dc-link
voltage controller is designed using a feedback linearization the-
ory. The GSC controls the grid active power for a maximum power
point tracking. The validity of this control algorithm has been ver-
ified by simulation and experimental results for a reduced-scale
PMSG wind turbine simulator.

Index Terms—DC-link voltage, feedback linearization, perma-
nent magnet synchronous generator (PMSG), ride-through, wind
power.

I. INTRODUCTION

MONG various renewable energy sources, the wind power

generation has been concerned as one of the most rapidly
growing energy sources. Differently from the doubly fed induc-
tion generator (DFIG) wind systems, a direct-drive wind energy
conversion system based on permanent magnet synchronous
generators (PMSGs) has a lot of advantages such as no gearbox,
high power density, high precision, and simple control method,
except initial installation costs [1], [2].

As the scale of wind farms becomes larger and larger, the
grid connection condition of the wind turbine is more important.
Recently, some countries have issued the dedicated grid codes
for connecting the wind turbine system to the electric grid [3],
[4]. Also, the microgrid and the smart grid have been researched
for the efficient power management [5], [6]. However, in these
systems, the grid voltage is much fluctuated in comparison with
the conventional one. Therefore, a ride-through control of the
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wind power generation system is needed for the grid abnormal
conditions.

The grid codes require the low-voltage ride-through (LVRT)
capability of the wind turbine system. For some national grid
codes [3], 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 expe-
rience 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 Fig. 1 [3].

Several solutions have been proposed for the LVRTS in the
variable-speed wind turbine systems. For this purpose, a crowbar
system (an external resistor) is connected in the rotor side of the
DFIG to absorb the active power during the grid fault [7], [8].
The wind turbine continues its operation to produce the active
power, whereas the reactive power or the voltage at the point of
common coupling (PCC) is controlled by the grid-side converter
(GSC). But, in the case of a weak grid and during a grid fault, the
GSC cannot provide sufficient reactive power or voltage support
due to its small power capacity and the risk of voltage instability.
Also, a static synchronous compensator (STATCOM) has been
used to guarantee the uninterrupted operation of a DFIG wind
turbine during the grid faults. The reactive power is injected to
the grid by the STATCOM that is installed at the PCC [9]-[11].
However, the STATCOM is not used alone for the DFIG ride-
through capability since it cannot protect the rotor-side converter
(RSC) during a grid fault. On the other hand, it should be used
together with the crowbar circuit which protects the RSC from
the rotor overcurrent when the grid fault happens.

For the PMSG wind turbine systems, a braking chopper (BC)
with the low cost advantage and the simple control performance
has been applied for the LVRT [12]-[14]. However, it is difficult
to improve the power quality at the output of the wind turbine
systems since the BC can just dissipate the power. In other way,
the STATCOM has been applied to keep the wind turbine system
connected to the grid during grid faults [15]. With this method,
the voltage regulation is much improved in the transient state as
well as in the steady state. However, the STATCOM has to be
used together with the BC.

In the PMSG wind turbine system, the generator is connected
to the grid through a full-scale back-to-back pulsewidth mod-
ulated (PWM) converters, of which configuration is shown in
Fig. 2. Conventionally, the dc-link voltage is controlled by the
GSC. However, the GSC may be out of control in the case
of the grid voltage sags. At a grid fault, the dc-link voltage is
increased excessively since the wind turbine continues to gen-
erate the power but the grid cannot absorb the generated power
fully.

0885-8993/$26.00 © 2011 IEEE
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Fig. 2. PMSG wind power system.

A few research results have been suggested that employ the
dc-link voltage control strategies by the generator-side converter
instead of the GSC [16], [17]. With the exchange of the control
roles of the two converters, the dc-link voltage can be con-
trolled to be constant by increasing the generator speed during
the grid voltage sag. However, the dc-link voltage response is
not so good even though a hybrid adaptive proportional-integral
(PD) controller is used based on the power and energy relation-
ship [17]. On the other hand, a linearization technique using an
input—output feedback has been applied to various areas such
as the dc-link voltage control of PWM converters [18] and the
output voltage control of three-phase uninterruptible power sys-
tem (UPS) inverters [19] for the high dynamic responses. This
feedback linearization technique has been applied to the dc-
link voltage control for the PMSG wind turbine system in [20].
This paper is the extended version of it, including experimental
results.

In the first place, a nonlinear relationship between the gener-
ator speed and the dc-link voltage is derived, where the dc-link
voltage is chosen as output. Then, by applying the feedback lin-
earization, a linearized system is obtained and then the dc-link
voltage controller can be designed by the classical linear control
theory. In the meanwhile, the power of the PMSG is controlled
by the GSC. The GSC dual current controllers in the positive-
and negative-sequence reference frames are employed for grid
unbalanced conditions. The validity of the control algorithm
has been verified by simulation and experiment results for the
PMSG wind power system.

1500 2000 3000

II. PMSG WIND POWER SYSTEMS
A. Modeling of Wind Turbines

The output power of wind turbine P; is formulated as [21]

ey

wind

1 .
P = EPAOP ()‘76) vl

where p is the air density (kg/m?), A is the blade swept area
(m?), C, (A, B) is the power conversion coefficient, and vyina
is the wind speed (m/s).

The power conversion coefficient is a function of the tip-speed
ratio (TSR, 1) and the pitch angle /3, in which the TSR is defined
as [22]

wn R

Vwind

A= 2)
where R is the radius of the blade and w,,, is the rotational speed.

The wind turbine is characterized by (P,—w,,) and (C,—2)
curves as illustrated in Fig. 3. The turbine power is determined
by the power conversion coefficient and the TSR if the swept
area, air density, and wind speed are constant.

The power conversion coefficient and the TSR depend on the
aerodynamic characteristics of the wind turbine. From Fig. 3(b),
the maximum turbine power is found at a point of A,,; and

Cp max-

B. Modeling of PMSG

Fig. 4 shows the d—¢ equivalent circuits of the PMSG. The
voltage equations of the PMSG are expressed in the synchronous
d—q coordinates as [22]-[25]

digs .
vgs = Ryigs + Lsi - erqus (3)
dt
. diqs .
Vgs = Rszqs + L, + wy quds + wr)\f 4

dt

where vy and vy are the d- and g-axes stator voltages, iqs
and iy, are the d- and g-axes stator currents, R, and L, are the
stator resistance and inductance, L; and L, are the d- and g-
axes inductance, A is the magnetic flux, and w, is the electrical
angular speed.
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Fig. 3. Wind turbine characteristics. (a) P; — w,, curve. (b) C) — A curve.
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Fig. 4. Equivalent circuits of a PMSG. (a) d-axis. (b) g-axis.

For the generator with surface-mounted permanent magnets,
d- and g-axes inductances are the same (Lg = L,). Then, the
electromagnetic torque T is expressed as

3 .
T, = 72)\]01(18

=35 (&)

where p is the number of poles.
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III. GENERATOR CONTROL FOR CONSTANT DC-LINK VOLTAGE
A. Nonlinear Modeling

The operation of the GSC is directly affected by grid voltage
sags, where the power delivered to the grid is restricted. In this
duration, the wind turbine and generator keep operating as if it is
in normal condition. Therefore, in the dc-link, power delivered
from the generator side may increase the dc-link voltage ex-
cessively high. Differently from the conventional control of the
ac/dc converter, the dc-link voltage for back-to-back converters
is controlled by the generator-side converter.

To design the dc-link voltage controller, the dynamic charac-
teristics of wind turbines in the PMSG wind power system are
considered. Neglecting the converter loss, the generator power
and the DC-link capacitor power can be expressed as

dw,,
Pg:B—me dt _Pg,loss (6)
dV:
Pcap = CVdc dzc - Pg - Pgrid (7)

where J is the moment of inertia, P, is the generator power,
Pyriq is the grid power, P, .45 is the generator loss, P, is the
dc-link capacitor power, V. is the dc-link voltage, and C is the
dc-link capacitor.

From (6) and (7), a dynamic equation for the PMSG wind
turbine system is expressed as

CVie AV, _ } dwy,

R\’ .
i =340 () e

- Pgloss - Pgrid- (8)

Equation (8) shows a nonlinear relation between V. and
wyy, .- This nonlinear equation can be linearized using a feedback
linearization theory, which will be described in the next section.

B. Feedback Linearization

A single-input and single-output nonlinear system is ex-
pressed as [26]

&= f(z) + g(x)u
y = h(z)

where x is the state vector, u is the control input, y is the output,
fand g are the smooth vector fields, and 4 is the smooth scalar
function.

The nonlinear equations in (6) and (7) are expressed in the
form of (9) as follows:

C))
(10)

1 1
Vdc - CVdc Pgrid O‘/dc
. = 1 1 + 1 By
Wm Rf - —0PF, loss —_—
Jwn Jwn, v Jwp,
(11

Here, the dc-link voltage V. is selected as an output. For the
linearization, a relation between input and output should be
delivered. So, the output y in (10) is differentiated as

y=Vh(f4+g-u)=Lih(z)+Lyh(z)-u  (12)
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Fig. 5. Control block diagram of the proposed nonlinear dc-link voltage.

where Lyh (x) and Lyh () represent Lie derivatives of /(x)
with respect to f(x) and g(x), respectively. The Lie derivative is
defined as [26]
oh
Lih=Vhf=—"-f.
th=Vhf=—2--f
If Lyh and L, h are replaced to A(x) and E(x), the output of the
system is obtained as

13)

y=A(@)+E(x)-u (14)
where A () = —(1/CVic) Pavia, E (z) = (1/CVqo).
If a control input u is chosen as
u=E"(2)[-A(x)+ ] (15)

where v is the equivalent control input to be specified, the re-
sultant dynamics become linear as

y=v. (16)

To eliminate the tracking error in the presence of parameter
variations, the new control input with an integral control is given
by [18], [19]

vzyref—k‘le—kg/edt 17
where e =Yy — Yrof, Yref 1S the tracking reference, and
ky and koare the controller gains.

The controller gains are determined by a pole placement tech-
nique [18], [19].

The block diagram of the proposed nonlinear dc-link voltage
control is shown in Fig. 5. Unlikely the conventional method,
the generator power reference is produced through the dc-link
voltage controller instead of the maximum power point tracking
(MPPT) controller. The control structure of the generator-side
converter consisting of the outer power control loop and the
inner current control loop is illustrated in Fig. 6.

IV. CONTROL OF GRID-SIDE CONVERTERS FOR MPPT
A. Power Reference

If the air density and blade swept area are invariable, the
power of wind turbines depends on the TSR and the turbine
speed. The maximum power of the wind turbine is calculated
with the maximum power conversion coefficient C), ;;,2x and the
optimal TSR A, as

wm R

)‘-opt

1 3
P = ipACpmax ( ) = Ropt - wfn, (18)
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Fig. 6. Control block diagram of the generator-side converter.

3
where Ko, = %pAC’p max (%) .
From (8) and (18), the grid power reference is given by

dV;lc
dt
(19)
As can be seen in (19), the grid power reference Py ;; is
obtained from the inertial power, the generator loss, the dc-link
capacitor power, and the generator power reference obtained by
applying the MPPT method from the wind turbines.

dwm

dt

3
Kopt Wy, — Jwp, - PgAloss — CVie

* —
grid —

B. Current Control Under Unbalanced Grid Voltage

In unbalanced grid voltage conditions, the positive-sequence
voltage component in the stationery reference frame is expressed
as [27]

M1 gl egc) 1 T
. G j2/3 o o)
€ga
+ 1(e —e(’(—eq“)— ! (€ge — €4a)
€y | = | 3 gb 9 9 j2\/§ gc ga
el 1 e e 1
gc ga gb)

—(ege — — —— | — ——=(€e4q — €
I 3 ( g9 2 9 32\/3( g9 !]b)

(20)
where ey, g1, €5c and ega, egb, egc are the instantaneous grid
voltages and the positive-sequence components, respectively.
The j in (20) means the phase shift of 90°, which is obtained by
using all-pass filters [27]. The d-axis voltage which is calculated
from the positive-sequence component of the grid voltages is
controlled to be zero, from which the reference phase angle for
control is determined.

The apparent power delivered to the grid under unbalanced
conditions is expressed in terms of the positive- and negative-
sequence components as [28]

S=1.5 (ej“’te;q + 6j<7“’)te(;q) (ejmijq + ej(f'”')ti;q>

21
where the superscript “x” represents a complex conjugate value,
and the superscripts “+”" and “—"" are the positive- and negative-

sequence components, respectively.
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Thus, the apparent power is divided into the real power p(t)
and the reactive power ¢(t) [28]

p(t) = Py + P.s cos(2wt) + Py sin(2wt) (22)
q(t) = Qo + Qc2 cos(2wt) + Q2 sin(2wt) (23)
where
Py=15(EjI] +E/I; +E;I; + E;I,)
P = 15(EjI; + EJ I, + EjIf + B/ 1)
Py =15(E;I; —E[I; —E;jI7 +E 1)
Qu=15(-Ej I +E[I] —E I, +E 1)
Q2 =15(=E; I, + E[I; —E; I + E, 1)
Qe =15E;I;, +E/I, —E;I] —E;I).

From (22) and (23), the power (P, Qo, Pso2, P.2) can be
represented in a matrix form as

P E; Ef By B I
Q| _3|B; -E;j B -Ej||I;()
Py 2|\E, -E; —-Ef Ej Iy (t)
Pey E; B Ef Ef|LL®

(24
The second-order components of power (P.o, Ps2) due to the
unbalanced grid voltage fluctuate not only the dc-link capacitor
power but also the real power delivered to the grid. These two
components should be controlled to zero in order to eliminate
the power fluctuations. The real power reference F; is obtained
in (19). The reactive power reference () can be determined
from unity power factor operation or other grid requirements.
Therefore, the positive- and negative-sequence components of
the current references are expressed as

I ()" P O P i
L | 2 Ef -E;j E; -E; Q;
| 3|E -E -Ef Ej 0
I (&) E; E, E; E/ 0

(25)
The control block diagram of the GSC that includes the dual cur-
rent controller for positive- and negative-sequence components
is shown in Fig. 7 [28].

V. SIMULATION RESULTS

To verify the validity of the proposed algorithm, PSIM simu-
lation has been performed for 2 MW PMSG wind power system.
The parameters of the wind turbine are listed in Table I in the
Appendix. The dc-link voltage is controlled at 1100 V, the dc-
link capacitance is 0.1 F, the switching frequency is 2 kHz, and
the grid voltage is 690 V,,,,s/60 Hz.

Fig. 8 shows the system performance in the normal grid con-
dition. The wind speed is shown in Fig. 8(a). The generator
speed, turbine, generator and grid power, wind turbine and gen-
erator torque, and power conversion coefficient are shown from
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TABLE I
PARAMETERS OF WIND TURBINE FOR SIMULATION
Rated power 2[MW]
Air density 1.225[kg/m’]
Blade radius 45[m]
Max. power conv. coeff. 0.41
Optimal tip-speed ratio 8.1
Rated wind speed 13.5[m/s]
Wind speed
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Fig. 8.  Wind generation performance for normal grid condition. (a) Wind
speed. (b) Generator speed. (c) Turbine, generator, and grid power. (d) Wind
turbine and generator torque. (e) Power conversion coefficient. (f) DC-link
voltage.

Fig. 8(b)—(e), respectively. In this case, the generator is con-
trolled to keep the dc-link voltage constant, of which variation
is less than 1% as shown in Fig. 8(f).

Fig. 9 shows the system performance for a grid unbalanced
voltage sag, where the wind speed is assumed to be constant (8
m/s) for easy examination. The fault condition is 50% sag in
the grid A-phase voltage for 1.5 s (90 cycles), which is between
the point @ to (B as shown in Fig. 9(a). Fig. 9(b) shows
the magnified grid voltages for six cycles just before and after
fault. The positive- and negative-sequence d—q axis voltages are
shown in Fig. 9(c). Due to the grid unbalanced voltage sag, the
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Fig. 9. Wind generation performance for grid phase-A voltage sag (50%).

(a) Grid voltage. (b) Magnified waveform of the grid voltage. (c) Positive- and
negative-sequence d—q axis voltage. (d) Generator speed. (e) Turbine, generator,
and grid power. (f) DC-link voltage.
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Fig. 10. Wind generation performance for grid balanced voltage sag. (a) Grid
voltage. (b) Generator speed. (c) Turbine, generator, and grid power. (d) Turbine
and generator torque. (e) Power conversion coefficient. (f) DC-link voltage.

positive-sequence g-axis voltage is reduced and the negative-
sequence d—q voltage components appear. In this voltage event,
the variation of the dc-link voltage is controlled within 3%.

For 70% sag of the all grid phase voltages for 1 s, the system
performance is shown in Fig. 10.

During the grid fault, the grid and generator power are de-
creased due to the low grid voltage and the current limitation of
the converters as shown in Fig. 10(c) and the generator speed
is increased as shown in Fig. 10(b). The turbine power P; is
a little decreased since the turbine speed is changed from the
optimal value for the MPPT. However, it looks almost constant
just because of scaling. Likewise, the turbine and generator
torques are also decreased, which is illustrated in Fig. 10(d),
where the turbine torque just looks constant. Fig. 10(e) shows
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Fig. 12.

Layout of experimental setup.

the power conversion coefficient, which is deviated from its
maximum value during the fault. Due to the speed change, the
C, is slightly decreased during the fault. Fig. 10(f) shows the
dc-link voltage, of which variation is less than 10%.

Fig. 11 shows the dc-link voltage responses for the two con-
trollers: 1) for the PI controllers [29] with kp = 14.734 and
k; = 833.629 which are obtained by setting £ = 0.707 and
w;, = 80 rd/s and 2) for the feedback linearization method with
ki = 15.3 and k9 =81.25 which are determined by assigning
the desired poles at s1 o = —75 & j50. By locating the system
poles on the left-half plane, it is guaranteed that the closed-loop
control system is stable [18], [30]. The proposed method gives
faster transient response and lower overshoot.

VI. EXPERIMENTAL RESULTS

To demonstrate the validity of the proposed algorithm, the
experiment has been carried out for a 2.68 kW PMSG wind
power system. The picture of the experimental setup at the
laboratory is shown in Fig. 12, where a squirrel-cage induction
is used as a turbine simulator. The parameters of the PMSG
and wind turbine are listed in Tables II and III in the Appendix,
respectively. The dc-link voltage is controlled at 340 V. The
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TABLE II
PARAMETERS OF THE PMSG FOR EXPERIMENT
Rated power 2.68 [kW]
Voltage/frequency 220[V]/60[Hz]
Rated flux 0.468[Wb]
Rated current 9.8[Arms]
Rated speed 1200[rpm]
Torque constant 1.72[N-n/A]
Moment of inertia 0.00331[kg'm’]
Stator resistance 0.49 [Q]
Stator inductance 5.35[mH]
Number of poles 6
TABLE III
PARAMETERS OF THE WIND TURBINE FOR EXPERIMENT
Rated power 2.68 [kW]
Air density 1.225 [kg/m’]
Blade radius 0.88 [m]
Max. power conv. coeff. 0.43
Optimal tip-speed ratio 7.9
Cut-in/cut-out speed 3 [m/s] /25 [m/s]
Rated wind speed 16.1 [m/s]
Blade inertia 0.00331 [kg.m’]
et Spved Fa ~ aliy
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Fig. 13.  Wind turbine performance for the grid normal condition. (a) Wind
speed. (b) Generator speed. (c) Turbine power. (d) Generator power. (e) Grid
power. (f) Turbine torque. (g) Generator torque. (h) Power conversion coeffi-
cient. (i) DC-link voltage.

capacitance of the 1650 pF is used for dc-link capacitor. The
switching frequency is 5 kHz. The grid voltage is 220 V,,,,s/60
Hz and a 10 kVA] grid simulator is used for a sag generation.
Fig. 13 shows the performance of the PMSG wind power
system in the grid normal condition, at the mean wind speed
of 10.5 m/s [see Fig. 13(a)]. For the random variation of the
wind speed, the generator speed, the wind turbine, the generator
power, and the grid power vary as illustrated in Fig. 13(b)—(e),
respectively, where the turbine power is proportional to the cube

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 5, MAY 2012

Grid voliage

Generatar specd %

(c) ¥ v - 1000(epin]
2frpen/div]
Generatar & Grid power P LeCroy.
i it
(d) “, e 1 000) W]
il ! BOO[Wdiv]
DC-fink valtage v (P
Z Ve 1
(e) - 3 340(v]
—E
e 2Vidiv]
Positive sequence + baCrey
deais currenst /{,
(f) 7 = 0[A]
r' 4.
o 1 Aiv]
Positive sequence. .
qrais currest |
) | P S . _____..- ____.__. VIV R ES— —
I Iy - 7y
. 4 1Addiv]
Negative sequence. . LeCrey
d-axis crment j'r
(h) 4 S - 0[A]
I AV
Negative sequence
. geaxis cument 7>
(i) S — T 4 g ——— .
Iv/ 1 Adiv]
0.5[sec/div]

Fig. 14. System performance under A-phase unbalanced voltage drop. (a)
Three-phase voltage. (b) Positive and negative d—g axis voltage. (c) Generator
speed. (d) Generator and grid power. (e¢) DC-link voltage. (f) Positive-sequence
d-axis current. (g) Positive-sequence g-axis current. (h) Negative-sequence d-
axis current. (i) Negative-sequence g-axis current.

of the wind speed. Also, the turbine and generator torques are
shown in Fig. 13(f) and (g), respectively, which are proportional
to the square of the wind speed. Fig. 13(h) shows the variation
of the power conversion coefficient according to the turbine
speed, from which the wind turbine system is seen to track the
maximum power point. In this case, the dc-link voltage follows
its reference well and is maintained within the variation of 1%,
as illustrated in Fig. 13(i).

Fig. 14 shows the system performance for a grid unbalanced
voltage sag, where the wind speed is assumed to be constant
(11.6 m/s). The fault condition in Fig. 14 is 50% sag of the grid
A-phase voltage for 1.5 s (90 cycles), which appears between
the point @) to (B. In the middle of this fault duration, a six-
cycle voltage waveform is magnified as illustrated in Fig. 14(a),
for easier view. The positive- and negative-sequence d—g axis
voltages are shown in Fig. 14(b). The positive-sequence g-axis
voltage component is decreased due to the grid unbalanced volt-
age sag. Fig. 14(e) shows the responses of the dc-link voltage
control. The dc-link voltage variation is controlled within 2%.
Fig. 14(f)—(i) shows the positive- and negative-sequence d—q
axis currents of the GSC. The actual currents are well controlled
to follow the reference values.

Fig. 15 shows the system performance for grid unbalanced
voltage sags which are 30%, 20%, and 10% for A-phase,
B-phase, and C-phase voltages, respectively, for 1.5 s, as
shown in Fig. 15(a). Fig. 15(c) shows the generator speed and
Fig. 15(d) shows the generator and grid power. Fig. 15(f)—(1)
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Fig. 15. System performance under three-phase unbalanced voltage drop.
(a) Three-phase voltage. (b) Positive and negative d—q axis voltage. (c) Generator
speed. (d) Generator and grid power. (e) DC-link voltage. (f) Positive-sequence
d-axis current. (g) Positive-sequence g-axis current. (h) Negative-sequence d-
axis current. (i) Negative-sequence g-axis current.

shows the positive- and negative-sequence d—g axis currents
of the GSC. The actual currents are well controlled to the
reference values. In this voltage event, the variation of the
dc-link voltage is within 2%.

Fig. 16 shows the system performance in the case that the grid
voltages have the balanced sags of 70% which occur between
@ to (O in Fig. 16(a). During the fault duration, the generator
speed is increased to maintain the dc-link voltage constant as
shown in Fig. 16(b). Also, the grid, generator and turbine pow-
ers are illustrated in Fig. 16(c) and (d), respectively. Likewise,
the generator and turbine torques are shown in Fig. 16(e) and
(), respectively. Fig. 16(g) shows the power conversion coeffi-
cient, which is decreased from its maximum value for the fault
duration. The decrease of the power conversion coefficient is
significant since the turbine speed is much increased due to the
low inertia of the wind turbine simulator. Fig. 16(h) shows the
dc-link voltage response, where the maximum voltage variation
at the transient state is about 7%.

Fig. 17 shows the comparison of the responses for the two dc-
link voltage controllers: 1) for the conventional PI controllers,
kp = 0.235 and k; = 13.298, and 2) for the feedback lineariza-
tion method, k1 = 0.249 and k> = 1.408 (51,2 = —75 £ 550). It
is obvious that the proposed method gives faster response and
lower overshoot than the conventional PI controllers.

VII. CONCLUSION

This paper has proposed an LVRT strategy of the variable
speed wind turbine using PMSGs for the grid voltage sags.
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Fig. 17.  Performance of dc-link voltage control. (a) PI control. (b) Feedback

linearization.

In this method, the dc-link voltage control is performed by
the generator-side converter, not by the GSC which is usu-
ally used. A new dc-link voltage controller has been designed
and implemented using feedback linearization theory. The GSC
controls the grid power according to the MPPT strategy. For
unbalanced grid voltage conditions, the current control using
a double-frame controller has been applied for the positive-
and negative-sequence components. The validity of the control
algorithm has been verified by simulation results for a 2 MW
PMSG wind power system. Also, experimental verification has
been done for a 2.68 kW PMSG wind turbine simulator. The test
results have shown a good dc-link voltage control performances
for unbalanced grid voltage sags.

REFERENCES

[1] M. Chinchilla, S. Arnaltes, and J. C. Burgos, “Control of permanent-
magnet generators applied to variable-speed wind-energy systems con-
nected to the grid,” IEEE Trans. Energy Convers., vol. 21, no. 1, pp. 130-
135, Mar. 2006.



2384

[2]

[3]

[4]

(5]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

H. Polinder, F. F. A van der Pijl, and P. Tavner, “Comparison of direct-drive
and geared generator concepts for wind turbines,” [EEE Trans. Energy
Convers., vol. 21, no. 3, pp. 543-550, Sep. 2006.

F. Iov, A. D. Hansen, P. Sgrensen, and N. A. Cutululis, “Mapping of grid
faults and grid codes,” Risg Nat. Lab., Tech. Univ. Denmark, Roskilde,
Denmark, Tech. Rep. Risg-R-1617(EN), Jul. 2007.

C. Saniter and J. Janning, “Test bench for grid code simulations for multi-
MW wind turbines, design and control,” [EEE Trans. Power Electron.,
vol. 23, no. 4, pp. 1707-1715, Jul. 2008.

J.-H.Jeon, S.-K. Kim, C.-H. Cho, J.-B. Ahn, and E.-S. Kim, “Development
of simulator system for micro-grids with renewable energy sources,” J.
Electr. Eng. Technol., vol. 1, no. 4, pp. 409-413, Feb. 2006.

R. Pollin, H. G. Peltier, and H. Scharber, “Green recovery: A new
program to create good jobs and start building a low-carbon economy,”
Center for American Progress, Washington, DC, Sep. 2008. Available:

http://www.peri.umass.edu/fileadmin/pdf/other_publication_types/green_

economics/peri_report.pdf.

F. K. A. Lima, A. Luna, P. Rodriguez, E. H. Watanabe, and F. Blaabjerg,
“Rotor voltage dynamics in the doubly fed induction generator during grid
faults,” [EEE Trans. Power Electron., vol. 25, no. 1, pp. 118-130, Jan.
2010.

L. G. Meegahapola, T. Littler, and D. Flynn, “Decoupled-DFIG fault ride-
through strategy for enhanced stability performance during grid faults,”
IEEE Trans. Sustainable Energy, no. 3, pp. 152-162, Oct. 2010.

Q. Song and W. Liu, “Control of a cascade STATCOM with star con-
figuration under unbalanced conditions,” [EEE Trans. Power Electron.,
vol. 24, no. 1, pp. 45-58, Jan. 2009.

W.H.Zhang, S.-J. Lee, and M.-S. Choi, “Setting considerations of distance
relay for transmission line with STATCOM,” J. Electr. Eng. Technol.,
vol. 5, no. 4, pp. 522-529, Jul. 2010.

H. M. Pirouzy and M. T. Bina, “Modular multilevel converter based STAT-
COM topology suitable for medium-voltage unbalanced systems,” J.
Power Electron., vol. 10, no. 5, pp. 572-578, Sep. 2010.

G. Brando, A. Coccia, and R. Rizzo, “Control method of a braking chopper
to reduce voltage unbalance in a 3-level chopper,” in Proc. IEEE Int. Conf.
Ind. Technol., 2004, vol. 2, pp. 975-978.

J. E. Conroy and R. Watson, “Low-voltage ride-through of a full converter
wind turbine with permanent magnet generator,” [ET Renewable Power.
Generation, vol. 1, no. 3, pp. 182-189, Sep. 2007.

W. Li, C. Abbey, and G. Joos, “Control and performance of wind turbine
generators based on permanent magnet synchronous machines feeding a
diode rectifier,” in Proc. IEEE Power Electron. Spec. Conf., Jun., 2006,
pp. 1-6.

B. Singh, R. Saha, A. Chandra, and K. Al-Haddad, “Static synchronous
compensators (STATCOM): A review,” IET Power Electron., vol. 2,no. 4,
pp. 297-324, 2009.

A. D. Hansen and G. Michalke, “Multi-pole permanent magnet syn-
chronous generator wind turbines’ grid support capability in uninterrupted
operation during grid faults,” IET Renewable Power Generation, vol. 3,
no. 3, pp. 333-348, 2009.

X. Yuan, F. Wang, D. Boroyevich, Y. Li, and R. Burgos, “DC-link voltage
control of a full power converter for wind generator operating in weak-grid
systems,” [EEE Trans. Power Electron., vol. 24, no. 9, pp. 2178-2192,
Sep. 20009.

D.-C. Lee, G.-M. Lee, and K.-D. Lee, “DC-bus voltage control of three-
phase ac/dc PWM converters using feedback linearization,” IEEE Trans.
Ind. Appl., vol. 36, no. 3, pp. 826-833, May 2000.

D.-E. Kim and D.-C. Lee, “Feedback linearization control of three-phase
UPS inverter systems,” [EEE Trans. Ind. Electron., vol. 57, no. 3, pp. 963—
968, Mar. 2010.

K.-H. Kim, Y.-C. Jeung, D.-C. Lee, and H.-G. Kim, “Robust control of
PMSG wind turbine systems with back-to-back PWM converters,” in Proc.
IEEE Int. Symp. Power Electron. Distrib. Generation, 2010, pp. 433-437.
A. Miller, E. Muljadi, and D. S. Zinger, “A variable speed wind turbine
power control,” IEEE Trans. Energy Convers., vol. 12, no. 2, pp. 181-186,
Jun. 1997.

M. Singh and A. Chandra, “Application of adaptive network-based fuzzy
inference system for sensorless control of PMSG-based wind turbine with
nonlinear-load-compensation capabilities,” IEEE Trans. Power Electron.,
vol. 26, no. 1, pp. 165-175, Jan. 2011.

T. H. Nguyen, S.-H. Jang, H.-G. Park, and D.-C. Lee, “Sensorless control
of PM synchronous generators for micro wind turbines,” in Proc. IEEE
2nd Int. Power Energy Conf., Dec. 2008, pp. 936-941.

J. Dai, D. Xu, B. Wu, and N. R. Zargari, “Unified DC-link current control
for low-voltage ride-through in current-source-converter-based wind en-
ergy conversion systems,” IEEE Trans. Power Electron., vol. 26, no. 1,
pp. 288-297, Jan. 2011.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 5, MAY 2012

[25] G. Foo and M. F. Rahman, “Sensorless direct torque and flux-controlled
IPM synchronous motor drive at very low speed without signal injection,”
IEEE Trans. Power Electron., vol. 57, no. 1, pp. 395403, Jan. 2010.

[26] J.J.E. Slotine and W. Li, Applied Nonlinear Control. ~ Englewood Cliffs,
NJ: Prentice-Hall, 1991, pp. 207-271.

[27] G.-M. Lee, D.-C. Lee, and J.-K. Seok, “Control of series active power
filters compensating for source voltage unbalance and current harmonics,”
IEEE Trans. Ind. Appl., vol. 51, no. 1, pp. 132-139, Feb. 2004.

[28] H.-S. Song and K. Nam, “Dual current control scheme for PWM converter
under unbalanced input voltage conditions,” [IEEE Trans. Ind. Appl.,
vol. 46, no. 5, pp. 953-959, Oct. 1999.

[29] S.-K. Sul, Control of Electric Machine Drive System.  Piscataway, NJ:
IEEE Press, 2011.

[30] C.T.Chen,Linear System Theory and Design.  New York: Oxford Univ.
Press, 1999.

Ki-Hong Kim was born in 1982. He received the B.S.
and M.S. degrees in electrical engineering from Ye-
ungnam University, Gyeongsan, Korea, in 2008 and
2011, respectively.

He is currently with LG Electronics Inc., Chang-
won, Korea. His research interests include control
of power converters, renewable energy systems, and
motor drives.

Yoon-Cheul Jeung was born in 1985. He received
the B.S. degree in electrical engineering from Yeung-
nam University, Gyeongsan, Korea, in 2010, where
he is currently working toward the M.S. degree at the
Power Electronics and Machine Control Laboratory.
His research interests include control of power
converters, battery charger, and power quality.

Dong-Choon Lee (S’90-M’95) received the B.S.,
M.S., and Ph.D. degrees in electrical engineering
from Seoul National University, Seoul, Korea, in
1985, 1987, and 1993, respectively.

From 1997 to 1998, he was a Research Engineer
with Daewoo Heavy Industry. Since 1994, he has
been a faculty member in the Department of Electri-
cal Engineering, Yeungnam University, Gyeongbuk,
Korea, where he is currently a Full Professor. As
a Visiting Scholar, he joined Power Quality Labo-
ratory, Texas A&M University, College Station, in
1998, Electrical Drive Center, University of Nottingham, U.K., in 2001, and
Wisconsin Electric Machines & Power Electronic Consortium, University of
Wisconsin, Madison, in 2004. His research interests include ac machine drives,
control of power converters, wind power generation, and power quality.

Dr. Lee is serving as a Publication Editor for Journal of Power Electronics,
the Korean Institute of Power Electronics, Korea.

Heung-Geun Kim (S’82-M’85) was born in Korea
in 1956. He received the B.S., M.S., and Ph.D. de-
grees in electrical engineering from Seoul National
University, Seoul, Korea, in 1980, 1982, and 1988,
respectively.

Since 1984, he has been with the Department of
Electrical Engineering, Kyungpook National Univer-
sity, Daegu, Korea, where he is currently a Full Pro-
fessor and the Director of Microgrid Research Center.
From 1990 to 1991, he was a Visiting Scholar in the
Department of Electrical Engineering, the University
of Wisconsin-Madison, Madison. From 2006 to 2007, he served as a Visiting
Scholar in the Department of Electrical and Computer Engineering, Michigan
State University, East Lansing. His current research interests include control of
ac machines, photovoltaic power generation, and microgrid system.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


