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1. Introduction

Variable Speed Wind Turbines (VSWTs), as well-

Abstract. Wind Turbines (WTs) with Permanent Magnet Synchronous Generator
(PMSG) are mostly integrated into power systems as popular energy conversion systems.
From the Machine-Side Converter (MSC) structure point of view, there are two types
of PMSG-WTs: PMSG-WT with Voltage Source Converter (VSC) as the MSC; PMSG-
WT with boost converter-diode rectifier as the MSC. The focus in this paper is on the
control modification and dynamic and transient behavior improvement of PMSG-WTs
with boost converter-diode rectifier. In this way, inner control loop of the boost converter
current and outer control loop of generator speed are developed and extracted. Next, the
boost converter control loop is modified by adding two auxiliary control signals, known as
auxiliary damping signal and auxiliary compensation signal. The auxiliary damping signal
modifies the boost converter current and provides a damping torque for inhibition of W'T'
torsional oscillations. On the other hand, the auxiliary compensation signal, as the second
auxiliary signal, limits the dc-link overvoltage during the voltage dip and amends the WT
low-voltage ride through capability. By modifying the WT control through the second
auxiliary signal, the size, cost, and rated energy of the required dc chopper resistance are
reduced considerably.

(© 2022 Sharif University of Technology. All rights reserved.

WTs with Permanent Magnet Synchronous Generator
(PMSG) [2], WTs with wound rotor synchronous
generator [3], and WTs with Squirrel Cage Induction

known Wind Turbines (WTs) types, are mainly divided Generator (SCIG) [4]. WTs with PMSG are largely

into two categories [1]: WTs with partially rated con-
verters using Doubly Fed Induction Generator (DFIG)
and WTs with fully rated converters. Depending on
the generator type, there are three classes of WTs

used in wind power systems due to lower maintenance
cost, simple structure, enhanced power factor, and bet-
ter maximum power capability [5-9]. WTs with PMSG
are linked to the electric network through back-to-back

with fully rated converters in the wind power industry: Voltage Source Converters (VSCs), called Machine-
Side Converter (MSC) and Grid-Side Converter (GSC).

% Corresponding author. Tel.: +9831 55913469 From the MSC structure point of view, there are two
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MSC [10] and PMSG-WT with boost converter-diode
rectifier as the MSC [11]. Several research works have
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been done about the behavior analysis and control of
PMSG-WTs employing VSC as the MSC. However,
fewer publications have presented in-depth analytical
studies regarding the PMSG-WTs by employing boost
converter-diode rectifier as the MSC. Figure 1 depicts
the system under study in which a PMSG-WT linked
to the grid through boost converter-diode rectifier and
VSC.

This paper is a continuation of the previous paper
by Rahimi [11], where the pervious paper deals with the
stability analysis in PMSG-WTs using boost converter-
diode rectifier and examines the speed controller im-
pact on the WT stability. However, the focus of this
paper is on the control modification and dynamic and
transient behavior improvement of PMSG-WTs with
the boost converter-diode rectifier.

There are some papers [11-21] in the literature
regarding different aspects of PMSG-WTs employing
boost converter-diode rectifier. Rahimi [11] first dealt
with the modeling and control of PMSG-WT and then,
examined the effect of speed controller on the stability
of WT by modal and small signal stability analyses.
In [12-14], sensorless operation of small PMSG-WTs
with a diode rectifier in the maximum power mode was
discussed. In [12], the relation between the current
and voltage on the dc side and in the maximum power
mode was extracted and then, WT was controlled
for operation in the maximum power mode. Yu and
Liao [15] presented a maximum power mode algorithm,
known as incremental conductance algorithm, for small
PMSG WT supplying a dc load.

In [16], sliding mode control technique was em-
ployed and in [17,18], the model predictive control
approach was used for the control of PMSG-WT with
boost converter-diode rectifier. In [19], an active
power conditioner based on low power wind system
was presented in which a boost converter fed from
a PMSG was applied to battery charging. Studies
[20,21] dealt with the operation of PMSG-WT with
the boost converter-diode rectifier and energy storage
system in stand-alone applications. Also, in [22],
a sensorless control approach was presented for the
improvement of maximum power mode operation in
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PMSG-WT supplying a dc load via diode rectifier and
boost converter.

In this paper, indeed, the boost converter control
is modified in order to improve the damping of torsional
oscillations under wind speed variations and limit the
dc link overvoltage in voltage dip conditions.

In comparison with conventional power plants,
the shaft stiffness coefficient in WTs is relatively low
[23], which may result in torsional vibrations under
wind speed variations or grid fault conditions. Tor-
sional vibrations that appear on the shaft torsional
torque may result in fatigue and stress in the drive
train system. Usually, a two-mass model is used
for describing the drive train system in WT dynamic
studies.

Use of additional mechanical components
mounted on the drive train is a method for damping
improvement of torsional oscillations. However, it is
expensive and requires additional space on the shaft.
Using the ability of blade pitching and adjusting
the WT mechanical torque by the pitch control
system is an approach to suppressing the drive train
oscillations in PMSG-based WTs.  However, this
method reduces the WT output and requires system
pitch with faster dynamics. Several papers enhance
the damping of torsional vibrations by modifying
the MSC control system and via the generator speed
feedback [24-29]. The mentioned approaches mainly
function based on the generator speed feedback
by employing the band pass or high-pass filters.
However, the capability of these approaches is highly
dependent on the band/high pass filter parameters
and they may fail under uncertainty of the drive
train system. There are also several papers that
proposed other control approaches to damping of
torsional oscillations in WTs. Liu et al. [30] proposed
a damping and stiffness compensation control method
to suppress the torsional vibration based on roots
locus and bode graph. In [31], an adaptive fuzzy logic
control-based structure was proposed for damping of
torsional vibrations. In [32], a damping approach to
damping of torsional oscillations was proposed based
on feedback of the generator/turbine speed and shaft
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Figure 1. PMSG-WT linked to the grid via boost converter-diode rectifier and GSC.
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twist angle and employing band pass and notch filters.
In [33], damping of torsional oscillations in WTs was
investigated using the H, controller.

Further, there are some improved control ap-
proaches without band /high pass filters that have heen
proposed for PMSG WTs employing VSC as the MSC
[34-36]. However, there are fewer analytical works
regarding the WT control modification for improve-
ment of torsional oscillations damping and limiting
the dc link overvoltage under transient and dynamic
conditions in PMSG WTs assisted with the diode
rectifier-boost converter.

The main outlines of this section are as follows.
This research first presents the control structure of
PMSG-WTs assisted with the boost converter-diode
rectifier, in which the boost converter is used for con-
trolling the generator speed in the maximum operation
mode and the GSC is used for setting the dc-link to
a constant value. In this way, the relation between
the mean values of the boost converter current and
g-component stator current is extracted after which
the PMSG torque is expressed in terms of the boost-
converter current. Then, control loops of the generator
speed and boost converter current are extracted. Next,
as the main contribution, the boost converter control
loop is modified by adding two auxiliary control sig-
nals, known as auxiliary damping signal and auxiliary
compensation signal. The auxiliary damping signal
modifies the boost converter current and the PMSG
torque by the feedback of the generator and turbine
speeds. In addition, it provides a damping torque for
inhibition of WT torsional oscillations. On the other
hand, the second auxiliary signal, known as the auxil-
iary compensation signal, limits the dc link overvoltage
through the feedback of the dc-link voltage during the
voltage dips and enhances the WT LVRT ability. Upon
modifying the WT control through second auxiliary
signal, the size, cost, and rated energy of the required
dc chopper decrease considerably. At the end, the
WT performance with the modified control structure
is studied and simulation results are presented.

2. PMSG modeling

Figure 1 shows a grid-connected WT in which a surface-
mounted PMSG is connected to the grid via diode
rectifier-boost converter and GSC.

For a surface-mounted PMSG, the stator volt-
ages/fluxes in the rotating dq reference frame with the
angular speed of w,., are given as follows [10]:

dl/}sd
ey, 1)

Vsdqg = Rsisdq + jwrwsdq +

wsd = Lsisd + qppma stq = Lsiq~ (2)

where 1, v, and i denote the flux, voltage and current,

and subscript s stands for the stator variables. L,
and R, are the synchronous inductance and stator
resistance, respectively. 1, is the stator flux linkage
due to rotor permanent magnet and w, is the rotor
electrical speed. In steady state conditions, w, is equal
to the stator frequency, ws. Further, the generator
torque in a surface-mounted PMSG can be given as
follows:

3 .

T, = inp (wpmlsq) > (3)
where n, is the number of generator pole pairs. By
setting the stator flux derivative to zero in Eq. (1)
and using Eq. (2), the PMSG steady-state model is
achieved, as given in Eq. (4):

Usdq = Rsisdq + szisdq + jqu/)pma (4)

where jw, 1, in Eq. (4) is internal back-emf voltage
induced in the stator.

From Eq. (4), the equivalent circuit of each
PMSG phase in steady state conditions is obtained, as
depicted in Figure 2, where X; and R, are the stator
synchronous reactance and resistance, respectively.

The direction of the stator current in Figure 2 is
considered in the stator winding. E, in Figure 2 is the
back-emf voltage induced in the stator and is given by
Eg = jwrwpmn

If the inductor L; related to the boost converter
is selected to be sufficiently large, the boost converter
works in the Continuous Conduction Mode (CCM).
The boost converter current ;, see Figure 1, in the
CCM is continuously modeled as a dc current source at
the output of the diode rectifier, as depicted in Figure 3.

In Figure 3, E,y, E,, and E., are the three
phase back-emf voltages, V; is the rectifier output
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O

Figure 2. Equivalent circuit for one phase of PMSG.
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Figure 3. Equivalent circuit of the PMSG, diode rectifier,
and boost converter at the CCM in steady-state
conditions.
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voltage, and i, is the boost converter current. The
stator resistance is small compared to X, and thus,
in Figure 3, R; is neglected in order to simplify the
analysis. According to this study [37], the rectifier
average output voltage can be given as follows:

33 3

(2] |Eg| - }Xsiba (5)

™

where |E;| = w,y¥pm is the stator back-emf voltage.
In Eq. (5), the second term, (3/7)Xsi,, is the average
output voltage drop of the rectifier caused due to the
presence of synchronous reactance X,. It is noted that
the current commutation in the diode rectifier, due to
reactance X, is not instantaneous, resulting in rectifier
output voltage drop.

2.1. PMSG torque representation as a
function of boost converter current
According to Eq. (4) and Figure 2 and by neglecting
the stator resistance, the PMSG output active power
can be given by:
3

Ps = _iwrwpmisw (6)

Due to the nonlinear nature of the diode rectifier,
higher harmonics appear on the three-phase stator cur-
rents. In the synchronous reference frame, the stator
currents with the fundamental frequency appear as dc
components and other harmonics as ac ripples with
frequency of 6 wy (wp is the fundamental frequency).
The active power related to higher current harmonics is
negligible and thus, power transfer in Eq. (6) is done by
the fundamental component of the stator current and
consequently, by the average component of the g-axis
stator current, qu. Hence, the average output active
power of the PMSG is given by:

5 3 - 3 -
Py = ) |Eqltsq = _iw'r¢pmlsqv (7)

where the superscript - in Eq. (7) stands for average
value. According to Figure 3, the diode rectifier output
power is given as P; = wv4t,. Hence, by neglecting
the rectifier losses, the PMSG average output power
and the rectifier output power are identical and thus,
according to Eqs. (5) and (7), it is concluded that:

3= 33 3.,
=5 [Bglisg = (W |Eq| — WXst) ip- (8)
From Eq. (8), the relationship between the boost

converter current 7, and 7, is obtained. Using Eq. (8),
1, can be given as follows:

5\, | £/ (27/72) |E, 1P - (18/7) | E,| X.isg
6/ X,

p =

35 |5, &/ (27/72) | B,[* — (12/m) X.P,

- (6/7) X, - (9)
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Figure 4. Average values of the boost converter current
and g-component stator current at different wind speeds
for the study system.

From Eq. (9), there is a real solution for 4, if the
following constraint is satisfied:

2 —
[B,| 2 SV7X.P. (10)

Figure 4 shows the average values of the g-component
stator current fsq and boost converter current 7, in
response to the wind speed change from 6 to 12 m/s
for the study system with parameters of the Appendix.
According to Figure 4, at different wind speeds, the
values of |is,| and i, are relatively identical and thus,
for a wide operating range, we can write |is,| = .
Hence, according to Eq. (3), the PMSG torque as a
function of i, may be approximated by:

3

T. = _énp (Ypmis) - (11)

3. Average dynamic model and control of the
combined system

For the controller design and dynamic performance
analysis of the PMSG-WT, it is required to find
the PMSG model from the rectifier output point of
view. Considering Figure 1 and according to [38],
the PMSG and diode-rectifier can be modeled with
an appropriate equivalent dc circuit on the dec-side, as
depicted in Figure 5, in which uq. = (3v/3/7) |E,| =
(3v/3/7) wethpm, R = 2Rs + (3/m)X,, and L = 2L,.
Also, R, and L; are the resistance and inductance of
the boost converter inductor, and vg4. is the voltage
of the dc-link capacitor. According to Figure 4, the
rectifier output current can be controlled by changing
the duty cycle, d, of the switch SW. Assuming the CCM

L R R Lb Da (GSO)

Pt

- +
" )
Ude sw Vdcs J@

Figure 5. Simplified model of the PMSG-diode rectifier

connected to the boost converter.
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Figure 6. Boost converter average model in CCM mode.
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Figure 7. Boost converter current control loop.

operation for the boost converter, there are two states:
the first state corresponding to when the SW is on and
the second one associated to when the switch SW is
off. The average model of the PMSG-rectifier-boost
converter can be extracted, as depicted in Figure 6.

Considering Figure 6, the average representation
of the boost converter dynamics over a switching period
can be given as:

dlb+
LA
a

where d stands for the duty cycle of the switch, SW. It
is assumed that d = D+J7 lde = Idc+gdc7 uqg = Ug+1ty,
and vge = Vge + 94c, where ~ denotes the small signal
variation and the capital letter represents the variables
at the operating point. Considering Eq. (12), the small
signal from the boost converter dynamics is obtained
as:

uge = (R+ Ry) iy + (L + Ly) (1-d), (12)

di,

ot (R+ Ry) iy = dVyeo — #ac(1 — D)

(L + Ly)

+ge. (13)

According to Eq. (13) and by employing the PI
controller, PI,(s) = k, + k;/s, the following boost
converter current, control loop, depicted in Figure 7, is
achieved, where d as the control signal adjusts 7, to the
reference value.

In Figure 7, by using the pole-zero can-
cellation method, it is concluded that k,/k;
(R+ Ry)/(L+ Ly). Hence, by selecting k, = w; (L +
Ly), the transfer function from 4y_,.; to i, will be:

Zb(S) _
ib—ref($)
where w; is the closed-loop bandwidth of the boost

Wi
s+w;’

(14)

converter current control loop and w; = k,/(L + Ly).
Considering Eq. (11), there is a direct relation between
the generator torque 7, and boost converter current
p. Hence, the reference current 7, ,.; in Figure 7 is
assigned by the outer speed controller.

3.1. Speed control loop of PMSG

In this section, the PMSG speed is controlled in the
maximum power mode via the boost converter current
control. The two-mass representation is usually used
for modeling the WT drive train and is given by:

dw,_py

2H_(] dt — Le—pu + Tshfpuv (15)
df,
dth = Wb(wtfpu - W'rfpu)v (16)
dwi—py
2H,; w; 2 = thpu - Tshfpua (17)
t
Tshfpu = ksesh + Dtg(wtfpu - wrfpu)- (18)

In the two-mass model, a spring and a damper similar
to those in the flexible shaft model are considered
between the turbine low speed mass and generator high
speed mass. The subscript pu in Egs. (15)—(18) and
Figure 8 stands for per unit (pu), and w;_p, and w,_,y
are the speeds of the turbine and generator (in pu),
s, is the angle of the shaft twist (in rad), H, and
H, are the generator and turbine inertia constants (in
sec), respectively, ks is the shaft stiffness (in pu/elec.
rad), Dy is the damping coefficient of the shaft (in
pu), T._py and T;_,, are the generator and turbine
torques, respectively, (in pu), and Tsp—p, is the shaft
torque, (in pu). Figure 8 shows the speed control loop
of the PMSG-WT.

The term w;/(s + w;) in Figure 8 corresponds to
the boost converter current control loop and thus, the
boost converter reference current is obtained from the
outer speed controller.

4. WT performance improvement through
control system modification

In this section, the performance of the WT is enhanced
by modifying the WT control system. The modified
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Figure 8. Speed control loop of the PMSG-WT.

control system, in turn, enhances the damping of tor-
sional oscillations that appeared in the shaft torsional
torque, and it limits the dc-link voltage variations
under transient conditions. The above-mentioned
improvements are realized by adding auxiliary control
signals and updating the boost converter current refer-
ence, as are shown in Subsections 4.1 and 4.2.

4.1. Damping of shaft torsional torque
oscillations

Considering Eqgs. (15)—(18), the shaft torsional torque

dynamics, in terms of T._,, and T;_,,, may be given

as follows:

dQTShfpu Dtg dj:‘shfpu kswb =
D) + Tshfpu
dt 9H,, dt 2H,,

ko, (T, T.\ Dy d (T, T.
— Wh 71& S tg el 715 -2, (19)

> \H, H,) 2 dat\H H,

H,H,

where H., = "5, and symbol ~ denotes the small

variation around the operating point. According to
Eq. (19), the shaft torsional torque natural frequency,
wn, and damping ratio, £, are obtained as follows: w, =

kowp _ D4y 1 1
S and { = = Foon 31, In WTs, Dy, as the

shaft damping coefficient is relatively small resulting in
the low value of damping ratio £. Considering Eq. (19),
if the PMSG torque T, and the boost converter current

i, contain a component proportional to dTSh_pu/dt,

the damping of shaft torsional oscillations can be
actively increased. According to Egs. (16) and (18),

dTSh_pu/dt is given as follows:

de h—pu
dt

= kswb(dtfpu - CZ)Tf'pu)

d . -
+Dt9$(wt—pu — Wr_pu)- (20)
By neglecting Dyy, Eq. (20) can be approximated by:

deh—pu

dt = kswb(@t—pu _@r—pu)~ (21)

Hence, from Eq. (21), for damping enhancement of
shaft torsional oscillations, it is required that the
electromagnetic torque 7T, and the boost converter
current i, have a component proportional to (w; — w,.).
To this end, the reference of the boost converter
current is modified by adding an auxiliary damping
signal 7p1_que, as shown in Figure 9. Figure 9(a)
shows the modified boost converter current control
loop including the auxiliary damping signal 451 —que-
Also, Figure 9(b) shows the closed-loop generator
speed control system with the auxiliary damping signal.
Hence, when torsional oscillations in the generator
speed appear, the auxiliary signal tp1—guz, with the
same frequency of torsional oscillations, is generated
and thus, a damping torque reducing the shaft torque
oscillations is obtained.

4.2. Restriction of dc-link voltage variations
in transient states

In PMSG-based WTs, during the grid fault and voltage
dip, the output power injected to the grid drops down
and thus, the dc-link voltage may go over the allowable
range and damage the dc-link capacitor. To limit the
dc-link voltage variation under grid fault conditions,
we can modify the boost converter current ¢, ,s
by adding an auxiliary signal tp2_guz, as shown in
Figure 10. Figure 10(a) depicts the modified boost
converter current control loop comprising the auxiliary
compensation signal ip9_ 44, by alleviating the de-link
voltage overvoltage below 1.1Vy._,.; during the grid
voltage dips. Also, Figure 10(b) shows the closed-loop
generator speed control system with the second aux-
iliary compensation signal ip2_44.. In Figure 10, the
compensation gain Ko_ 4., converts the de-link voltage
variations into an auxiliary compensation signal, thus
reducing the dc-link voltage change under grid voltage
dip.

5. Simulation studies

In this section, the simulation results for the study
system are presented. The study system is given in
accordance with Figure 1 in which a grid-connected
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PMSG WT is connected to a 20 kV grid (with short-
circuit power of 20 MVA) via diode rectifier-boost
converter, GSC, related 690 V/20 kV transformer,
and 1 km transmission line. The system parameters
under study are given in Table A.1 in the Appendix.
Simulation results are done in MATLAB-Simulink
environment with the sampling period of 10 pusec
(sampling frequency of 100 kHz).

Figure 11 depicts d and ¢ components of the stator
current and boost converter current for the wind speeds
of 10 and 12 m/sec. As explained before, due to the
presence of the full bridge rectifier operating in the
CCM mode, the three-phase stator currents comprise
the fundamental frequency and harmonic components.
Hence, as depicted in Figure 11(a) and (b), 154 and i,
are not constant and contain ac harmonic ripples. The
mean value of 74, is responsible for energy conversion
and generator speed control. As shown in Figure 11(b),
the average values of i, for wind speeds of 10 and
12 m/sec are 2010 A and 2550 A, respectively. Also,
according to Figure 11(c), the average values of the
boost converter current 7, at wind speeds of 10 and 12
m/sec are 2000 A and 2550 A, which are approximately
identical to the average values of ¢,.

Figure 12 shows time responses of the GSC three
phase AC currents and GSC active and reactive powers
injected to the grid at a wind speed of 12 m/sec. It
is clear that at V,, = 12 m/sec, the amplitude of
the GSC currents is 0.98 pu and the active power is
P, = 0.98 pu. Furthermore, since the GSC is controlled
at unity power factor, the injected reactive power to
the grid is equal to zero Q4 = 0. Also, Figure 13 shows
GSC phase a current and corresponding FFT analysis.
According to FFT analysis of Figure 13, the THD of
the GSC current is 1.64%, and the magnitude of the
highest harmonic relative to fundamental component
is 0.8%. Table 1 shows current distortion limits for
systems rated at 120 V to 69 kV according to IEEE
standard-519. In the study system, the grid short-
circuit power at the connection point of the WT to the
grid is greater than 100 MVA. Since the rated power
the WT is 2 MW, the short-circuit ratio of the grid
at the connection point of the WT is more than 50.
According to Table 1, the allowable value of the THD
current at Is./I;, > 50 is 12% and thus, the WT THD
current meets the IEEE standard-519.

Figure 14 shows responses of the generator speed
and shaft torsional torque for the step change of the
wind speed from 10 m/sec to 12 m/sec. In Figure 14,
the damping action of the control system with the
proposed auxiliary damping signal is compared with
the capability of the one without the auxiliary damping
signal. According to Figure 14, after the wind speed
step change, torsional oscillations appear in Ty, and
w,, where in the case of the auxiliary damping signal,
these oscillations are damped faster.
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Figure 11. System time responses for the wind speeds of
10 and 12 m/sec: (a) d-component stator current, (b)
g-component stator current, (c) boost converter current,
and (d) mean values of dgq axes stator current.

In the following (in Figure 15), the performance
of the proposed damping approach in Figure 9 is
compared with that of the damping approach based on
the generator speed feedback. Considering Figure 15,
it is clear that the proposed active damping approach
is more effective than the approach based on the gener-
ator speed feedback in damping torsional oscillations.
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Table 1. Current distortion limits for systems rated at 120 V to 69 kV in line with IEEE standard-519.

Maximum harmonic current distortion in percentage of I

Individual harmonic order

I.c: Maximum short-circuit current at PCC

It,: Maximum demand load current (fundamental frequency component) at the PCC under

normal operating conditions

L)1 3<h<1l 11<h<17 17<h<23 23<h<35 35<h<50 THD
<20 4 2 1.5 0.6 0.3 5
20 < 50 7 3.5 2.5 1 0.5 8
50 < 100 10 4.5 15 0.7 12
100 < 1000 12 5.5 2 1 15
> 1000 15 7 2.5 1.4 20
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Figure 12. GSC time responses at a wind speed of 12
m/sec: (a) GSC three phase AC currents and (b) GSC

active and reactive power injected to the grid.

Figure 16 shows the time response of the dc-link
voltage once a 70% voltage dip with a duration of
100 msec is imposed on the grid. In Figure 16, the
effectiveness of the control system with the proposed
auxiliary compensation signal (proposed in Subsection
4.2) is compared with the capability of the one without
the auxiliary compensation signal. It is noted that the
dc-link voltage under normal steady state conditions is
1100 V. According to Figure 16, once the voltage dip is
imposed on the grid, the output active power injected
to the grid by the grid-side converter drops down,
resulting in overvoltage in the dc-link voltage. Ac-
cording to Figure 16, in the case without the auxiliary
compensation signal, the dc-link voltage reaches the

FFT window: 25 of 175 cycles of selected signal
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Figure 13. GSC phase a current and Fast Fourier
Transform (FFT) analysis with Total Harmonic Distortion
(THD) of 1.64%.

large value of 2200 V damaging the dc-link capacitor.
In the case with the auxiliary compensation signal,
the power imported to the dc-link from the stator
is reduced and thus, the peak of the dec-link voltage
is limited to 1350 V following the occurrence of the
voltage dip. Hence, by using the proposed method
in Figure 10, the change in the dc-link voltage due
to voltage dip decreases considerably. This, in turn,
enhances the LVRT behavior of the turbine generator.

Figure 17 shows the time responses of the system
under both wind speed variations and grid volatge
dip, with and without the proposed compensation
approaches. In the case of the proposed compensation
approaches, both auxiliary signals of Figures 9 and
10 are applied to the boost converter control in order
to damp torsional oscollations and limit the dc-link
over voltage. According to Figure 17, it is clear
that through the proposed compensation approaches,
torsional oscillations are well damped and dc-link over
voltage is limited below the threshold value.

Figure 18 shows the dc link voltage under 70%
single-phase volatge dip. According to Figure 18, the
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Figure 14. System responses due to step change of the

wind speed from 10 to 12: (a) Shaft torsional torque and
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Figure 15. Time responses of shaft torsional torque and
generator speed to a step change of the wind speed for two
different damping approaches (i.e., proposed damping
approach and damping approach based on the generator

speed feedback).
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Figure 16. dc-link voltage with and without the auxiliary

compensation signal under 70% grid voltage dip.
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Figure 17. Time responses of the system under both
wind speed variations and grid volatge dip, with and
without the proposed compensation approaches: (a) Shaft
torsional torque and (b) generator speed.

proposed compensation signal in Figure 10 limits the
dc-link voltage below 1300 V.

In the following, to limit the dc-link voltage
below the threshold value, a dc-chopper with a dump
resistor is employed in the dc-link part, as depicted in
Figure 19. The threshold value of the dc-link voltage is
considered to be 1.15 times the reference of the dc link
voltage, i.e., 1.15 x 1100 = 1210 V. Figure 20(a) shows
the dc-link voltage in the case without the auxiliary
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compensation signal, with and without the de-chopper.
It is clear that without the auxiliary compensation
signal and dc chopper, the dc-link voltage during the
fault reaches the high value of 2300 V. In this case, by
using the dc chopper, the dc link voltage is limited to
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1200 T

1000} .

DC-chopper current (A)
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Figure 21. Dc chopper current with and without
auxiliary damping.

1265 V by dissipating energy on the chopper resistance.
Also, Figure 20(b) shows the dc-link voltage in the case
of the auxiliary compensation signal, with and without
the dc-chopper. It is clear that in this case, the dc link
voltage is limited to a large extent by the auxiliary
damping signal and the dc chopper limits the dec link
voltage slightly.

Also, Figure 21 shows the dc chopper current for
the cases with and without the auxiliary compensation
signal. According to Figure 21, in the case without
the auxiliary compensation signal, the dc chopper
current during the fault is 1175 A, the dump resistor
is 1.1 Q, and 170.9 kj energy is dissipated on the dc
chopper resistance during the fault. On the other
hand, in the case of the auxiliary compensation signal,
the dc chopper current during the fault is 350 A;
the dump resistor is 3.5 ; and 55.4 kj energy is
dissipated on the dc chopper resistance during the
fault. Hence, in the case of the auxiliary compensation
signal, the energy dissipated on the dc chopper is much
less than the one in the case without the auxiliary
compensation signal. Therefore, by using the auxiliary
compensation approach, the size of the dc chopper and
the energy dissipated on the dump resistor are reduced
significantly.

6. Conclusion

This paper enhanced the dynamic performance of
the grid-connected PMSG-WT employing the boost
converter-diode rectifier as the machine side converter.
In this way, the boost converter control was modified
in order to improve the damping of torsional oscilla-
tions and limit the dc link overvoltage in voltage dip
conditions.

According to the obtained results, after the wind
speed step change, torsional oscillations appeared in
the responses of shaft torsional torque and generator
speed, where in the case of the auxiliary damping
signal, these oscillations were damped faster. It was
shown that by using the auxiliary compensation signal,
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change of the dc-link voltage due to voltage dip

decreased considerably and thus, the LVRT capability
of the Wind Turbine (WT) was enhanced significantly.
Further, it was demonstrated that in the case of the
auxiliary compensation signal, the energy dissipated on
the dc chopper was much lower than the one in the case
without the auxiliary compensation signal. Therefore,
by modifying the boost converter control and adding
the auxiliary control signals, the size of the dc chopper

and

the energy dissipated on the dump resistor were

reduced significantly.

Nomenclature

PMSG

Permanent Magnet Synchronous
Generator

WT Wind Turbine

MSC Machine Side Converter

Vsdg, Usdgs dg-components of the stator voltage,
current, and flux

Vsdq

R, Ls, Xs PMSG stator resistance, synchronous
inductance, and reactance

YVom PMSG stator flux linkage due to rotor
permanent magnet

Te,wr Generator torque and rotational speed

Va Diode rectifier output voltage

Ly Boost converter inductance

d Duty cycle of the boost converter
switch

w; Closed loop bandwidth of the boost
converter current

Ty, wy Turbine torque and rotational speed

Hy, H; Inertia constants related to turbine
and generator

DFIG Doubly Fed Induction Generator

GSC Grid Side Converter

E, Stator back-emf voltage

p Boost converter current

P, PMSG output active power

Ve GSC dc link voltage

Ton Shaft torsional torque
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Table A.1. System under study parameters.

Component Parameter Value
PMSG WT parameters Rated power 2 MW
Rated stator voltage 690 V
Rated frequency 50 Hz
Number of pole pairs 4
Ypm 0.95 pu
R 0.0087 pu
Le=1Lg= 1,4 0.14 pu
Hy, Hy 0.6 sec, 4 sec
Dy 1 pu
ks 0.6 pu/elec.rad
WT tansformer parameters Xovans 0.1 pu
690 V/20 kV
Boost converter parameters Ry, Ly 5, 2.5 mH
GSC parameters Dc link voltage V. 1100 V
Dc link capacitor Cg. 50 mF

GSC output LC filter Lr,Cr

0.15 pu, 0.07 pu

Appendix

Parameters of the 2 MW, 690 V, 50 Hz, PMSG-WT
are given in Table A.1.
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