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ABSTRACT

The aim of this paper is to improve the reactive power compensation and active filtering capability of
a Wind Energy Conversion System (WECS). The proposed algorithm is applied to a Doubly Fed Induction
Generator (DFIG) with a stator directly connected to the grid and a rotor connected to the grid through
a back-to-back AC-DC-AC PWM converter. The control strategy of the Rotor Side Converter (RSC) aims, at
first, to extract a maximum of power under fluctuating wind speed. Then, depending on the rate power
of the RSC, the power quality can be improved by compensating the reactive power and the grid
harmonics current due to nonlinear loads. Hence, the RSC is controlled in order to manage the WECS
function’s priorities, between production of the maximum active power captured from the wind, and
power quality improvement. The main goal of the proposed control strategy is to operate the RSC at its
full capacity, without any over-rating, in terms of reactive power compensation and active filtering
capability. Elsewhere, the Grid Side Converter (GSC) is controlled in such a way to guarantee a smooth DC
voltage and ensure sinusoidal current in the grid side. Simulation results show that the wind turbine can
operate at its optimum power point for a wide range of wind speed and power quality can be improved.
It has been shown also that the proposed strategy allows an operating full capacity of the RSC in terms of

reactive power compensation and active filtering.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Due to its clean and renewable nature, wind energy is becoming
one of the important renewable sources of energy in the world.
Through its collaboration with other renewable sources of energy,
such as solar energy, the world energy crises can be solved in the
future [1]. Comparatively with the past and due to the progressive
integration of the nonlinear loads in the grid, the principal role of
a WECS is not only to capture the maximum power from the wind
but, also, to improve the quality of power [1], Consequently, with
the development of the wind farms which are integrated in the
grid, power quality could be better improved in the future. Variable
speed wind generators are frequently used and are more attractive
than fixed-speed systems because of their efficient energy
production, improved power quality and dynamic performance
during grid faults. Recently, the most of the wind energy conversion
systems are equipped with a variable speed DFIG [2]. Many works
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are done about power generation and power quality improvement
using a WECS. In [1,2], Gaillard et al., have studied the grid reactive
power compensation and active filtering of the nonlinear loads
harmonics by controlling the RSC. In this work a selective pass band
filter is used to extract harmonic current components with taking
advantage of the high amplification effect of the RSC to mitigate
harmonic currents. In [3], a sensorless field oriented control of
a doubly fed induction electric alternator/active filter for WECS
capable of simultaneously capturing maximum variable wind
power and improving power quality by eliminating the most
significant and trouble-some harmonic currents of nonlinear loads
has been studied. In this contribution, reactive power compensa-
tion and over-rating of the RSC are not discussed. In [4], the GSC is
used as a shunt active filter in order to control the power factor and
ensure harmonics compensation. In [5], Jain et al. have used the
GSC as a shunt active filter in a stand-alone grid. In [6], the grid side
converter is actively controlled to feed generated power as well as
to supply the harmonics and reactive power demanded by the non-
linear load at the point of common coupling (PCC). In [7], Chen et al.
have studied reactive power and harmonic compensation schemes
including passive filters, active filters and hybrid compensation
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Nomenclature

v Wind speed (m/s)

Vg PCC voltage (V)

iy Rotor current (A)

ip Linear load current (A)

i Nonlinear load current (A)

ic Grid current (A)

Ws Stator flux (Wb)

Tem Electromagnetic torque (Nm)

TL Turbine torque (Nm)

Ps, Qs Stator active (W) and reactive (VAr) powers
Qpcc PCC reactive power (VAr)

L, Ly Stator and rotor per phase winding inductance (H)

M Magnetizing inductance (H)

Rs, Ry Stator and rotor per phase winding resistance (Q)
R Line resistance (Q)

Ly Line inductance (H)

C DC bus capacitor (F)

] Total inertia constant (DFIG and turbine) (kg m?)
f Total friction factor (DFIG and turbine) (Nm s)

Ws Synchronous angular speed (rd/s)

Wr Rotor angular speed (rd/s)

We Turbine speed (rd/s)
Qg DFIG speed (rd/s)

0 Gear box ratio

R Turbine radius (m)
P Pole pairs number

methods for a converter interfaced with permanent magnet
generator based variable speed wind turbine. In [8], Engelhardt
et al. have discussed the steady state reactive power loading
capability of DFIG based WECS by tacking into account the most
important physical phenomena restricting the reactive power
supply of DFIG-based wind turbine systems. In [9], Different
combinations of reactive power control of RSC and GSC are inves-
tigated for DFIG. In [10], Machmoum et al. have studied flicker
mitigation in a doubly fed induction generator for wind turbine
system based on RSC control. In general, the full capacity of the RSC,
in terms of active filtering, has not been exploited for different
operating conditions of the WECS.

In this paper, a control strategy is proposed to achieve the
filtering full capability of the RSC which is used to manage the
WECS function’s priorities, between production of the maximum
active power and power quality improvement. The top priority is
given to the active power production over power quality
improvement. Then, priority is given to power factor correction
over harmonics compensation. Finally, the filtering capability of the
RSC is exploited at its maximum (when it is needed) without any
over-rating by using a proposed procedure. Moreover, the GSC is
controlled in such a way to guarantee a smooth DC voltage by using
a fuzzy logic controller. A sinusoidal current is ensured between
GSC and the grid.

N, + MW
R, Ly P » Qs
IIIIII A Y Y\

2. Description and modelling of the wind energy conversion
system

The synoptic scheme of the studied system is shown in Fig. 1. It is
composed of a WECS, a linear load and a nonlinear load. These
elements are coupled together at the PCC.

2.1. Turbine model

The mechanical power captured by the turbine from the wind is
given by the following expression:

P = 2pep(0. )5 (1)

Where p is the air density, s is the area of the wind wheel (m?), v is
the wind speed (m/s), ¢, (4, @) is the power coefficient of the
turbine, 1 is the tip speed ratio and £ is the pitch angle.

The tip speed ratio is given by the following equation:

R(_L)t
v

2 (2)

Fig. 2 shows the variation of the power coefficient versus A for
a constant value of the pitch angle §. In the case of a variable speed

Ipabe ,
pave Lagging power

factor load

TURBINE

Ry

Ly

Non linear
load

Fig. 1. Synoptic scheme of the studied WECS.



380 M. Boutoubat et al. / Renewable Energy 50 (2016) 378—386

CPT
C

pmax

Aopt

Fig. 2. Power coefficient versus the tip speed.

WECS, one can let w; change with the variation of the wind speed v
in order to maintain A at its optimal value Aqp¢ (see Fig. 2), so that the
turbine blade can capture the maximum of the wind power.

2.2. Modelling of the DFIG with stator field orientation

The DFIG voltage and flux equations, expressed in the Park
reference frame, are given by [11]:

. dy,
Ugs = Rsigs + T;Is - C‘)S"I/qs

. dy

Ugs = Rsigs + ths + ws¥gs
dy (3)

Ugr = Rrigr + T{.jr — (s — wr)¥gr

. dy
Ugr = Ryigr + T;—,r + (s — 0r)¥qr
‘//ds = LSl:ds + Ml:dr
Vgs = Lsigs + Migr (4)
l//dr = Lrl_dr + Ml.ds
Yar = Lrigr + Migs

Moreover, the electromagnetic torque is given by:

Tem = 1.5 igs¥as — iasVas) (5)

Elsewhere, the mechanical dynamic equation is expressed as
follow:

dQ
Tem :]d—tg-Fng-i-TL (6)

The stator resistance of the DFIG is neglected and the stator flux
Y5 is set aligned with the d axis and assumed to be constant (it is the
case of a powerful and stable grid) [12].

Then, one can write Y45 = ¥s and ¥4s = 0. Consequently, Equa-
tions (3)—(5) become respectively in the steady state regime:

ug=0 (7.a)

Us = Ugs = Ws (7.b)

\l/s = Lsids JrIVIidr (8.2)

0 - Lsiqs +Miqr (S'b)
3 M, .

Tem = _ipL_sl//Slqr 9)

Hence, the rotor voltage equations can be written as follow [13]:

. M2\ di M2\,
Udr = erdr + (Lr — L—S) dt;'l-r — 8Wg (Lr — L—S) lqr

. M2\ di M2\ . Mu
Ugr = Rrigr + (Lr—L—) d—zr—f‘gws (Lr_L—) lgr +8 L s
s s s

Where u; is the stator voltage magnitude assumed to be constant
and g is the slip range.

Moreover, the stator active and reactive powers are expressed
by the following equations:

Ps:

N W

(udsids + quiqs) (1 1 )

3 . .
Q= 3 (ugsigs — Ugsigs) (12)

Equations (7.a), (7.b), (8.a) and (8.b) are used to rewrite the
stator active and reactive powers as follow:

3usM.
Ps - —z—zslqr (13)
3 us .
Qs = f@(us — Muwyig,) (14)

2.3. Rotor side converter control

In this work, the issues which need to be addressed by the RSC
control are:

-Capture of maximum energy from the wind (MPPT);
-Power quality improvement, through power factor enhance-
ment and harmonics current filtering.

2.3.1. Maximum power generation

From Equation (9), one can establish that the electromagnetic
torque can be controlled directly by acting on ig current compo-
nent. Then, the g-reference rotor current is given by:

2Lsws

iqrref = _WTemref ( 1 5)

From Equation (14), one can note that the stator reactive power
can be controlled by acting on ig. Then, the d-reference rotor
current is given by:

idrref = 3usM

2L [ 3u?
(ZLSOJS - eref (16)

To ensure the MPPT, a fuzzy logic speed controller (FLC) has
been used (see Fig. 3).

Furthermore, to extract a maximum of power from the wind, the
generator speed command is estimated by the following equation:

Qgref = 5%" (17)
With ¢ is the gear box ratio and Aopt is the optimum tip speed
ratio.

To control the RSC, the reference igqref (see Fig. 3) is derived from
the speed error e and its variation Ae by tuning the FLC. Also, to
control the reactive power to a desired value, a command current
igrrefis derived from Equation (16), as shown in Fig. 3. Elsewhere, to
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Fig. 3. Control scheme of the RSC for power generation and harmonic mitigation.

design the current control loops along the two axes, Equation (10)
was used. The cross coupling terms between the d-axis and g-axis
can be eliminated by a feed forward compensation. Thereby the
independent control of the d-axis and g-axis rotor currents is
realised by adding a PI regulator in the loop, as shown in Fig. 3.

2.3.2. Active filtering function

There are various methods that can be used to identify the
harmonic reference currents. These methods can be essentially
classified in two parts: the time domain and the frequency domain
[14—16]. There are also two possibilities to control the harmonics in
a selective way. On the one hand, the desired specific harmonic
currents are first selected and imposed to a current controller
having a large bandwidth, and on the other hand, a selective
current controller (resonant current controller or generalized
integrator) is directly used to regulate inherently specific harmonic
components [17—20]. The most classical method is called “instan-
taneous power p—q theory” [14] which can easily be extended to
selective harmonic current compensation. In our case, the instan-
taneous power theory is used as shown in Fig. 4. The resulting d—q
harmonic reference currents ijgp, ilgn are converted to their equiv-
alent reference rotor currents igrpref, igrnref Using Equations (8.a) and
(8.b). The resulting equations are:

For being compensated, the reference d—q harmonic rotor
currents must be taken by an opposite sign of igrpref, igriref- SO, the
resulting harmonic rotor current commands that must be added to
the active (igrref) and the reactive (igrref) rotor current commands are
given by (see Fig. 3):

. Ls.
ldrhref1 = Mlldh

L (19)
iqrhrefl = Msilqh

2.4. Power quality improvement

Due to the integration of nonlinear loads in the grid, the main
role of a WECS is not only to capture the maximum power from the
wind, but also to participate in power quality improvement.

2.4.1. Active and reactive power capabilities of the RSC

To avoid the over-rating of the RSC during its control for both
MPPT power generation and power quality improvement, it is
required to know its active and reactive powers capabilities. By
using Equations (13) And (14), the following expression, which
describes the RSC active and reactive powers limits, is easily

. L. obtained:
ldrhref = _Mlldh
(18) 2 2
: Ls. 2 3u2\ _ (3usM, 20
grhref = —p4ilah S @t ane,) — ot (20)
v v
Va v p ~ v igh
" a P >
< 4 N\ o [ i
V. :: of g P-0 - Calculation
i,L ivﬁ Caleul, LPF of i1 - iy . .
iu :’.abc [(xr altculus Q Q— N lwhk dq L > l/qh
I >
g V| B N 8
LPF

Fig. 4. Extraction of the harmonic components with instantaneous power algorithm.
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Fig. 5. Power limitations of the RSC.

Fig. 5 shows this equation which is a circle centred at the point C,
where I;; and Pg, are respectively the rated rotor current and the
rated stator power. The line AB represents the Ps-Qs limitations at
the nominal operating point (see Fig. 5).

2.4.2. Management of WECS function’s priorities

The capability of the RSC in terms of power is limited by its
nominal rotor current I,,. The first priority is given to active power
production over power quality improvement. Thus, the maximum
value of the available reactive rotor current to be used for reactive

power compensation and harmonic currents mitigation is calcu-
lated from the following equation [1]:

lgrmax = \/ I%n - lgrref (21)

In order to exploit the RSC at its maximum capability in terms of
power, it is proposed in this paper to express the total rotor current
commands for active power production, reactive power compen-
sation and harmonic mitigation by the following equations:

l:drtref = l:drref + KOI:drhrefl (22)
lgrtref = lgrref + Kﬂlqrhref]

Where, K is a positive gain which can vary between 0 and 1.
Then, the second priority is given to compensate the reactive
power over harmonic mitigation. Hence, one can write:

(a) First, if the reactive rotor command igyref verifies:

idrref|2 Tdrmax (23)

Then, the RSC operates at its full capacity in terms of power, and
only active power production and reactive power compensation are
practically possible (i.e. Ko = 0). And the total rotor current
commands are given by:

sign (idrref)ldrmax (24)
iqrtref = iqrref

idrtref =

(b) Second, if the reactive rotor current command igyref verifies:

‘idrref|< Idrmax (25)

1
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Fig. 6. Waveforms before and after compensation at t = 0.2 s: a) Grid current (i¢) (A) and PCC voltage (0.1V;) (V), b) Stator current (igs) (A) and PCC voltage (0.1V) (V), c) DC voltage (V).
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(ias) (A) and PCC voltage (0.1 Vi) (V), ¢) d-rotor current and its command, d) g-rotor current and its command, e) Grid current spectrum before compensation, f) Grid current

spectrum after compensation.
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Then there is a portion of reactive rotor current to be used for
harmonic filtering. Two cases can be studied:

(b.1) The first case occurs when we have:

2 2
. . . . 2
(ldrref + ldrhref]) +<lqrref + lqrhref]) < Irn (26)
In this case, the RSC can be used for both reactive power
compensation and total harmonic current filtering (i.e. Ko = 1)
without its over-rating. Consequently, the total rotor current
commands are expressed by the following equations:

l:drtref = l:drref + l:drhrefl

27
lqrtref = lqrref + lqrhrefl ( )
(b.2) The second case verifies:
. . 2 . . 2
(ldrref + ldrhref]) + (lqrref + lqrhref]) >I%n (28)

In this situation, the RSC can be used to compensate the total
reactive power and to filter a portion of harmonic currents without
its over-rating. To ovoid any over-rating of the converter, two
approaches can be investigated:

- In the first strategy, the harmonic filtering operation is omitted
(since the whole of the harmonic currents can’t be compen-
sated) and only the power factor improvement is considered,
i.e. the total d-q rotor current commands are expressed by

Equation (22) with Ky = 0 [1]. In this case, the RSC is not
operated at its full capacity in terms of active filtering.

- The second approach (which is proposed in this paper),
permits to exploit the RSC full capability in terms of power,
by filtering a portion of harmonic current without any
over-rating. For this purpose, it is proposed to determine an
appropriate gain Ko, (0 < Kom < 1) which verifies the
following equation:

. . 2 . . 2
(ldrref + KOmldrhrefl) + (lqrref + KOmlqrhrefl) = I?n (29)
The physical value of Ko, can be found by solving this second
order equation. As a result, the total rotor current commands are
expressed as follow:

l:drtref = l:drTef + KOml:drhrefl

30
lgrtref = lgrref JrKOmlqrhrefl (30)

In this case, the selective filtering approach can be used also (to
mitigate the most dominant low frequency harmonics currents) [1,3].

3. Simulation results and discussion

The proposed control strategy is applied to a WECS equipped
with a 7.5 kKW DFIG. The system parameters are given in the
appendix. The switching frequency of the RSC and the GSC is
chosen equal to 10 kHz. The performance of the WECS ancillary
services is studied under the nominal stator active power
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(Psp = 7.5 kW) for a nominal wind speed of 13.3 m/s. The total load
of the system is composed of a non-linear load (full bridge diode
rectifier) and a lagging linear load (R Lp) (see Fig. 1).

3.1. Reactive power compensation and harmonic mitigation in the
case of a non-saturated rotor current command

In this section, the reactive power compensation and harmonic
mitigation, without saturated rotor current commands, are studied.
The considered non-linear load, coupled at the PCC, has a harmonic
distortion ratio of about 29%, and the linear load reactive power to
be compensated is of 2 kVAr. Figs. 6 and 7 show the simulation
results. The first figure shows the currents waveforms and the DC
capacitor voltage, before and after compensation at t = 0.2 s. The
waveforms: grid current (ig), PCC voltage (V) and stator current
(igs) show clearly the performance of the proposed strategy in terms
of power quality improvement. After compensation and as can be
remarked in Fig. 6(a), the grid current is in phase opposition
(generator mode) with the PCC voltage, Hence a unity power factor
has been achieved at the PCC. The DC capacitor voltage is main-
tained constant practically at its command value of 700 V, by the
control of the GSC as shown in Fig. 6(c). During active filtering
operation, one can notice small oscillations of Vg at a frequency of
300 Hz. However, these oscillations do not affect the DC bus
stability. As shown in Fig. 7(a—b), the grid current spectrum, before
and after active filtering, prove the enhancement of the grid current
THD which is reduced from about 9% to 4.7%. Consequently, the
RMS of the 5th and the 7th harmonic components have been
reduced from about 0.71 A to 0.2 A and from 0.46 A to 0.37 A
respectively. Moreover, the instantaneous d—q rotor currents track
adequately their references (see Fig. 7(c—d)), in this case of
maximum active power production, reactive power compensation
and harmonic currents filtering.

a
10
THD=12.8%
5 L
0 5 10 15 20 25
Rank
C
10
THD=12.4%
5 L
O - - - -
0 5 10 15 20 25
Rank

3.2. Reactive power compensation and harmonic filtering in the
case of a saturated rotor current command

As has been seen previously (see Section 2.4.2), the rotor current
command limit could be reached due to the reactive power current
command or to the harmonic current command. Those two situa-
tions of saturated rotor current command are studied in the
following sections.

3.2.1. Case of a saturated rotor current command due to reactive
power compensation

For the rated active power (Psy), the maximum value of the
reactive power which can be compensated by the DFIG, is about
5 kVAr (point B in Fig. 5). To be under the condition of the saturated
rotor current command, one can choose a linear load of a reactive
power of about 9.5 kVAr and a non-linear load as that of Section 3.1.
Fig. 8 illustrates the obtained simulation results before and after
compensation at t = 0.2 s. After compensation, the total rotor

2 2 _
current commands are saturated (ﬂ/zdmef-i-lqrtref = 30A) (see

Fig. 8(c—d)) for only active power production and reactive power
compensation. In this situation, the RSC operates at its full capacity,
and therefore no harmonic currents filtering can be achieved
without the converter over-rating. Moreover, only 5 kVAr from
9.5 kVAr of reactive power has been compensated. Consequently,
the power factor is improved from about 0.37 to 0.63. Elsewhere,
from the grid current spectrum, shown by Fig. 8(e—f), it has been
deduced that the THD of the grid current is increased from about
6.2% to 10.4%. In fact, a portion of reactive power has been
compensated without harmonic filtering, so that the fundamental
value of the grid current decreased, and thus the THD increased.
Note that, in this case, the RMS of the 5th and the 7th harmonic
components has remained practically the same, before and after
compensation, as can be seen in Fig. 8(e—f).

b
10
THD=18.28%
5 L]
0 H_m T -
0 5 10 15 20 25
Rank
d
10
THD=10.33%
5 [
0 | o el - _—
0 5 10 15 20 25
Rank

Fig. 10. Grid current spectrum before and after compensation at t = 0.2 s under harmonic saturated rotor current command, a) Spectrum before compensation, b) spectrum after
reactive power compensation only, ¢) spectrum after compensation using the first strategy, d) Spectrum after compensation using the second strategy.
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3.2.2. Case of a saturated rotor current command due to harmonic
filtering

To show the effectiveness of the proposed strategy which
permits to exploit the full capability of the RSC in terms of active
filtering, it has been chosen to compensate a reactive power of
about 4.5 kVAr and to filter the harmonic currents of the same non-
linear load of Section 3.1. In this case, the RSC can compensate the
total reactive power because it is less than its upper limit (5 KVAr).
So, a portion of 0.5 kVAr is available and can be used for active
filtering. This quota of reactive power is not enough to compensate
the whole harmonic currents without RSC over-rating. In this
situation, as has been detailed previously (see Section 2.4.2), two
approaches have been investigated.

Figs. 9 and 10 show the obtained simulation results, before and
after compensation, in the two cases a) and b) of Section 2.4.2
respectively. By comparison of the d—q rotor current components
of the two strategies (see Fig. 9(a—d)), one can note, when the
whole harmonic current can’t be compensated, that the total d—q
rotor current commands are limited to (igrtref = igrrer = 23.24 A,
igrtref = lgrref = 17.59 A) during about 0.2 ms, for the first strategy.
During this time, the harmonic currents compensation has not
been fully achieved and the full capacity of the converter has not
been completely exploited. In the case of the second strategy, and
during the same time, the d—q rotor current commands are not
constant and vary between 24.17 A and 24.47 A for igyres and
between 17.85 A and 17.36 A for igrer. And the optimum gain Ko,
varies between 0.99 and 0.38, so that to keep the instantaneous
rotor current lower than its rated value (I, = 30 A) as shown in
Fig. 9(e—f) and any over-rating of the RSC has been happened.
During this time, the full capability, in terms of active filtering, of
the RSC has achieved without RSC over-rating.

Consequently, the grid current THD has been reduced from
12.8% to 12.4% and from 12.8% to 10.33% by applying the first and
the second strategy respectively (see Fig. 10(a,c and d)). It is to be
noted also that the grid current THD, in the case of simple reac-
tive power compensation, is about 18.28% (see Fig. 10(b)). A
comparison of the two strategies current THD shows that an
important improvement, in terms of harmonic mitigation, is
achieved by using the second strategy. In fact, the enhancement
of the grid current THD is about 0.4% for the first strategy and
2.5% for the second. The significance and effectiveness of the
proposed control strategy appears when the compensation of
reactive power and active filtering are carried out by a set of wind
park generators.

4. Conclusion

In this paper, a novel approach has been proposed to manage
and improve the quality of the grid power using a WECS equipped
by a DFIG. The RSC is controlled in such a way to manage between
production of maximum active power and power quality
improvement without any over-rating. The proposed priority
control block gives top priority to active power production than
power quality, and reactive power compensation has priority than
active filtering. After active power production and power factor
correction, the capability of the RSC is fully exploited for active
filtering, without its over-rating; by the calculation of an appro-
priate portion of rotor current commands in such a way to ensure
a better filtering quality and keep the RSC current under its rated
value. Simulation results prove the effectiveness of the proposed
approach. A selective filter can be used to compensate only the fifth
and seventh most dominant harmonic currents, and guarantee
a maximum capability of the RSC, in terms of active filtering, in the
same way.

Appendix
Turbine parameters
Power (kW) 10
Number of blades 3
Turbine radius, R (m) 3
Gear box ratio 8
DFIG parameters
Power (kW) 7.5
Stator resistance, Ry (Q) 0.455
Rotor resistance, R, (Q) 0.62
Stator phase inductance, Ls (H) 0.084
Rotor phase inductance, L, (H) 0.081
Magnetizing inductance, M (H) 0.078
Generator inertia, J (kg m?) 0.3125
Friction factor, f(N m s) 0.00673
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