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Doubly Fed Induction Generator System
Resonance Active Damping through Stator
Virtual Impedance

Yipeng Song, Member, IEEE, Xiongfei Wang, Member, IEEE
and Frede Blaabjerg, Fellow Member, IEEE

Abstract— The penetration of wind power has been
increasing in the past few decades all over the world.
Under certain non-ideal situations where the wind power
generation system is connected to the weak grid, the
Doubly Fed Induction Generator (DFIG) based wind power
generation system may suffer High Frequency Resonance
(HFR) due to the impedance interaction between the DFIG
system and the weak grid network whose impedance is
comparative large. Thus, it is important to implement an
active damping for the HFR in order to ensure a safe and
reliable operation of both the DFIG system and the grid
connected converters/loads. This paper analyzes and
explains first the HFR phenomenon between the DFIG
system and a parallel compensated weak network (series
RL + shunt C). Then on the basis of the DFIG system
impedance modeling, an active damping control strategy
is introduced by inserting a virtual impedance (positive
capacitor or negative inductor) into the stator branch
through stator current feedforward control. The
effectiveness of the DFIG system active damping control
is verified by a 7.5 kW experimental down-scaled DFIG
system, and simulation results of a commercial 2 MW
DFIG system is provided as well.

Index Terms— DFIG system impedance, high frequency
resonance damping, virtual impedance.

I. INTRODUCTION

HE renewable power generation has been under

continuous  development, and the large scale
implementation of renewable power generation has been
increasing in recent years, with the wind energy and solar
energy as the leading technologies [1]-[4]. Many renewable
power generation units are connected to the offshore grid or
distributed networks, which are small power scale weak
networks with comparatively large impedance. As a result, the
large number of renewable power generation units may also
bring up problems of impedance interaction between the large
impedance of weak power network and the impedance of the
renewable power generation unit.
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For instance, for the radial connection of a typical wind
farm configuration where a series compensated capacitor is
widely adopted, the Doubly Fed Induction Generator (DFIG)
system may suffer Sub-Synchronous Resonance (SSR) [5]-
[11] because of the impedance interaction between the DFIG
system and the series compensated network. The harmonic
linearization method is employed to obtain the positive and
negative impedance of the DFIG system in [5]-[7], the
influences of PI controller parameters in the rotor current
closed-loop control and phase locked loop control are studied
concerning the SSR, and the DFIG SSR under different rotor
speeds is also investigated. A virtual resistance is inserted to
achieve damping of the SSR in [5]. Moreover, the equivalent
circuit/impedance modeling of the entire DFIG system and
series compensated weak grid network are reported in [8], and
the conclusion is that the main reason of the SSR phenomena
is the interaction between the electric network and the
converter controller. A Thyristor-Controlled Series Capacitor
(TCSC) is developed in [9] to flexibly adjust the series
compensated capacitance in order to avoid the potential SSR.
Furthermore, the SSR is also explained from the perspective
of the Nyquist stability criterion in [10]. The design of an
auxiliary SSR damping controller and the selection of the
control signals in the DFIG converters are explored in [11] in
order to effectively mitigate the SSR.

Then, it can be found from the above research that the
DFIG system SSR phenomenon has been well analyzed based
on the DFIG system impedance modeling results. Therefore
when the DFIG is connected to a parallel compensated weak
grid, the DFIG system High Frequency Resonance (HFR) may
occur and can be similarly analyzed based on the same DFIG
system impedance modeling results. The detailed theoretical
discussion is conducted in the following parts.

Moreover, for the LCL filter based grid connected
converter, the HFR is also likely to interact between the
capacitor filter in LCL filter and the equivalent inductor in the
weak network. For the purpose of eliminating the HFR,
several effective resonance active damping strategies for the
grid connected converter have been reported in [12]-[21]. The
active damping of the HFR as well as harmonic distortion
mitigation in the grid-connected converter is well investigated.
The grid current feedback control in [12] is equivalent to
adding a virtual impedance across the grid-side inductance,
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and it can be represented by a series RL branch in parallel with
a negative inductance. The converter with series LC filter,
instead of the traditional LCL filter, is studied to achieve the
active damping in [13]. A virtual RC impedance is introduced
in [15]-[16], i.e., the positive resistance to achieve better
damping of harmonic resonance; while the negative
inductance to achieve better mitigation of the harmonic
distortion by reducing the grid side inductor. For the multi-
converter situation, their respective contribution to the
harmonic stability of the power system is predicted through
the Nyquist diagrams in [17]. The potential oscillations and
resonance propagation in the parallel grid-connected
converters are mitigated by dynamically reshaping the grid
impedance profile seen from the Point of Common Coupling
(PCC) [18]. The unknown resonance frequency is first
identified by a cascaded adaptive notch filter structure in [19],
and then the active damping can be implemented based on the
detected resonance frequency. An overview of the virtual
impedance based active damping strategy for the grid-
connected voltage source and current source converters are
summarized in [20], and several alternative methods of
implementing the virtual impedance are concluded.
Importantly, the interaction coupling between two converters
connected to the same PCC or different point of coupling via
non-ideal grid is discussed in [21], and also the bifurcation
boundaries are derived.

Therefore it can be found that the active damping strategy
for the grid connected converter can be modified and adopted
to mitigate the HFR in the DFIG system with the
implementation of a virtual impedance. The detailed
discussion of the DFIG system active damping with virtual
impedance will be conducted in following sections.

Thus it is clear that the active damping of HFR requires
significant considerations for the DFIG system connected to
the parallel compensated weak network. Note that since the
series RL weak network and the series compensated weak
network (RLC in series) both behave as inductive units in the
high frequency range, the HFR is not possible to happen due
to the inductive character of the DFIG system, and in this
paper the parallel compensated network (series RL + shunt C)
is taken into consideration as the weak network configuration.
It needs to be pointed out that the shunt (parallel) capacitors
are commonly used as static reactive power compensation
with the purpose to achieve a high power factor [1]-[3] in the
weak network such as micro-grid and standalone network,
where the wind power generation system is likely to be
applied; besides, the other various renewable power
generation units and loads may also behave capacitive seen
from PCC. Furthermore, under the circumstances of a cable
based weak network, the parasitic capacitance between the
transmission cables and grounds [4] is also inevitable, and can
vary greatly in practical situation. Thus it is believed that the
presence of shunt (parallel) capacitors is reasonable for the
discussion topic of this paper. Moreover, the shunt capacitance
may vary in a large extent due to several renewable power
generation units and various loads which can be connected and
disconnected frequently. Thus in certain circumstances, the

shunt capacitor in the parallel compensated weak network will
unfortunately cause HFR in the DFIG system.

This paper is organized as follows: The impedance
modeling of the DFIG machine and Rotor Side Converter
(RSC), together with the impedance modeling of Grid Side
Converter (GSC) and LCL filter, are established first as
foundation for analysis, then the overall DFIG system
impedance can be deduced in Section Il. The HFR between
the DFIG system and the parallel compensated weak network
(series RL + shunt C) is analyzed in Section I1l. The proposed
active damping strategy in the DFIG stator branch with the
introduction of the positive capacitor or the negative inductor
as virtual impedance is illustrated in detail in Section IV. The
HFR and the proposed active damping strategy are both
validated by simulation results of a 2 MW commercial DFIG
system in Section V and experimental results of a 7.5 kW
down-scaled DFIG system in Section VI. Finally, the
conclusions are given in Section VII.

Il. DFIG SYSTEM IMPEDANCE MODELING

The DFIG system impedance modeling has been well
established in [5]-[11]. However since the impedance
modeling serves as a foundation for the HFR analysis and the
proposed active damping strategy, the DFIG system
impedance modeling still needs to be described here. Note
that, as the LCL filter has better switching harmonics filtering
performance than the L filter, the LCL filter [5]-[11] is
adopted in this paper. Besides, the mutual inductance, as well
as the digital control delay of 1.5 sampling period [7] caused
by the voltage/current sampling and the PWM update, are
taken into consideration in the impedance modeling.

A.General description of the investigated DFIG system

Fig. 1 shows the configuration diagram of a DFIG system
and parallel compensated weak network. As it can be seen, the
Rotor Side Converter (RSC) controls the rotor voltage to
implement the DFIG machine stator output active and reactive
power, the Grid Side Converter (GSC) is responsible for
providing a stable dc-link voltage for the RSC, and unlike the
previous works [6]-[9] adopting an L filter, the GSC in this
paper adopts an LCL filter due to better filtering performance
for the switching harmonics, and it is also frequently used in
practice.

The three winding transformer is employed to increase the
voltage level of both DFIG stator winding and the grid side
LCL filter up to a higher voltage level of the PCC. Note that
the transformer in the practical applications are always used to
change the voltage level, therefore the transformer can be
presented as a constant coefficient during the impedance
modeling process. For the purpose of explanation simplicity,
the transformer is neglected in the DFIG system impedance
modeling in the following discussion.

The configuration of parallel compensated network
configurations (series RL + shunt C) is adopted as the weak
network in the following discussion.

It needs to be pointed out that the impedance modeling in
this paper is built in the stationary reference frame, while the
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current controllers in the RSC and GSC are both implemented
in the synchronous reference frame, therefore the reference
frame rotation is as shown in Fig. 1, which will be presented

Rotation

in the impedance modeling results in the following
discussions. The control delay caused by the AD sample and
PWM update is also inevitable and will be considered too.

Three-winding

4
[}

| 0

" from stationary to AD sample in
i![ RSC PI Control || synchronous frame || stationary frame
1| in synchronous

ul  reference Rotation IGBT gate

H from synchranous PWM signal

to stationary frame
' Rotation ! I-_

T TTT TS TS m s - \\l
Rotor Side Converter %: Wind Turbine
1 |
|
TaT .
|
|

h
}
I
}
| _1_Transformer
Vpcc

Series RL+ Shunt C
weak network

from stationary to AD sample in
GSC PI Control | synchronous frame || stationary frame
in synchronous

[
: ICLNET Rner S

| ;; NET
High Frequenc)'\z. ............

reference Rotation IGBT gate L¢ :E/ Lg -
from synchr(%nous PWM signal fL— C Resonance NET
to stationary frame Grid Side Converter ; f ZsysTEM

Fig. 1. Configuration diagram of the DFIG system and the parallel compensated weak network, RSC: Rotor Side Converter, GSC: Grid Side

Converter

B.GSC and LCL filter impedance modeling

The grid part of the DFIG system contains the GSC and the
LCL filter, thus based on [8], the impedance modeling of GSC
and LCL filter can be presented as shown in Fig. 2, where
G¢(s-jawg) is the Pl current controller containing the
proportional part Ky and the integral part Kig/(S-jewo). The
parameters of Kpgs: and Kigs: can be found in Table 1. Gy(s-jwo)
is the digital control delay of 1.5 sampling period. Note that
wy is the grid network fundamental component angular speed
of 1007w rad/s. The introduction of wq is due to the reference
frame rotation from stationary frame (where the impedance
modeling is built) to the synchronous frame (where the PI
closed-loop current control is implemented) as it can be
observed from Fig. 1.

Normally, the GSC control has an outer control loop of the
dc-link voltage. However, since the dc-link voltage has much
longer time constant and slower dynamic response, in this
paper the dc-link voltage control loop in the GSC is neglected.
The grid synchronization is also neglected in RSC and GSC
control for the similar reason of slower dynamic response.

iLg

GSC current 5

closed-loop control

Ve

: Vpce

Zgse =G (s— ja,)
*Gy(s— jay)

LCL Filter

iEch(s = ja,)Gy(s — ja)

Fig. 2.
filter

Impedance modeling of Grid Side Converter (GSC) and LCL

Thus, as given in Fig. 2, the GSC current closed-loop
control is modeled as one voltage source i;/G(S-jwo)Gu(S-jwo)
in series connection with one impedance Zgsc = Gg(s-
J©0)Gq(S7j@0).

According to the impedance theory, the impedance of the
GSC and LCL filter seen from the PCC can be obtained by
setting the voltage source to zero. As a result the impedance of
the DFIG grid side (including GSC and LCL filter) Zg can be
deduced as,

Z (ZLf +Zssc ) +Z, (ZLf +Zssc ) +ZZ,
Zes + (Zu +Zssc )
where, Zgsc = Ge(S7wo)Ga(S-wo), Zcr = 1/sCy, Zis = sk, Zg =
sLg. Lt, Lg and C; are the LCL filters.
C.RSC and machine impedance modeling

Based on [8], the impedance modeling of the RSC and
DFIG machine can be obtained as shown in Fig. 3.
RSC current i i

z

G

o))

Is

V
closed-loop control =X  Pee
Zoe Islip  TRslip Lor :
=G, (s— jay) i iPCC
*Gg (s—jm,) i Ti L H
Islip AT :
) o | DFIG machine (:?
iiG (s — jay)Gy(s— ) '

Fig. 3. Impedance modeling of Rotor Side Converter (RSC) and DFIG
machine

By setting the rotor control voltage source to zero, the
impedance of RSC and DFIG machine seen from the PCC can
be obtained as,

. _Z,H +(R+Z )H+Z, (R +Z.,) )
R Z, +H

where H = (R, + Zgsc)/slip + Z;55 Zrsc = Ge(S-@w0)Gqy(S-jwo);
Zim =Skm; Zror = SLoy Z1ss = SL,s. Rs and R, are stator and rotor
resistance, L, L, are L, the mutual inductance, stator and
rotor leakage inductance.

It needs to be noted that the rotor current control and output
voltage are both generated in the rotor stationary reference
frame and they need to be rotated back to the stationary frame
by the slip angular speed expressed as [5]-[7],

slip=(s— j&,)/s
where, w, is the rotor electric angular speed.

@)

D.DFIG system impedance

As analyzed above, the RSC and DFIG machine, together
with the GSC and LCL filter, are connected in parallel to the
PCC. Thus the DFIG system impedance is derived based on
(1) and (2) as,
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Z.Z
G™SR (4)
Zo+2Zy
Bode diagrams of an experimental small scale DFIG system
and a commercial (simulated) large scale DFIG system are

plotted in Fig. 4(a) and 4(b), with the parameters given in
Table | and Table II.

z

SYSTEM —

TABLE |
PARAMETERS OF SMALL SCALE DFIG SYSTEM

Rated Power 7500 W Voltage Level 400 V
L, 7mH Lt 11 mH
Ci 6.6 UF L 79.3mH
Los 3.44 mH Lo 5.16 mH
Rs 0.44 Q Ry 0.64 Q
Kprse 8 Kirse 16
Kpgsc 8 Kigsc 16
fsw 5 kHz Ts 100 us
TABLE I
PARAMETERS OF LARGE SCALE DFIG SYSTEM
Rated Power 2 MW Voltage Level 690 V
L, 125 uH Lt 125 pH
C 220 pF L 3mH
Los 0.04 mH L, 0.06 mH
Rs 0.0015 Q Ry 0.0016
Koprsc 0.2 Kirse 2
Kpgse 0.05 Kigse 2
fsw 2.5 kHz Ts 200 ps

As it can be observed from Fig. 4(a), for the small scale
DFIG system, the Zsz mainly behaves as an inductive unit at
the higher frequency range (e.g. above 500 Hz), having a
phase response about 90°. For the Zg, the magnitude response
has a peak around 620 Hz and one concave around 966 Hz
caused by the LCL filter. The DFIG system impedance Zsystem
has similar magnitude and phase response as the Zg. However,
due to the involvement of Zg, the Zsystem mMagnitude peak
shifts from 620 Hz to 803 Hz, and the phase response within
the range of 803 Hz to 966 Hz is also lifted up which is
helpful to avoid the HFR (will be explained in the following
sections).

On the other hand, the Bode diagram of large scale DFIG
system is shown in Fig. 4(b). Since the large scale DFIG
system parameters in Table 1l are much smaller than the small
scale DFIG system in Table I, the integral part of PI controller
Kigse/(S-jwo), which can be considered as a virtual capacitance,
results in the phase response of Zg varying between 90° and
270° at the frequency range of 900 Hz to 1400 Hz; while the
Zsr remain inductive with phase response of 90° in the entire
frequency range. As a result, the DFIG system impedance
Zsystem has similar shaping as Zg, i.e., phase varying from 90°
and 270° from 1100 Hz to 1400 Hz, while the phase response
is 90° in the frequency range higher than 1400 Hz. This
indicates that the interaction between the inductance part of
DFIG system and parallel compensated weak network will
produce the HFR. The theoretical analysis and simulation
results will be given in following.

@ 50 Small scale DFIG syst(in)
S L I ——
E 30
=
&
=10 ZsysTEM
@
L9 ¥V —_—
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@
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% 20 S\
E N -
S 0 — k- e N
> 20 \/
Zg Zsgp Zsystem
@ 270 \
o ’/ Y
(o)) |
S 180 ;
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£ 90 — —~
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(b)
Fig. 4. Bode diagram of (a) the experimental small scale DFIG system
(7.5 kW); (b) the simulated large scale DFIG system (2 MW)

1. HFR BETWEEN DFIG SYSTEM AND PARALLEL
COMPENSATED NETWORK

As shown in Fig. 4, the DFIG system behaves inductive
with the phase response of 90° at high frequency. Thus in
order to allow the HFR to happen, the weak network should
behave capacitive with the phase response of -90° at the high
frequency, then a phase difference of 180° between DFIG
system and weak network will be produced, and the HFR
occurs consequently. Therefore, the following discussion on
the HFR between the DFIG system and weak network will be
conducted on the assumption of parallel compensated weak
network, i.e., series RL+ shunt C network.

For the case of series RL network which behaves inductive
within the entire frequency range, it is impossible to make the
HFR to occur. For a series compensated network, i.e., series
RLC network in [5]-[11], its phase response at high frequency
is identical to the case of series RL network, which will not be
described in details here.

The impedance of the series RL and shunt C network can be
presented as,

(SLNET + RNET )/SCNET (5)
SLNET + RNET +]/SCNET
where, Ryer and Lyer are the network series resistor and
inductor, Cyer is the network shunt capacitor.

Rewriting the impedance of series RL and shunt C network
to the following based on (5),

ZNETiRLic =
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1 S+ RNET

C L C
Zyer mc = NET NET q.ET (6)

5% 4 Puer g,
I‘NET I‘NETCNET
It can be seen from (6) that the peak of the network is
determined by Lyer and Cyer. In this discussion it is assumed
that the Lyer remains constant, while the Cygr will vary and
cause the network impedance to shift within a certain
frequency range.
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Fig. 5. Bode diagram of (a) the small scale DFIG system impedance in
Table | and series RL + shunt C network impedance Ryer = 3 mQ, Lner
=1 mH, Cner = 24 pF; (b) the large scale DFIG system impedance in
Table Il and series RL + shunt C network Ryer= 3 mQ, Lyer= 0.1 mH,
CNET =800 IJF

Fig. 5 shows the Bode diagram of both the small scale and
large scale DFIG system impedance and series RL + shunt C
network impedance. As it is shown in Fig. 5(a), for the case of
small scale DFIG in Table I, and the parallel compensated
weak network of RNET =3 mQ, LNET =1 mH, CNET =24 HF, the
magnitude intersection point between DFIG system and weak
network occurs at 1220 Hz with a phase difference of 180°,
thus resulting in the HFR.

Similarly in Fig. 5(b), for the case of large scale DFIG
system in Table Il, the DFIG system has phase response of 95°
at the magnitude intersection frequency of 1430 Hz. This
indicates that the DFIG system behaves as positive inductance
and negative resistance. While the weak network with
parameters Ryer= 3 mQ, Lyger= 0.1 mH, Cyer = 800 pF in Fig.
5(b) has the phase response of -90°, indicating a negative
inductance behavior of the weak network. Therefore, due to
the impedance interaction between positive inductance of
DFIG system and the negative inductance of weak network, as

well as the negative resistance part of the DFIG system which
helps to aggravate the resonance, the HFR of 1430 Hz will
happen consequently.

It should be pointed out that one magnitude intersection also
exists at 820 Hz with a phase difference of 180° in Fig. 4(b).
However, due to the lack of negative resistance which exists at
the frequency of 1430 Hz, the resonance of 820 Hz is less
likely to happen, as proved in the following simulation
section.

Thus, it can be found that when connected to the parallel
compensated weak network, both the small scale and large
scale DFIG system may suffer HFR. The main reason of this
resonance is the phase difference of 180° at the magnitude
intersection point between the DFIG system and the parallel
compensated weak network. It should also be pointed out that
the shunt capacitance of 800 pF in Fig. 5(b), which is much
larger than that of 24 pF in Fig. 5(a), is reasonable since the
small capacitance at the high voltage side of the transmission
line will become much larger (square of transformer voltage
changing ratio) at the low voltage side of DFIG system due to
the existence of voltage level increasing transformer.

IV. ACTIVE DAMPING THROUGH VIRTUAL IMPEDANCE IN
STATOR BRANCH

As discussed in the previous section, the HFR will occur as
a consequence of impedance interaction between the DFIG
system and the parallel compensated weak network.

In order to effectively mitigate the resonance, the
impedance of DFIG system needs to be appropriately
reshaped, i.e., a virtual impedance [12]-[20] such as the virtual
positive capacitor or negative inductor, is employed in the
DFIG stator branch in this paper. Due to the limited space
available in this paper, the active damping strategy with
virtual impedance is illustrated based on the experimental
small scale DFIG system. The similar deduction can be
conducted for the large scale DFIG system, which is not
described here.

A.DFIG system impedance reshaping through virtual
impedance in the stator branch

As shown in Fig. 5, the 180° phase difference between the
DFIG system and the weak network at the magnitude
intersection frequency is the direct reason of the HFR. It is
obvious that the HFR can be mitigated if the phase difference
at the magnitude intersection point can be reduced, thus a
concave in the phase response of the DFIG system is
preferred. Since the DFIG system behaves inductive at high
frequency, a virtual positive capacitor or negative inductor
(whose phase response is -90°) can be introduced to decrease
the DFIG system phase response.

Instead of reshaping the DFIG system impedance in the
entire frequency range which may interfere with the normal
regulation of DFIG output power, a resonant controller with
significant capability of frequency selection [15] is employed
to reshape the impedance only selectively at the resonance
frequency. The Bode diagram of the resonant controller is
plotted in Fig. 6, and its expression is given in (7).
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Gr (5) = g @)

S°+ @S+ W,
where, w5 IS the resonance frequency, w. is the bandwidth
parameter.

As it is shown in Fig. 6, its phase response changes across
0°, i.e., from 90° to -90°, and this inherent character of phase
response changing 180° around the tuned resonant frequency
will result in the opposite behavior of the virtual impedance.
For instance, when the positive capacitor and the resonant
controller are employed together, the introduced positive
capacitor will behave as positive capacitor due to the positive
(larger than 0°) phase response of resonant controller within
the frequency range lower than the resonant frequency (in
green region), while it behaves as a negative capacitor due to
the negative (smaller than 0°) phase response of resonant
controller within the frequency range higher than the resonant
frequency (in red region).
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Fig. 6. Bode diagram of the resonant controller in (7)
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Based on the above description, it can be concluded that the
virtual impedance for the DFIG system HFR damping can be
obtained with the resonant controller and virtual impedance
units as 1) Positive capacitor + resonant controller; 2)
Negative inductor + resonant controller.

According to Fig. 5, the magnitude response of the parallel
compensated network Zyer gradually decreases at the potential
resonance frequency range higher than 1 kHz, and as a result,
it is preferred that the reshaped magnitude of the DFIG system
first decreases when lower than the resonance frequency, then
increases when higher than the resonance frequency. By
reshaping the DFIG system magnitude like this, it can be
ensured that only one magnitude intersection point, rather than
three points, exists and helps to reduce the possibility of the
HFR. The Bode diagram of the reshaped DFIG system
impedance is shown in Fig. 8, where the appropriately
reshaped DFIG system impedance (in blue) has only one
intersection point with the Zygr.

On the other hand, the inappropriate reshaped DFIG system
impedance (in red) has three intersection points with the Zygr,
which is a failure of the active damping. Further explanation
about the appropriate impedance reshaping is given in the
description of Fig. 8.

According to Fig. 3 and the positive capacitor / negative
inductor + resonant controller virtual impedance, the reshaped
impedance modeling can be obtained as shown in Fig. 7.
Importantly, since the virtual impedance Zpc/y. is implemented

with the stator current feedforward, the digital control delay
and PWM update delay of totally 1.5 sample periods also exist
when introducing the virtual impedance. Inherently, this
control delay is helpful to reduce the phase difference and
increase the phase margin.
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closed-loop control 3 - !
e g s 0]
Zooc !Slip dslip :
ZR&CC(S—,J'%) ipccC
*Gy(s— jay) i Ti' L H
/slip : :
. IDFIG machine (:D

Fig. 7. Impedance modeling of RSC and DFIG machine with the
introduction of virtual impedance in the DFIG stator branch through
stator current feedforward control

Then the proposed virtual impedance with positive
capacitor and resonant controller can be expressed as,

.S 1 w./C
ZPC (S) — C — C/ XIsc (8)

S+@s+al, SCue S +@S+al,
where, Zpc is the proposed virtual impedance with positive
capacitor, w. is the resonant bandwidth parameter, @, is the
resonant frequency, Cys. is the proposed virtual positive
capacitor.

Thus, based on (8) and Fig. 7, the DFIG system impedance
including the virtual positive capacitor in the DFIG stator
current feedforward can be presented as,

252 pe
ZSYSTEMfSRfPC = 7 17 = (93)
¢ T4sr pc
ZoH+(R+Z+ZpcG ) H+Z (R +Z +ZpcGy)
ZSRiPC = 7 +H
Lm
(9b)

where, Zsystem sr pc 1S the DFIG system impedance with the
virtual positive capacitance in the stator branch, Zgg pc is the
DFIG part impedance with the virtual positive capacitance in
the stator branch, Zpc is the virtual impedance with positive
capacitance, Gy is the digital control delay.

Obviously, the negative inductor has a similar influence on
the DFIG system impedance as the positive capacitor, and the
combination of negative inductor and resonant controller can
be implemented as,

s +as+a

ZNL (S) = *(_SLxrsc) =

where, Zy_ is the proposed virtual impedance with negative
inductor, -Ly is the proposed negative inductor.

Thus, based on (10) and Fig. 7, the DFIG system impedance
including the negative inductor virtual impedance in the stator
current can be presented as,

2
@S — Iﬁ(rsc S

s’ +a,s+ o

reso

(10)

2ol
ZSYSTEMfSRiNL = # (11a)
¢ t4sr N
ZH+(R+Z, +Z G )H+Z (R +Z_,+Z,Gy)
ZSRiNL = 7 +H
Lm
(11b)
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where, Zsystem_sr n. 1S the DFIG system impedance with the
virtual negative inductance in the stator branch, Zsg y. is the
DFIG part impedance with the virtual negative inductance in
the stator branch.

Note that both (8) and (10) have same denominators, and the
numerator of (10) with s = jws, Can be written as,

(12a)

Based on the numerator of (8) and the numerator of (10), if
the parameters of L, and Cy, are chosen according to (12b),
then these two kinds of virtual impedances have same inherent
character, but just different mathematical expression.

a)reso LXTSC = ]/(a)resocxrsc ) (12b)

A Bode diagram of DFIG system impedance Zsystem sr nL
with the proposed virtual impedance Zgz n. Of the negative
inductor and resonant controller is plotted in Fig. 8, w. = 5
rad/s, e, = 2n*1220 rad/s, -Lysc = -150 mH and control
delay = 1.5e-4s. Note that the control delay and slip are both

taken into consideration in Fig. 8.
32 ! ! !

2
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Fig. 8. Bode diagram of the small scale DFIG system impedance
considering the proposed virtual impedance Zy_ with negative inductor
and resonant controller, w, = 5 rad/s, Wreso = 21*1220 rad/s, -Lasc = -
150 mH or Cysc = 0.11 yF and control delay = 1.5e-4s.

As shown in Fig. 8, when no effective virtual impedance is
introduced (in cyan), the DFIG system impedance has a
magnitude intersection point with the weak network at around
1220 Hz, and the corresponding phase difference is 180°
which results in a HFR at around 1220 Hz.

In contrast, when the virtual impedance with negative
inductor is introduced (in blue), the magnitude response of the
DFIG system first decreases, then increases, and at last
decreases again. This impedance reshaping ensures that only
one magnitude intersection at around 1210 Hz exists, and the
phase difference at 1210 Hz is effectively reduced to around
132°. Therefore the effective damping of the HFR can be
guaranteed.

Nevertheless, if the positive inductor is introduced (in red),
the magnitude response of the DFIG system first increases,
then decreases, and at last increases again, then there are three
magnitude intersections at 1205 Hz, 1227 Hz and 1238 Hz
respectively. As it can be seen, the intersection points at 1205
Hz and 1238 Hz still cause resonances.

This inappropriate magnitude reshaping result with positive
inductor (in red) in Fig. 8 can be explained as follows:

1) Since the phase response of resonant controller at the
frequency range lower than resonant frequency is larger than
0° as shown in Fig. 6, and the proposed positive inductor
behaves as positive inductive units, then the magnitude
response of the DFIG system impedance will first increase as
shown in Fig. 8;

2) On the contrary, since the phase response of resonant
controller at the frequency range higher than resonant
frequency is lower than 0° as shown in Fig. 6, thus the
proposed positive inductor behaves as negative inductive
units, thus as a result, the magnitude response of DFIG system
impedance will then decrease as shown in Fig. 8.

3) Finally, due to the frequency selection capability of the
resonant controller, the proposed positive inductance does not
have influence in the frequency range much higher than the
resonance frequency, so the DFIG system impedance goes
back to the original shape.

4) As a consequence of this inappropriate reshaping with
virtual positive inductor, there are three magnitude
intersections between DFIG system and weak network, and
the active damping fails consequently.

Therefore, based on the above explanations, it can be found
that the proposed virtual impedance with the negative inductor
+ resonant controller is able to appropriately reshape the DFIG
system impedance magnitude and phase response. By
adjusting the appropriate positive capacitor value to fit (12),
Cusc = 0.11 pF can be yielded, and exactly the same Bode
diagram of the DFIG system impedance as shown in Fig. 8
can be obtained and will not be described here.

Thus, it is obvious that the introduced virtual positive
capacitor and negative inductor are both capable of
appropriately reshaping the DFIG system impedance to
mitigate the potential resonance.

B.Parameter design of virtual impedance

In order to achieve successful active damping of the HFR,
the parameter of the introduced virtual impedance needs to be
carefully designed. According to the numerator of (8) and the
numerator of (10), if the parameters of L, and C,. are
chosen according to (12), then these two kinds of virtual
impedance have the same inherent character, but just different
mathematical expression. Thus, in the following discussion of
the virtual impedance parameter design, the negative inductor
under small scale DFIG system is taken as an example.

As shown in Fig. 4(a), the GSC and the LCL filter behave
as an inductive unit in the HFR range. Since the impedance of
the grid current closed-loop control Zgsc = G¢(S-jwg)Gy(S-jawq)
is comparatively much smaller than the LCL filter in the
resonance frequency range, Zgsc can be neglected, and the
impedance of the GSC and LCL filter can be simplified as in
the following based on (1),

ZCfZLf
ZCf + ZLf

By substituting the LCL filter parameters given in Table |
into (13a), the impedance of the GSC and LCL filter can be
presented as an equivalent inductor Lg as,

Zo=2,+ (13a)
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Z, = Z,+ ﬂ ~ sl
ZCf + ZLf

Based on (13b) and Table I, the equivalent inductor of GSC
and LCL filter at HFR frequency 1220 Hz can be calculated as
Lg =6.8 mH.

For the impedance of RSC and DFIG machine shown in
Fig. 5(a), the impedance of the rotor current closed-loop
control Zgse = Gc(S-jwo)Gy(S-jwe) is comparatively much
smaller in the high frequency range. Also, the stator resistor R
and rotor resistor R, can be neglected at the high frequency
due to their small value, while the mutual inductor branch can
also be neglected since the mutual inductor L., is much larger
than the rotor leakage inductor L,,.. Therefore, the impedance
of the RSC and DFIG machine, with the introduction of virtual
impedance, can be simplified as,

Ze~S(Ls+L,,)—SLGy =s(L, —L
where, L, = L, + L, = 8.6 mH.

Note that the following discussion of parameter design
focuses on the specific resonance frequency where the
resonant controller has the magnitude response of 0dB and
phase response of 0° as proved in (8) and (10), the resonant
controller is not included here, but only the virtual negative
inductor is included.

Based on (13b) and (14), the DFIG system impedance at the
HFR 1220 Hz can be simplified as,

(L xrsc )SLG
(L +L; - LG )

It needs to be pointed out that the control time delay G4 of
1.5 sample period can be presented as G, ( ) e, thus the
introduced negative mductor becomes a comblnation of the
negative inductor — j@,. L, COS(@,T,)and the negative
resistor —a, ., L. SIN(@,, 1) - Note that the negative resistor
here is helpful to first decrease and then increase the system
magnitude response as shown in Fig. 8. Since the negative
resistor does not influence the DFIG system phase response, it
can be ignored in the expression of (15), and it can be
rewritten as,

(13b)

Gy) (19

Xrsc

(15)

SYSTEM ~

(Lo' Lxrsc COS( resoT ))SLG
L, +Ls — L, cos(o,
Obviously, in order to create the phase response concave
around the resonance frequency as shown in Fig. 8, a negative
sign of (16) with a phase response of -90° is always preferred.
As a result, the item L —L . cos(o,,T,) in the numerator
and the item L_+L;—L,, COS(®,,T,) in the denominator
are preferred to have opposite sign. Note that in this paper, the
resonance frequency fs, = 1220 Hz as discussed above, and
the control time delay T4 = 1.5e-4 s, thus coS(wyesoT4) = 0.4.

l) When I-XFSC COS( resoT )< Lo'

Under this circumstance, both the L —L, cos( WresoTg) N
the numerator and the L_+L;—L,. cos(@,.,T,) in the
denominator have positive sign, so (16) has a positive sign,
which means that the phase response concave of the DFIG
system impedance can not be created, and instead, the phase
response between the Zsystem and Zyer becomes larger than

(16)

Loystem =
I'SSO )

180° with a negative inductor of -15 mH as shown in Fig. 9.
This results in a failure of the HFR damping.
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Fig. 9. Bode diagram of the DFIG system impedance considering the
proposed virtual impedance Zy., w. = 5 rad/s, wWreso = 211220 rad/s, -

Lwsc = -15 mH or Cysc = 1.1 pF, control delay = 1.5e-4s.

2) When L <L, COS(@,Ty) <L, +Lg

Under this circumstance, the L+ Lg — L, COS(@,,T4) N
the denominator remains always a positive sign. The item
L, — L, cos(@.,T,) inthe numerator has a negative sign at
the exact resonance frequency point, but unfortunately it has a
positive sign around the resonance frequency point due to the
dramatic magnitude dropping around the resonant frequency
shown in Fig. 6. This means that the DFIG system can behave
as capacitive at the exact resonance frequency, while remains
inductive around the resonance frequency.

Most important, in this case, the HFR may occur between
Zsr and Zg (inside the DFIG system) with a virtual negative
inductor of -30 mH, as shown in Fig. 10. It can be seen that
the phase difference between Zsystem and Zyer can be
successfully reduced to 60°. Unfortunately at the same time,
the phase difference between Zsz and Zg is 180°, thus causing
the parallel resonance of Zsgz and Zg within the DFIG system
interior as a consequence. Again, this case also fails to
mitigate the HFR.
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Fig. 10. Bode diagram of the DFIG system impedance considering the
proposed virtual impedance Zy., we = 5 rad/s, Wreso = 211220 rad/s, -
Lursc = -30 mH or Cy = 0.55 pF, control delay = 1.5e-4s.

3) When L +L; <L, COS(@,Ty)

In this case, the item L_—L . cos(w,,T,) in the
numerator has a negative sign all around the resonance
frequency point. The item L+ Ly —L, COS(@,,T,) in the
denominator has a negative sign at the exact resonance
frequency, but due to the dramatic magnitude dropping around
the resonant frequency shown in Fig. 6, the item
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L, + L — L, COS(@,.,, T4) Would have a positive sign around

the resonance frequency. This situation indicates that the
DFIG system impedance has a phase concave in the frequency
range lower than the resonance frequency, which can be seen
from Fig. 11. As a result, the phase difference between Zgsystem
and Zyer can be reduced to 120°, ensuring a successful
mitigation of HFR. Besides, the phase difference between Zg
and Zg is 135°, indicating no resonance inside the DFIG
system.
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Fig. 11. Bode diagram of the DFIG system impedance considering the
proposed virtual impedance Zy., w. = 5 rad/s, wreso = 211220 rad/s, -
Lursc = -60 mH or Cysc = 0.275 pF, control delay = 1.5e-4s.

Thus, it can be concluded that, based on above analysis on
the virtual impedance design, the virtual negative inductor (or
positive capacitor) needs to be large (or small) enough, as
shown in (17), to create the DFIG system impedance phase
response concave and simultaneously avoid the resonance
within DFIG interior Zsg and Zg, and thus finally to achieve a
successful resonance damping.

C.block diagram

Fig. 12 shows the control block diagram of the HFR active
damping strategy implemented in RSC. As it can be seen, for
the RSC control, an enhanced phase locked loop (PLL) is able
to provide the information of grid voltage fundamental
synchronous angular speed w, and angle 6, information, while
an encoder gives out the DFIG rotor position 6, and speed w;.
The rotor current Iy, is first sampled and then regulated based
on the reference value Iy, with Pl controller to output the
harvested wind energy to the power grid. The stator current 1%,
is also sampled for the feedforward control with the
introduction of virtual impedance. The block ‘2r/3s’ indicates
the reference frame rotation from three phase stationary frame
to two phase synchronous frame.

The resonance frequency detection unit [19], which
employs an Adaptive Notch Filter (ANF) structure based on
the multiple ANFs and Frequency-Locked Loops (FLLS), is
adopted to detect and output the resonance frequency wyeso, SO
that the proposed virtual impedance with positive capacitor or
negative inductor can be flexibly adjusted based on various
resonance frequencies. On the basis of the detected resonance
frequency, the stator current together with the proposed virtual
positive capacitor or negative inductor can be used to achieve
the active damping of the HFR.

The output of the rotor current Pl closed-loop control Ve
and the output of active damping Vigec n., are added, together
with the decoupling compensation, giving out the rotor control
voltage V7, which is then transformed to the rotor stationary
frame and delivered as the input to the Space Vector Pulse
Width Modulation (SVPWM).

L, +Lg As for the GSC control, the dc-link voltage Vg is well

e > T (173a) . . :
COS(,,,,T,) regulated b_y a Pl controll_er, and its output is dfllver(_ed as
converter side inductance filter current reference ly,, which is
e <M (17b) used to regulate the actual converter side inductance filter
wreso(La+LG) current li, by a Pl controller. Similarly, the GSC control
voltage Vg, can be obtained by the PI current controller output

and the decoupling compensation unit.
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Fig. 12. Control block diagram of the DFIG system HFR active damping strategy through a stator virtual impedance, i.e., Positive Capacitance

(PC) or Negative Inductance (NL)
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V.SIMULATION VALIDATION
A.Simulation setup

In order to validate the HFR phenomenon in the large scale
commercial 2 MW DFIG system, a simulation model based on
MATLAB/Simulink is built up, its parameters are given in
Table II.

The weak network parameters are chosen as the same in the
theoretical analysis section, i.e., Ryer = 3 mQ, Lyegr = 0.1 mH,
Cner = 800 pF. It should be pointed out that the large shunt
network capacitance is possible, since the small capacitance at
the high voltage side of the transmission line will become
much larger (square of transformer voltage changing ratio) at
the low voltage side of DFIG system due to the existence of
voltage level increasing transformer. The sampling and
switching frequency of both RSC and GSC are 5 kHz and 2.5
kHz respectively. The dc-link voltage is set to 1200 V. Stator
output active and reactive power is respectively 1.0 p.u. and
0.0 p.u., the rotor speed is 0.8 p.u.

B. Simulation results

ctive power

g3 0 e ]
2000 pC-link voltage | T T T

’>“1500 1

21000 g Active damping strategy
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Fig. 13. Simulation result of 2 MW large scale DFIG system when
shunt capacitance Cner = 800 YF, Ryer = 3 mQ, Lyer = 0.1 mH in the
weak grid network when the active damping strategy is enabled (a)
system response; (b) FFT analysis result of stator voltage after active
damping.

Fig. 13 gives out the simulation results of DFIG system
when the active damping strategy is enabled. Before the active
damping strategy is enabled, the HFR occurs in the entire
DFIG system; once enabled, the active damping strategy is
able to mitigate the HFR within around 20 ms, and the
sinusoidal stator current, rotor current and grid current, as well
as smooth stator output active and reactive power and dc-link
voltage can be achieved. It can be analyzed that the stator
voltage contains the HFR of 63.4% 1475 Hz (which is close to
the theoretical analysis result of 1430 Hz in Fig. 5(b)); then,
the stator voltage resonance component can be successfully
suppressed to 0.14% 1475 Hz. Therefore, the effectiveness of

the proposed active damping strategy can be verified in the
large scale commercial DFIG system.

VI.EXPERIMENTAL VALIDATION
A.Experimental setup

In order to experimentally validate the correctness of the
proposed active damping strategy in the small scale DFIG
system HFR through the stator current feedforward, a down-
scaled 7.5 kW experimental test rig is built up as shown in
Fig. 14.

The experimental DFIG system parameters can be found in
Table 1. The weak network is simulated using a three phase
inductor and capacitor. The DFIG is externally driven by a
prime motor, and two 5.5 kW Danfoss motor drives are used
for the GSC and the RSC, both of which are controlled with
dSPACE 1006. The rotor speed is set 1200 rpm (0.8 p.u.),
with the synchronous speed of 1500 rpm (1.0 p.u.). The dc-
link voltage is 650 V. The switching frequency fs, for both
RSC and GSC is 5 kHz, the sample frequency f, for both RSC
and GSC is 10 kHz. The voltage level of the DFIG system is
400 V. During the experiment, a transformer is connected
between DFIG stator winding and the PCC to prevent grid
connection inrush current and the circulating current, the rated
voltage of transformer is 400 V, and the turn ratios between
primary side and secondary side is 1:1, which means this
transformer does not change the voltage level between
primary and secondary winding. The experimental validation
is conducted under the weak network parameters of Rygr = 3
mQ, LNET =15 mH, CNET =10 },lF

B.Experimental results

Fig. 15 shows the experimental result of the DFIG system
when active damping control strategy is disabled under sub-
synchronous speed of 1200 rpm (0.8 p.u.). As a consequence
of the impedance interaction between the DFIG system and
the parallel compensated weak network grid, a HFR around
1600 Hz occurs in three phase stator voltage and current, rotor
current, grid side voltage and current.

It should be noted that during the experimental validation
process, the prime motor is driven by a general converter
which will inject high frequency switching noise to the power
grid and as a consequence the ug in all the experimental results
Fig. 15 - Fig. 17 contain switching noise due to the weak
power grid impedance. This switching noise can be filtered
out by the transformer leakage inductance, thus the stator
voltage us in all the experimental results do not contain the
noise. Considering that this noise does not influence the
resonance active damping performance and the experimental
results can still be used to validate the active damping method.

The dynamic response of the DFIG system at the instant of
enabling the active damping strategy is shown in Fig. 16. As it
can be observed, the HFR components in all the stator voltage
and current, as well as the grid side voltage and current can
effectively be mitigated within 10 ms once the damping is
enabled, which guarantees a good dynamic performance in a
practical application.
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Besides the experimental results under sub-synchronous
speed, the cases under super-synchronous speed are also
experimentally validated with the results shown in Fig. 17.
Fig. 17 similarly provides the dynamic response of the DFIG
system when the active damping strategy is enabled at super-
synchronous speed of 1700 rpm (1.13 p.u.). The fast dynamic

response time of around 10 ms can also be achieved, which is
beneficial to the damping of the HFR.

Therefore, the experimental results are able to validate the
effectiveness of the proposed active damping control strategy
for the DFIG system HFR from the perspective of both steady
state response and fast dynamic response.
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Fig. 16. Dynamic response of DFIG system when active damping strategy is enabled, at sub-synchronous speed of 1200 rpm (0.8 p.u.), weak
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Fig. 17. Dynamic response of DFIG system when active damping strategy is enabled, at super-synchronous speed of 1700 rpm (1.13 p.u.), weak

network parameters of Ryer = 3 mQ, Lyer = 1.5 mH, Cner =10 pF

VII.CONCLUSION

This paper has investigated the HFR phenomenon and the
corresponding active damping control strategy for DFIG
system under parallel compensated weak network with the
implementation of virtual impedance in the DFIG stator
current feedforward control.

1) The HFR can be analyzed and explained based on the
impedance modeling of the DFIG system and the parallel
compensated weak network.

The stator current feedforward in the RSC is implemented
with the introduction of a virtual positive capacitor or a
virtual negative inductor to achieve the active damping

2)

performance by appropriately reshaping the DFIG system
magnitude and phase response.

The simulation results and experimental results verify the
correctness of the HFR theoretical analysis results and
also the effectiveness of the proposed active damping
strategy in terms of both steady state response and fast
dynamic response under both sub- and super-synchronous
DFIG rotor speed.

3)
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