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ABSTRACT Doubly-fed induction generator-based wind park (DFIG-WP) can interact with both
series-capacitor compensated and weak (low short circuit ratio) grids, thus causing instability, and called
as series-capacitor sub-synchronous oscillation (SSO) and weak grid SSO, respectively. However, the
frequency spectra of phase voltage/current signatures of those two SSOs are significantly different. There
is one dominant resonance frequency in series-capacitor SSO, but there are two frequencies (resonance and
corresponding mirror frequencies) in weak grid SSO in addition to the fundamental frequency. To address
this issue, this paper deeply analyzes the DFIG-WP instability mechanisms through impedance-based
stability assessment (IBSA). Both the IBSA and electromagnetic transient (EMT) validation simulations
demonstrated that the resonance takes place in the sub-synchronous range in a series-capacitor compensated
grid and is mainly affected by the rotor-side converter (RSC) control parameters. However, the weak
grid instability is found in the super-synchronous range with its mirror frequency in the sub-synchronous
range and is affected by both the RSC and grid-side converter (GSC) control parameters. Therefore, the
classification of weak grid SSO needs revision. The utilized DFIG impedance model in IBSA accounts for
the DC coupling between RSC and GSC (AC-DC coupling phenomenon). The contribution of this coupling
on DFIG impedance and its impact on DFIG-WP instability are demonstrated. In the considered test system,
the AC-DC coupling provides a considerable amount of positive resistance in both resonance conditions.
Hence, its omission may lead to pessimistic IBSA results. This paper also provides recommendations for
instability prevention and/or mitigation through DFIG control parameter modification based on the guidance
of the stability contour analysis.

INDEX TERMS DFIG, series-capacitor SSO, impedance-based stability analysis, weak grid instability.

ABBREVIATIONS PCC, Pol  Point of common coupling, Interconnection.
Cl1,C2 Case-1, 2. PLL Phase-locked loop.
D1, D2,D3 Disturbance-1, 2, 3. RSC, RSS Rotor-side converter, Rotor-side system.
DFIG Doubly-fed induction generators. SDC Supplementary damping controller.
DFIG-WP  DFIG-based wind park. SISO Single-input single-output.
EMT Electro-magnetic transient. SSCI Sub-synchronous control interaction.
FSC-WP Full size converter-based wind park. SSO Sub-synchronous oscillation.
GSC, GSS Grid-side converter, Grid-side system. WT Wind turbine.
IBSA Impedance-based stability assessment.
MIMO Multi-input multi-Output. I. INTRODUCTION

Doubly-fed induction generator (DFIG) based wind park

(DFIG-WP) is of great importance to wind energy exploita-

The associate editor coordinating the review of this manuscript and tion, especially for onshore applications [1]. However,
approving it for publication was Derek Abbott . DFIG-WPs can adversely interact with the series-capacitor
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compensated or weak (low short circuit ratio) grids at
sub-synchronous frequency range [2]. This phenomenon
is called sub-synchronous oscillation (SSO) and has been
confirmed with several real-world incidents [3].

The interaction between DFIG-WP and the series-
capacitor compensated grid is called series-capacitor SSO,
which occurred in Minnesota, Texas of USA, and North
China [3]. The frequency spectrum of three-phase instan-
taneous currents shows a dominant resonance frequency
in the sub-synchronous range in all series-capacitor SSO
events [3]. The series-capacitor SSO is caused by the negative
resistance brought by the induction generator effect [4] and
can be worsened by the converter controllers of DFIG (sub-
synchronous control interaction, SSCI) [5]. An equivalent
circuit considering the induction generator and rotor-side
converter (RSC) of the DFIG for series-capacitor SSO
analysis is derived in [6]. The impacts of induction generator
effect and SSCI are represented by a negative resistance and
a frequency-dependent impedance with detailed analytical
equations, respectively [6]. Low wind speed and high
compensation level can exacerbate the instability, and a
supplementary damping controller (SDC) may be needed to
ensure the safe operation of the DFIG-WP under the risky
operating conditions [7].

Although DFIG usually engages in series-capacitor SSO,
some researchers already demonstrated the potential instabil-
ity risk of weakly-tied DFIG-WP and proposed an adaptive
grid-side converter (GSC) controller that has a parameter
tuning strategy based on measured grid impedance [8], [9].
The negative impact of fast response PLL on DFIG-WP
weak grid instability [10] is eliminated with a modified PLL
structure in [11]. A quasi-resonant supplementary damping
controller is proposed in [12] for weak grid instability
mitigation in DFIG-WP. The adaptiveness of the controller
in [12] is then improved by the resonance frequency identifi-
cation algorithm [13]. In 2018, an interaction event between
DFIG-WP and a weak grid happened in Northwest China,
where the frequency spectrum contains 37 Hz and 63 Hz
components [14], [15].

The frequency spectrum signatures of DFIG-WP phase
currents are significantly different in series-capacitor and
weak grid SSO. However, there is similarity between
frequency spectrum signatures of DFIG-WP and full-size
converter based wind park (FSC-WP) phase currents under
weak grid conditions. When a weak grid instability occurs
in an FSC-WP, the frequency spectrum of three-phase
instantaneous currents contains not only the resonance
frequency (f;), but also its mirror frequency (fm = 2fp — fr),
in addition to the fundamental frequency (ft). This is called
mirror frequency effect [16]. The difference in frequency
spectrum signatures of DFIG-WP phase currents in weak
grid and series-capacitor SSO events was emphasized in
both IEEE Task Force report and paper ([1] and [3],
respectively). In [1] and [3], researchers were also encour-
aged to make further investigation on DFIG-WP instability
mechanisms.
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Impedance-based stability assessment (IBSA) is a com-
monly used method to analyze instability issues caused
by inverter-based resources [17]. The analytical impedance
model of DFIG has evolved over the years due to better
precision requirements in IBSA. The early stage DFIG
impedance model consists of only the series connection of
induction generator (IG) and rotor-side converter (RSC) and
ignores the grid-side converter (GSC) and its filter, as total
impedance of IG and RSC is dominant in sub-synchronous
range [18]. Then the DFIG impedance is represented by
parallel connection of the rotor-side subsystem (RSS) that
consists of IG and RSC impedances, and the grid-side
subsystem (GSS) that consists of GSC and its output filter
impedances. This type of impedance model is more accurate
and widely used [19], [20]. However, it ignores the AC-DC
coupling phenomenon i.e., the DC-side coupling between
RSS and GSS. The most advanced DFIG impedance model
in [15] and [21] accounts for the DC-side coupling and
provides ultimate accuracy [22]. Hence, it is utilized in
this paper to illustrate the impact of the AC-DC coupling
phenomenon on DFIG instability.

As aresponse to the deep think question raised by the IEEE
Task Force report and paper [1], [3], this paper aims to study
the instability risks on a typical DFIG-WP test system with
the most accurate analytical DFIG impedance model. The
main contributions of this paper are:

1) The impacts of RSS, GSS and AC-DC coupling
phenomenon on DFIG impedance characteristics are
investigated for sub- and super-synchronous frequency
ranges.

2) The instability risks and mechanisms of DFIG-WP
in weak and series-capacitor compensated grids are
re-examined. It illustrated that the series-capacitor SSO
is in the sub-synchronous frequency range, whereas the
weak grid instability is in the super-synchronous range.
Hence, the classification of weak grid instability should
be revised.

3) The impacts of RSS and GSS controllers on DFIG-WP
stability in two grid conditions are re-examined. Rec-
ommendations are presented for instability prevention
and/or mitigation through DFIG control parameter
modification based on the guidance of the stability
contour analysis.

The rest of this paper is as follows. Section II introduces
the test system and the IBSA model. The DFIG-WP
instability mechanisms and the DFIG control parameter
impact are analyzed in section III and IV, respectively.
Section V presents the electro-magnetic transient (EMT)
validation simulations and provides recommendations for
the safe operation of DFIG-WP through control parameter
modification. Section VI concludes the paper.

Il. TEST SYSTEM AND IBSA MODEL
A. DFIG WIND TURBINES AND CONTROL

The DFIG circuit and control diagrams are shown in Fig. 1,
and the parameters are given in Table 1 of the Appendix B.
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FIGURE 1. The circuit and control diagrams of the DFIG.

The RSC uses stator voltage orientation. The active power
is controlled at d-axis outer loop (P control), and the reactive
power is controlled at g-axis outer loop (Q control). The GSC
uses grid voltage orientation. The DC voltage is controlled
at d-axis outer loop (Vpc control), and the reactive power
is controlled at g-axis outer loop (Q control). Current vector
control is used by the inner loops of both RSC and GSC.
The PLL tracks the voltage angle of the point of common
coupling (PCC) and then provides the angle for the Park
transformation and its inverse to realize the integration. For
detailed modelling of DFIG, readers may refer to [1].

The DFIG control parameters are designed as follows.
The RSC controller is designed considering only the IG
parameters, which are stator resistance (R;), stator leak-
age inductance (Ljs), rotor resistance (R;), rotor leakage
inductance (Lj;) and magnetizing inductance (Ly,). The GSC
controller is designed considering the equivalent impedance
seen from the converter terminal of the aggregated DFIG [23].
Accounting external grid in GSC controller design ensures
stable operation when it is connected to a weak grid [8], [9].
Further details can be found in [24]. The PI regulator
parameters of the inner and outer controls (seen in Table 1
of the Appendix B) are similar to the ones in [25], which
successfully imitated the actual transient behavior of a
DFIG-WP.

B. INSTABILITY RISKS IN THE STUDIED TEST SYSTEM

The equivalent circuit of the test system is shown in Fig. 2
and the parameters are listed in Table 2 of Appendix B. The
system simulation model contains an aggregated WT model,
RL equivalent circuits of WT, and WP transformers referred
to low-voltage side (i.e., the WT side). The DFIG converters
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FIGURE 2. Circuit diagram of the system under study.

are represented with their average value models [26].
On the other side of the Point of Interconnection (Pol),
the external grid is represented with parallel RLC circuits
behind a voltage source referred to low-voltage side. Opening
Switch 1 results in a weak grid condition when Switch 2 is
closed. Opening Switch 2 results in radial connection of WP
to a series capacitor compensated grid (with a 30 % effective
compensation level) when Switch 1 is opened.

C. IMPEDANCE MODELLING AND VALIDATION

The dq multi-input multi-output (MIMO) impedance model
of DFIG (Zgtig_aq) includes the AC admittance of the RSS,
AC admittance of the GSS and AC-DC coupling admit-
tance [22], (see the block diagram in Fig. 3). The equation
of dei&dq is:

—1
Zatig dq = [ Yrss_aq + YGss_dq + YAcDC_dq] (D

where bold variables represent impedance matrices. The
YRrss_dq- YGSS_dq and Yacpc_dq are:

Yrss_dq = Y12dq 2
YGss_dq = Yadq 3)

Yacpc_dq = YaYpYae + YeYaYac
+ (YaYe + YpYp) Yoc )

where the DC-side admittance Yy is:

1
~ 5Cac + Yade + Yade

The Yo YpY4e term, YcYqYq4c term, and (YaYe + YpYp) Yac
term represent the DC-side admittance Yy, coupled at
AC-side through RSS, GSS, and RSS-GSS interaction
channels, respectively. The three types of interactions are
marked with red arrows in Fig. 3. The detailed matrices are
given in the Appendix A, and not derived here. Readers can
refer to [22] for further details.

Then the dg MIMO DFIG impedance model is trans-
formed into the single-input single-output (SISO) sequence
impedance model Z4fiy ,. This process includes a linear trans-
formation and a model simplification. A linear transformation
is applied to dq domain MIMO impedances Zgtig_dq to obtain
the modified sequence MIMO impedance Zgfig pn [16]:

11 11

Then the model simplification is applied to modified
sequence MIMO impedances to obtain the positive and

&)

ch

deig_pn =
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FIGURE 3. Block diagram explanation of AC-DC coupling phenomenon.

negative sequence SISO impedances (Zgfig p and Zgfig n,
respectively) [16]:

det[dei&pn (s — jown)]

Zaig 9 = = 5 — jan)
det[Zdfig_pn(s + jop)]
Zdfig n(s) = Z%ﬁ. (7
PP Jwp)

Validation of the analytical DFIG SISO sequence
impedance model is done by comparing it with the EMT-level
frequency scanning simulations as shown in Fig. 4. In this
figure, the letters “p” and “n” denote the positive and

negative sequence quantities, respectively.

09 oS ]
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FIGURE 4. Validation of the analytical DFIG impedance model.

The grid impedance Zgiq includes the impedance of WT
transformer, WP transformer and external grid (Zy_wt, Zir_wp»
Zex_grid>» respectively). The external grid impedance is
represented by Z, when the weak grid instability is analyzed,
and by Z + Zcap when the series capacitor SSO is analyzed.
It is worth noting that Z, includes line impedance Zjjp and
equivalent grid impedance Zeq griq (the Thevenin equivalent
impedance series connected to the grid voltage). There-
fore, the positive sequence SISO impedance model of the
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grid is:
Zgrid = Ztr_wt + Ztr_wp + Zext_grid
= (Ry_wt + Ru_wp + R2)

+ s(Lir_we + Ltrpr + L) + ()

SCeap

Ill. DFIG-WP INSTABILITY MECHANISMS
A. IBSA METHOD
IBSA is conducted in both R-X and Bode diagrams. The R-X
diagrams are used to explain the instability mechanism. The
Bode diagram analysis results are used to provide the system
resonance frequencies and phase margins. The Bode diagram
is omitted for concise demonstration.

In the R-X diagram, instability occurs when the product of
resistance and derivative of reactance is negative at reactance
cross-over frequency fy [27]:

dXgy
(Rm . ﬂ)
daf fo
where

Zsysf = Rsys(f) +szys(f)
= Rufig(f) + Rgrid(f) + jl[Xafig(f) + Xgria(f)]  (10)
In the Bode diagram, instability occurs when the absolute
value of the phase difference is larger than 180° at the

intersection frequency fy of the DFIG and grid impedance
magnitude curves [17]:

| Zatig(fa)| = |Zgria(fa) (11)
|£ Zaig(fa) — L Zgria(fa)| > 180 (12)

<0 ©)

B. IMPEDANCE RESPONSE OF THE DFIG

The AC impedance responses of the DFIG, RSS and GSS
in 1 - 100Hz are shown in Fig. 5 The DFIG impedance
characteristics vary in different frequency ranges. Those
frequency ranges may change under different parameter
conditions, and this paper only shows the general trend.

In 1 - 35 Hz, DFIG impedance is inductive with negative
resistance, which can interact with series-capacitor compen-
sated grid and leads to series-capacitor SSO. In 35 - 50 Hz
and 50 - 60 Hz (near fundamental frequency), DFIG
becomes capacitive and inductive with negative resistances,
respectively. Although the capacitive DFIG in 35 - 50 Hz
can interact with an inductive AC grid, this scenario will
be verified stable in section III-C. The DFIG impedance is
capacitive with a negative resistance in 60 - 76 Hz and positive
resistance in 76 - 100 Hz. DFIG can interact with an inductive
AC grid in the super-synchronous range, which is the cause of
the weak grid instability. Moreover, the negative resistance
range may expand to 76 - 100 Hz and even above 100 Hz
under certain parameter conditions.

C. IMPACT OF RSS AND GSS IMPEDANCES
The DFIG impedance consists of the RSS impedance,
the GSS impedance and the AC-DC coupling impedance
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FIGURE 5. Impedance responses of the DFIG, RSS, and GSS.

reflected at AC-side. The impact of RSS and GSS impedances
on the DFIG impedance is analyzed in Fig. 5. In the sub-
synchronous range, the green curve is close to the blue
curve, which means that the contribution of RSS impedance
to the DFIG impedance is significant. The contribution of
GSS is negligible. Hence, the impact of RSS on DFIG
impedance is dominant in the sub-synchronous frequency
range. However, the impact of GSS on series-capacitor SSO
is limited and explains the findings in previous research such
as [28] and [29]. Tuning RSC control parameters [28], [29]
and implementing SDCs [30], [31] are effective ways for
mitigation.

In the super-synchronous frequency range, the green curve
is close to the blue curve in 50 - 65 Hz, but closer to the
red curve in 65 - 100 Hz. Hence, the DFIG impedance
in the super-synchronous range is influenced by both RSS
and GSS impedances. However, the contribution of GSS
becomes larger as the frequency increases. Ref. [8] and [9]
proposed tuning the GSC inner current loop PI parameters
considering the external grid impedance to mitigate the
weak grid instability of DFIG-WP. Modifying RSC control
parameters can also be effective considering the impact of
RSS on DFIG impedance in the super-synchronous range.

D. IMPACT OF AC-DC COUPLING PHENOMENON

The majority of previous research based on simplified DFIG
impedance model did not consider the AC-DC coupling
phenomenon [17], [18], [19], [20]. Besides, the impact of
this phenomenon on DFIG impedance model was not clearly
presented in detail in the recent research [14], [21], [22]
that use the most advanced DFIG impedance model. Hence,
the impact of AC-DC coupling on the DFIG impedance
characteristics and the IBSA accuracy is analyzed in depth
using the R-X diagram. The impedance response of the
AC-DC coupling admittance Yacpc_dq reflected at AC-side
is shown in Fig. 6. It is worth noting that the curve is
the positive sequence impedance difference AZ transformed
from the dg-MIMO impedance difference AZqq between the
most advanced and the simplified model. The equation of
AZgfig_aq 1s given as:

AZaq = Zafig aq — [YRrss_dq + YGss_dq] ™"
# YacpC dg (13)
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FIGURE 6. Impedance response of the AC-DC coupling admittance
reflected at AC-side.

It can be seen in Fig. 6 that the AC-DC coupling
provides positive resistance in the sub-synchronous range,
and 50 - 60 Hz and 70 - 100 Hz in the super-synchronous
range. Hence, the IBSA without considering the AC-DC
coupling will give pessimistic results by predicting a stable
system as unstable. It well explains the errors found in [22]
due to the usage of the simplified DFIG impedance model,
as a part of positive resistance is overlooked. It is also worth
noting that if the resonance takes place in 60 - 70 Hz (can
happen when the grid impedance increases to impractical
values larger than 0.6 pu, see section III-C), the AC-DC
coupling may provide negative resistance that worsens
system stability.

E. DFIG-WP WEAK GRID INSTABILITY MECHANISMS

The IBSA of DFIG-WP in weak grid is shown in Fig. 7.
AS Zext_grid increases, the reactance cross-over frequency
decreases in super-synchronous range. The resistance also
decreases gradually and becomes minus when Zext griq =
0.6 pu, hence the system becomes unstable at 72 Hz (for
example the instability in [15] could be at 63 Hz). The magni-
tude of DFIG negative resistance at this frequency (see Fig. 5)
is larger than the grid resistance, which leads to the negative
system resistance and the instability. Although there are two
other reactance cross-over frequencies (in 40 - 50 Hz and
60 - 70 Hz ranges, respectively), the product of resistance
and derivative of reactance is positive in both cross-over
frequencies and the system is stable. The SSO classification
of weak grid instability fails in the considered system.
On the other hand, the study in [8] and [9] also confirmed
effective that tuning GSC control parameters considering the
external grid equivalent impedance provides desired stability
for DFIG under weak grid condition.

F. DFIG-WP SERIES-CAPACITOR SSO MECHANISMS

The IBSA of DFIG-WP in series-capacitor compensated grid
is shown in Fig. 8. As the compensation level increases, the
reactance cross-over frequency increases in sub-synchronous
range. The resistance also decreases and becomes minus
when the compensation level is above 30%, hence the system
becomes unstable at 18 Hz, 24 Hz and 30 Hz, respectively.
Similarly, the other three reactance cross-over frequencies
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(in 40 - 50 Hz, 60 - 70 Hz and 70 - 80 Hz, respectively) will
not lead to instability because of the positive products. The
SSO classification of series-capacitor instability is validated
in the considered system.

IV. IMPACT OF CONTROL PARAMETERS ON DFIG-WP
INSTABILITY

A. IMPACTS OF RSC PI REGULATOR

The impact of RSC current PI regulator bandwidth on the
DFIG-WP instability is shown in Fig. 9. With the increase
of RSC current PI regulator bandwidth, the negative ranges
of both the Xgfig and the Rqfig curves become wider in the
super-synchronous range. The cyan line of the X4fig is below
zero in 60 - 100 Hz while the blue line is below zero only
in 57 - 69 Hz. The cyan line of the Ryfg curve is below
the zero line in 50 - 76 Hz while the blue line is below
zero only in 50 - 61 Hz. Hence, the DFIG impedance has
a larger magnitude of negative reactance value (i.e., more
capacitive) and a more negative resistance value in the super-
synchronous range. As the DFIG interacts with the inductive
weak grid in the super-synchronous range, the above changes
in reactance and resistance worsen the stability.

In the sub-synchronous range, the Xgfig curve slightly shifts
downward, and the Rqfg curve shifts downward significantly.
It can be seen from the cyan line below the blue line in both
Xufig and Rgfig curves. Hence, the DFIG impedance has a
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slightly larger magnitude of negative reactance value and a
more negative resistance value. As the DFIG interacts with
the capacitive series capacitor compensated grid in the sub-
synchronous range, a more negative resistance worsens the
stability, and the impact of slight change in reactance can
be neglected. To conclude, fast RSC current control worsens
stability in both grid conditions.

The impact of RSC PQ PI regulator on the impedance
response of the DFIG can be analyzed in the same way, which
shows similarity to the impact of current PI regulator but less
significant as shown in Fig. 10. Hence, fast RSC PQ control
also worsens stability.
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FIGURE 10. Impact of RSC PQ PI regulator on the impedance response of
DFIG.

B. IMPACTS OF GSC Pl REGULATOR

With the increase of GSC current PI regulator bandwidth,
DFIG impedance becomes more capacitive, and the resis-
tance increases in the risky frequency range (70 - 100 Hz,
indicated in section III), as shown in Fig. 11. Hence, fast cur-
rent control improves stability in weak grid. When the PLL PI
regulator bandwidth increases, the DFIG impedance becomes
more inductive, but the resistance decreases significantly
in the risky super-synchronous range, as shown in Fig. 12.
Therefore, fast PLL control worsens stability in weak grid.
The impact of DC voltage PI regulator is similar to the current
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FIGURE 13. Impact of GSC DC Voltage PI regulator on the impedance
response of DFIG.

PI regulator, but less significant, as shown in Fig. 13. The
impact of reactive PI regulator can be neglected, as shown
in Fig. 14.

C. STABILITY CONTOUR ANALYSIS

As the RSC current control bandwidth has significant impact
on both series capacitor SSO and weak grid instability,
the stability contours of 10°, 0° and —10° phase margins
are drawn to guide the parameter selection with different
external grid conditions (SCRs and effective compensation
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FIGURE 16. Stability contour diagram of varying RSC current PI regulator
bandwidths and effective compensation levels.

levels may vary based on different system loading conditions
and line outages, etc.), as shown in Fig. 15 and Fig. 16,
respectively. The RSC current control bandwidth needs to
be set lower as the external grid impedance increases and
effective compensation level increases, which corresponds to
the analysis of Fig. 9. In order to obtain a 10° phase margin
under weak grid conditions (Zext.gri¢ no more than 0.6 pu in
this paper), the RSC current control bandwidth should be
set below 42 Hz to ensure safe operation. However, in the
series compensated test system, 10° phase margin not only
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FIGURE 18. Stability contour diagram of varying GSC PLL PI regulator
bandwidths and SCRs.

requires lower RSC current control bandwidth, but also the
effective compensation level cannot be higher than 38%. It is
worth noting that Z, consists of both the line and equivalent
grid impedances (Zjine and Zeggrid, respectively). The effective
compensation level (Xcap/X>) is presented in Fig.16 and is
well below the line compensation level (Xcap/Xiine). The
results might change based on different system structures,
parameters and DFIG operating conditions.

As the GSC current control and PLL PI regulator
bandwidths have significant impacts on weak grid instability,
the stability contours of 10°, 0° and —10° phase margins
are drawn to guide the parameter selection with different
external grid conditions (varying SCRs), as shown in Fig. 17
and Fig. 18, respectively. The GSC current control bandwidth
needs to be set higher and the PLL bandwidth needs to
be set lower, as the external grid impedance increases,
which corresponds to the analysis of Fig. 11 and Fig. 12,
respectively. For a 10° phase margin under weak grid
conditions, the GSC current control bandwidth should be
higher than 120 Hz, and the PLL PI regulator bandwidth
should be slower than 12 Hz. However, it may be too slow
for the PLL performance of tracking grid voltage. Hence, the
PLL PI regulator bandwidth can be adjusted 10 or 20 Hz
higher, and the negative influence can be offset by slower
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FIGURE 20. Phase voltages and currents at PCC (Case-1): Simulation
results at time duration 0.5s - 3 s.

RSC current control and faster GSC current control. The three
controls with significant impact on DFIG-WP instability need
to be coordinated to ensure desired response during operation.
The coordination of the three controls will be discussed in the
Recommendation part of section V-C.

V. ILLUSTRATIVE EXAMPLES AND RECOMMENDATION
FOR SAFE OPERATION OF DFIG-WP

A. DFIG-WP WEAK GRID INSTABILITY

In Case-1 (Cl), initially both Switch 1 and Switch 2 are
closed. The following disturbances/modifications are made:

- D1: Opening Switch 1 att = 1 s, which results weak grid
condition where the system remains stable.

- D2: Increasing the RSC current PI regulator bandwidth
from 60 to 100 Hz at t = 2 s which causes instability.

- D3: Increasing the GSC current PI regulator bandwidth
from 100 to 200 Hz at t = 2.5 s to stabilize the system.

The IBSA results are shown in Fig. 19, and confirmed with
EMT simulations presented in Fig. 20 - Fig. 24. After D1,
the system reactance cross-over frequency is 76.7 Hz, and
the resistance is positive. The intersection frequency and
stability phase margin obtained through Bode plot are 76.8 Hz
and 11.1°, respectively. Hence, the system is stable after D1,

141747



IEEE Access

T. Xue et al.: Re-Examination of DFIG-Based Wind Park Small-Signal Instability

PCC Current(pu) PCC Voltage (pu)

| | |
1 1.1 1.2 1.3 14 1.5
Time (s)
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so damped oscillation can be observed in Fig. 21 and Fig. 23
after Dl att=1s.

D2 causes instability as fast RSC current control worsens
stability in the considered system. After D2, the cross-over
frequency shifts to 77.3 Hz and corresponding system
resistance becomes negative. The intersection frequency and
stability phase margin obtained through Bode plot are 77.5 Hz
and —5.5°, respectively. Hence, the system is unstable
after D2, so the waveforms of Fig. 22 and Fig. 23 show
undamped oscillation after D2 at t = 2 s. The frequency
spectrum of phase currents in t = 2 - 2.5 s shown in Fig. 24
contains a dominant 77.5 Hz frequency component and a
mirror 22.5 Hz frequency component.

After D3, the cross-over frequency shifts to 99.5 Hz
and corresponding system resistance becomes positive.
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FIGURE 25. Impedance response of the system in Case-2.

The intersection frequency and stability phase margin
obtained through Bode plot are 99.5 Hz and 8.2°, respectively.
D3 stabilizes the system as fast GSC current control improves
stability in weak grid. Hence, the system is stable after D3,
so damped oscillations can be observed in Fig. 22 and Fig. 23
after D3 att=2.5s.

B. DFIG-WP SERIES-CAPACITOR SSO

In Case-2 (C2), initially Switch 1 is closed and Switch 2 is
opened so the series-compensated capacitors are in service.
The following disturbances/modifications are made:

- DI: Opening Switch 1 at t = 1 s, which results
series-capacitor compensated grid condition where the sys-
tem remains stable.

- D2: Increasing the RSC PQ PI regulator bandwidth
from 4 to 10 Hz at t = 3 s which causes instability,

- D3: Decreasing the RSC current PI regulator bandwidth
from 21 to 18 Hz at t = 5 s to stabilize the system.

The IBSA results are shown in Fig. 25, and confirmed with
EMT simulations presented in Fig. 26 - Fig. 30. After D1,
the system reactance cross-over frequency is 15.7 Hz, and
the resistance is positive. The intersection frequency and
stability phase margin obtained through Bode plot are 15.8 Hz
and 1.9°, respectively. Hence, the system is stable after D1,
so damped oscillations can be observed in Fig. 27 and Fig. 29
after Dl att=1s.
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FIGURE 26. Phase voltages and currents at PCC (Case-2): Simulation
results at time interval 0.5 - 6 s.
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FIGURE 28. Zoom-in version of Fig. 26 at time interval 3 - 5.5 s.
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After D2, the cross-over frequency shifts to 16 Hz and
corresponding system resistance becomes negative. The
intersection frequency and stability phase margin obtained
through Bode plot are 16.1 Hz and —1.8°, respectively.
D2 causes instability as fast RSC PQ control worsens stability
in the considered system. Hence, the system is unstable
after D2, so the waveforms Fig. 28 and Fig. 29 show
undamped oscillation after D2 at t = 3 s. As the phase
margin is higher than D2 of Case-1, the growing speed of the
oscillation is also much slower. The frequency spectrum of
phase currents in 4 - 5 s shown in Fig. 30 contains a dominant
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FIGURE 30. FFT analysis of distorted PCC phase currentsin4 -5 s
(Case-2).

15.9 Hz frequency component and a negligible mirror 84.1 Hz
frequency component.

After D3, the cross-over frequency shifts to 15.8 Hz
and corresponding system resistance becomes positive.
The intersection frequency and stability phase margin
obtained through Bode plot are 16.1 Hz and 1°, respec-
tively. D3 stabilizes the system as slow RSC current
control improves stability in series-capacitor compensated
grid. Hence, the system is stable after D3, so damped
oscillations can be observed in Fig. 28 and Fig. 29 after
D3att=>5s.

C. RECOMMENDATIONS FOR THE SAFE

OPERATION OF DFIG-WP

This section presents the recommendations for the safe
operation of DFIG-WP in terms of small-signal stability,
which can be used either as pre-event design or post-
event mitigation. As demonstrated in the previous sections,
certain DFIG control parameters have significant impact
on both the weak grid instability and series-capacitor SSO
problems. Hence, the recommendations are based on DFIG
control parameter modifications. However, the potential
adverse impact of modified parameters on DFIG transient
performance needs to be investigated. The recommendations
are as follows:

1) The AC-DC coupling contribution to the DFIG
impedance is not negligible. Hence, it is recommended
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to use a DFIG analytical impedance model that
accounts for the AC-DC coupling.

2) To achieve a 10° phase margin, the RSC current control
bandwidth should be set lower than 42 Hz (equivalent
to 8.3 ms rise time) to prevent weak grid instability
(external grid impedance no more than 0.6 pu in this
paper). For the prevention of series capacitor SSO, the
RSC current control bandwidth needs to be further
turned down, and the effective compensation level
should not be higher than 38% (line compensation
level will be higher). Typical RSC current control
rise time such as 20 ms (equivalent to bandwidth
17.5 Hz) in [24] can be selected to provide phase
margin of 3° for the effective compensation level 30%
in the considered test system. The results might change
with different system structures and parameters, and
DFIG-WP operating conditions. Low wind speeds,
WT outages, and connection of multiple compensated
lines need to be considered for series capacitor SSO
prevention. If desired phase margin cannot be achieved,
an SDC is needed.

3) The GSC can also be used to mitigate weak grid
instability by adjusting GSC current control and PLL
control in addition to RSC current control. If the
mitigation of weak grid instability is only achieved
with GSC current control, a relatively fast GSC current
control is needed with higher than 120 Hz bandwidth
(equivalent to 2.9 ms rise time). If the mitigation
of weak grid instability is only achieved with PLL,
the PLL bandwidth needs to be lower than 12 Hz
(equivalent to 29 ms rise time), which is too slow and
impractical. Hence, the parameters of the three controls
are recommended to be adjusted within feasible ranges
and tuned together to ensure desired response during
operation. As an example, typical parameter setting
of 20 ms RSC current rise time, 10 ms GSC current
rise time and 20 ms GSC PLL rise time can ensure
the stable operation under both grid conditions in the
considered test system. High wind speed is important
to be considered in the system design for weak grid
instability prevention.

VI. CONCLUSION

This paper provides a thorough re-examination of DFIG-WP
instability phenomena observed in weak and series-capacitor
compensated grids considering the AC-DC coupling phe-
nomenon.

Instability takes place in sub-synchronous range in series-
capacitor compensated grid and is mainly affected by the
RSS (specifically, RSC control parameters). However, the
weak grid instability occurs in super-synchronous range
with its mirror frequency in sub-synchronous range, and
it is affected by both the RSS and GSS (specifically,
RSC and GSC control parameters). Classifying weak
grid instability phenomenon as weak grid SSO due to
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the presence of sub-synchronous frequency component
causes misperceptions. There is a need to revise its
classification.

For the considered DFIG, the AC-DC coupling makes a
considerable resistive contribution to the DFIG impedance
around the resonance frequency for both instability cases.
Hence, its omission may lead to pessimistic IBSA
results.

The impact of DFIG control parameters on instability
mechanism and resonance frequency is also refined. Recom-
mendations are provided for DFIG-WP instability prevention
and/or mitigation through control parameter modification
based on the guidance of stability contour analysis. Future
work includes considering the trade-off between system
transient response and small signal stability and providing
additional guidelines accordingly.

APPENDIX A
DETAILED MATRICES [22]
Y12dq is:
Yi2aq = A 1B,
Y4dq is:
Yiaq =A'B
Yoqc 1s:

Yogc = 1.5 [1 zsd/ Ve L 2Sq/ VdC:I (Zlmslip - erZ;n} Zxs)Ya

— 15[ Vaa/Vae V3 Ve | ZihTasYa = P/ V3,

Y4qc 1s:
Yaac = F — EATIC
Y, is:
Y, = —A;1 [v;d/vdc vgq/de]T
Yy is:

Y,=15 I:Izsd/vdc I2Sq/vdc:| (Zlmslip - erZ;,I}le)YIqu
—15 [std/ Vae  Viy/ Vdc] 2y 7y Y12aq
15[ Ba/Vae B/ Vae | a2y

+ 15[ Via/Vae  V3y/Vie| Zih

Y.=A"lC
Y4 is:
Yqs=D—-EA!B
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PI Regulators:

Hpgr = Kpgr + Kipgr/s
Her = Kpir + Kiir /s
Kppil + Kipii /s
V(s + Kppit + Kipit/5)
Hye = Kpyde + Kivde/s
Hq = Kpq + Kig/s
He = Kpc + Kic/s

Gpn =

Induction generator impedances:

7 Ry + sLyg —wLg

57| wLu Ry +sLg
. [sL, —wLy
Zim = |wLy,  sLy, ]

/A SLy, —wslipLn
Imslip | ogip L sLy,

Zy = Ry +sLy _wslierqi|

L wslierd Ry + sLy
PLL impacts:
0 VE Gon 0 I3 Gpn
vau = |: 4% P ]Glpll = |: 4% P
0 —V;3Gpu 0 —I;;Gpn
0 Vs Gon 0 5, Gpn
G = zq, P G == 2(] P
Vel [O - Edell] frell |:0 —154Gpul
Other matrices:
7o _ [Ritsle  —ol
fda = | L Rf + sL¢
0 0 0 0
Viag = 1.5H [ }1 _15H [ ]
’q WVag  —Vaial ™ g i
Vo150 | V8 9| o1 5H | 14 Tl
idgr = 1-98pqr | _ y/s s | TPqr— T-200par | s I3
1q 1d 1q 1d

A=HI+ Ztaq — H.Vipg
B=1+ HCGIpll + GVpll — HCHquq
T
C=—-H, [Hdc O]T — [ :d/vdc qu/vdcil
D =155/ Vae  Lig/Vac]
E=15 [de/vdc qu/Vdc]
LS [Ba/Vae L/ Vae] Zaag
F=—P/V3
Ap = Hchipqr + (He I + er)Z;n: Zys — Zlmslip
B, = (H, I+ er)Zl:nl + Hcr(_Ipqr + GIrpll) + GVrpll
APPENDIX B
SYSTEM PARAMETERS

The parameters used in this paper are listed in Table 1 and
Table 2.
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TAB

LE 1. Parameter of the DFIG.
Parameters Value
WT Base power and AC voltage (S, Vims) 2 MW, 690 V
WT Base phase voltage (Vphamp) 564V
WT Base phase current (/phAmp) 2367 A
Induction Generator
Stator resistance (Rg) 0.0016 2
Stator Leakage inductance (Ljs) 35.18 mH
Mutual inductance (Ly,) 3.6 mH
Rotor resistance(Ry) 0.0012
Rotor Leakage inductance (Lj) 15.00 mH
Pole pairs and rotor angular speed (1p, wr) 2,1.2pu

Rotor-side converter

0.12, 15.80 (C1D1)
0.20, 43.88 (C1D2&D3)
0.043, 1.94 (C2D1&D2)
0.037, 1.42 (C2D3)

Current PI Regulator (Kpir, Kiir)

0.0002, 0.0368

Active and Reactive Power PI Regulator (Cl, C2D1)

0.0006, 0.1055
(Kopar: Kipgr) (C2D2&D3)
Grid-side converter
DC voltage and capacitor (Vgc, Cyc) 1100V, 10 mF
L-type filter (Ry, L¢) 0.006 €2, 37.887 mH
PLL PI regulator (Kypi, Kipi1) 130, 8388
DC voltage PI regulator (Kpvde, Kivde) 1.6841, 109.06

0.16, 35.31 (C1D1&D2)

Current PI regulator (K, Kj;) 033, 141.24 (C1D3)

TAB

LE 2. Parameter of the wind park and external grids.

Par ters Value

Wind turbine and wind park transformers

Equivalent resistance (Rir-wt, Rir-wp)
Equivalent reactance (Xr-wt, Xir-wp)

0.002 pu, 0.003 pu
0.006 pu, 0.12 pu

Grid line 1 and 2

Resistance (Ri-wt, Ri-wp)
Reactance (X1, X2, Xcap)

0.015 pu, 0.06 pu
0.1 pu, 0.4 pu, 0.12 pu
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