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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 signi cantly 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
classi cation 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.
This paper also provides recommendations for instability prevention and/or mitigation through DFIG control
parameter modi cation based on the guidance of the stability contour analysis.

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

Abbreviations SSCI  Sub-synchronous control interaction
C1, C2 Case-1,2 SSO  Sub-synchronous oscillation
D1, D2, D3 Disturbance-1, 2, 3 WT  Wind turbine

DFIG Doubly-fed induction generators

DFIG-WP DFIG-based wind park

EMT Electro-magnetic transient

FSC-WP Full size converter-based wind park

GSC, GSS Grid-side converter, Grid-side system
IBSA Impedance-based stability assessment

MIMO Multi-input multi-Output

PCC, Pol Point of common coupling, Interconnection
PLL  Phase-locked loop

I. INTRODUCTION

OUBLY-fed induction generator (DFIG) based wind
park (DFIG-WP) is of great importance to wind en-
ergy exploitation, especially for onshore applications [1].
However, DFIG-WPs can adversely interact with the series-
capacitor compensated or weak (low short circuit ratio) grids
at sub-synchronous frequency range [2]. This phenomenon

RSC, RSS Rotor-side converter, Rotor-side system is called sub-synchronous oscillation (SSO) and has been

SDC  Supplementary damping controller con rme_d with _several real-world incidents [3]. _

SISO  Single-input single-output The interaction between DFIG-WP and the series-
capacitor compensated grid is called series-capacitor SSO,
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which occurred in Minnesota, Texas of USA, and North
China [3]. The frequency spectrum of three-phase instanta-
neous 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 wors-
ened by the converter controllers of DFIG (sub-synchronous
control interaction, SSCI) [5]. An equivalent circuit consid-
ering 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, re-
spectively [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 which 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 modi ed PLL
structure in [11]. A quasi-resonant supplementary damping
controller is proposed in [12] for weak grid instability mit-
igation in DFIG-WP. The adaptiveness of the controller in
[12] is improved by the resonance frequency identi 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 signi cantly different in series-capacitor and
weak grid SSO. However, there is similarity between fre-
quency spectrum signatures of DFIG-WP and full-size con-
verter 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 instanta-
neous currents contains not only the resonance frequency
(f;), but also its mirror frequency (f, = 2f, ), in
addition to the fundamental frequency (f,). 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 encouraged to make
further investigation on DFIG-WP instability mechanisms.

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 preci-
sion requirements in IBSA. The early stage DFIG impedance
model consists of only the series connection of induction
generator (1G) and rotor-side converter (RSC) and ignores the
grid-side converter (GSC) and its Iter, as total impedance
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of IG and RSC is dominant in sub-synchronous range [18].
Then the DFIG impedance is represented by parallel connec-
tion 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 Iter 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], [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 a response 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 phe-
nomenon on DFIG impedance characteristics are in-
vestigated 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 classi cation 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.
Recommendations are presented for instability preven-
tion and/or mitigation through DFIG control parameter
modi cation based on the guidance of the stability
contour analysis.

The rest of this paper is as follows. Section Il introduces
the test system and the IBSA model. The DFIG-WP insta-
bility mechanisms and the DFIG control parameter impact
are analyzed in section Ill and IV, respectively. Section
V presents the electro-magnetic transient (EMT) validation
simulations and provides recommendations for the safe oper-
ation of DFIG-WP through control parameter modi cation.
Section VI concludes the paper.

ll. 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.
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
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coupling (PCC) and then provides the angle for the Park
transformation and its inverse to realize the integration.

The DFIG control parameters are designed as follows.
The RSC controller is designed considering only the IG
parameters, which are stator resistance (Rs), stator leakage
inductance (Ls), rotor resistance (R), rotor leakage induc-
tance (L) and magnetizing inductance (Ly,). The GSC con-
troller 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.

GSC
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FIGURE 1. The circuit and control diagrams of the DFIG.

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 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.
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FIGURE 2. Circuit diagram of the system under study.

C. IMPEDANCE MODELLING AND VALIDATION

The dg multi-input multi-output (MIMO) impedance model
of DFIG (Zg g_dg) includes the AC admittance of the RSS,
AC admittance of the GSS and AC-DC coupling admittance
[22], (see the block diagram in Fig. 3). The equation of
Z4 g_dq is:

Z4 g dq =[YRrss dg + Yess dg + Yacoc daql — (1)
where bold variables represent impedance matrices. The
YRss dq: YGss_dg ad Y acpc_dq are:

YRrss dq = Y12dq 2
Yass_dq = Yadq 3

Yacpc dg = YaYbYd + YcYaYac

4)
+ (YaYc + Ybe) ch
where the DC-side admittance Y is:
1
Yo = (5)

SCqc + Yogc + Yaqc

The YaYpYg term, Yo YgYgc term,and (YaYe + Y Yp) Yo

term represent the DC-side admittance Y4 coupled at AC-
side through RSS, GSS, and RSS-GSS interaction channels,
respectively. 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 Z4 ¢ . This process includes a linear trans-
formation and a model simpli cation. A linear transforma-
tion is applied to dg domain MIMO impedances Zq ¢ dq
to obtain the modi ed sequence MIMO impedance Zqg g pn
[16]:

] 1 1
i i

Then the model simpli cation is applied to modi ed se-
quence MIMO impedances to obtain the positive and nega-

tive sequence SISO impedances (Zq g p and Zg g n, respec-
tively) [16]:

11
Z4 gpn= 21 Z4 g_dq (6)

Z4 ¢ o(8) = dEt[ZZcinnga(_spn(;! b)j Ip)]
2= e ettty P

Zpp(s+jly)
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FIGURE 3. Block diagram explanation of AC-DC coupling phenomenon.

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 gure, the letters p and n denote the positive and
negative sequence quantities, respectively.

* o~
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Frequency (Hz)

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, Ztr_wp,
Zext_grids respectively). The external grid impedance is rep-
resented by Z, when the weak grid instability is analyzed,
and by Z, + Z¢p when the series capacitor SSO is analyzed.
It is worth noting that Z, includes line impedance Z,j,. and
equivalent grid impedance Zeq gig (the Thevenin equivalent
impedance series connected to the grid voltage). Therefore,
the positive sequence SISO impedance model of the grid is:

Zgiid = Zie wt + Zir wp + Zext_grid
= (Rtr_wt + Rtr_wp +Ry)

. ®)

cap

+ S(I—tr_Wt + I—tr_wp + I—2) +

I1l. 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
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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 Ty [27]:

dX
Rsys % . <0 ©)
where
Zsysf = Rsys(f) +jxsys(f) (10)

=Ry g(f) + Rgrid(f) + J[Xq g(f) + Xgrid(f)]

In the Bode diagram, instability occurs when the absolute
value of the phase difference is larger than 180 at the
intersection frequency Ty of the DFIG and grid impedance
magnitude curves [17]:

124 ¢(fa)i = jZgria(Fa)] (11)
INZg g(fa)  \Zgia(fa)j > 180 (12)

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 charac-
teristics 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 veri ed stable in section Ill. 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 re-
ected 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 signi cant. 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 ndings in previous research such as [28], [29].
Tuning RSC control parameters [28], [29] and implementing
SDCs [30], [31] are effective ways for mitigation.
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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 in uenced by both RSS and
GSS impedances. However, the contribution of GSS becomes
larger as the frequency increases. Ref. [8], [9] proposed tun-
ing the GSC inner current loop PI parameters considering the
external grid impedance to mitigate the weak grid instability
of DFIG-WP. Madifying RSC control parameters can also be
effective considering the impact of RSS on DFIG impedance
in the super-synchronous range.
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FIGURE 5. Impedance responses of the DFIG, RSS, and GSS.

D. IMPACT OF AC-DC COUPLING PHENOMENON

The majority of previous research based on simpli ed DFIG
impedance model did not consider the AC-DC coupling phe-
nomenon [17] [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 Y acpc_dq e ected at AC-side is shown in Fig.
6. It is worth noting that the curve is the positive sequence
impedance difference  Z transformed from the dg-MIMO
impedance difference  Zyq between the most advanced and
the simpli ed model. The equation of Zg g dq is given as:

—_ 1
Zdq=Zd gdq [YRrRss dq*+ Yass dql

13
& Yacpc dq - (13)

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 simpli ed 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

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

0.6 pu, see section I11. C), the AC-DC coupling may provide
negative resistance that worsens system stability.

DC-side Admittance
1 /\ reflected at AC-side
g0 /
= \ /
-1
0 20 40 60 80 100
5 _J’
E o
x /
-5
0 20 80 100

40 60
Frequency (Hz)

FIGURE 6. Impedance response of the AC-DC coupling admittance re ected
at AC-side.

E. DFIG-WP WEAK GRID INSTABILITY MECHANISMS
The IBSA of DFIG-WP in weak grid is shown in Fig. 7.
As Zey grig increases, the reactance cross-over frequency
decreases in super-synchronous range. The resistance also
decreases gradually and becomes minus when Zey gia =
0:6 pu, hence the system becomes unstable at 72 Hz (for
example the instability in [15] could be at 63 Hz). 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
classi cation of weak grid instability fails in the considered
system. On the other hand, the study in [8], [9] also con rmed
effective that tuning GSC control parameters considering the
external grid equivalent impedance provides desired stability
for DFIG under weak grid condition.
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FIGURE 7. Impedance responses of the system for various SCRs.

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
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becomes unstable at 18 Hz, 24 Hz and 30 Hz, respectively.
Similarly, the other three reactance cross-over frequencies (in
40 - 50 Hz, 60 - 70 Hz and 70 - 80 Hz, respectively) will not
lead to instability because of the positive products. The SSO
classi cation of series-capacitor instability is validated in the
considered system.
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FIGURE 8. Impedance responses of the system for various compensation
levels

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 Xq4 4 and the Rq ¢ curves become wider in the
super-synchronous range. The cyan line of the Xy 4 is below
zero in 60 - 100 Hz while the blue line is below zero only
in 57 - 69 Hz. The cyan line of the Ry 4 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 Xy 4 curve slightly
shifts downward, and the Ry ¢ curve shifts downward signif-
icantly. It can be seen from the cyan line below the blue line
in both Xy 4 and Ry ¢ curves. Hence, the DFIG impedance
has a 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
signi cant 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
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B. IMPACTS OF GSC PI REGULATOR

With the increase of GSC current Pl regulator bandwidth,
DFIG impedance becomes more capacitive, and the resis-
tance increases in the risky frequency range (70 - 100 Hz,
indicated in section Ill), as shown in Fig. 11. Hence, fast
current control improves stability in weak grid. When the
PLL PI regulator bandwidth increases, the DFIG impedance
becomes more inductive, but the resistance decreases signi -
cantly 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 Pl regulator is similar to
the current PI regulator, but less signi cant, 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 signi cant 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
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
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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 (Zeyt-gria N0 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 requires
lower RSC current control bandwidth, but also the effective
compensation level cannot be higher than 38%. It is worth
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FIGURE 14. Impact of GSC DC Voltage PI regulator on the impedance
response of DFIG.

noting that Z, consists of both the line and equivalent grid
impedances (Zjine and Zeggrid, respectively). The effective
compensation level (Xcp=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.
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FIGURE 15. Stability contour diagram of varying RSC current Pl regulator
bandwidths and SCRs.
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As the GSC current control and PLL PI regulator band-
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widths have signi cant 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 in uence
can be offset by slower RSC current control and faster GSC
current control. The three controls with signi cant 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.
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FIGURE 17. Stability contour diagram of varying GSC current Pl regulator
bandwidths and SCRs.
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V. ILLUSTRATIVE EXAMPLES AND RECOMMENDATION
FOR SAFE OPERATION OF DFIG-WP
A. DFIG-WP WEAK GRID INSTABILITY

In Case-1 (C1), initially both Switch 1 and Switch 2 are
closed. The following disturbances/modi cations are made:

- D1: Opening Switch 1 at t = 1s, 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 = 2s which causes instability.

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

The IBSA results are shown in Fig. 19, and con rmed 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, so
damped oscillation can be observed in Fig. 21 and Fig. 23
after Dlatt=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 re-
sistance 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 = 2s. The frequency spectrum of
phase currents in t = 2 - 2.5s 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. 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 at t = 2.5s.
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FIGURE 19. Impedance response of the system in Case-1.
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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/modi cations are made:

- D1: Opening Switch 1 at t = 1s, which results series-
capacitor compensated grid condition where the system re-
mains stable.

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

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

The IBSA results are shown in Fig. 25, and con rmed 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 D1 att=1s.

After D2, the cross-over frequency shifts to 16 Hz and
corresponding system resistance becomes negative. The in-
tersection 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 = 3s. 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 - 5s shown in Fig. 30 contains a dominant 15.9 Hz fre-
quency 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, respectively. 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 D3 at t = 5s.
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a1 time intarval 0.5 < 68, C. RECOMMENDATIONS FOR THE SAFE OPERATION

OF DFIG-WP

This section presents the recommendations for the safe oper-
ation of DFIG-WP in terms of small-signal stability, which
can be used either as pre-event design or post-event mitiga-
tion. As demonstrated in the previous sections, certain DFIG
control parameters have signi cant impact on both the weak
grid instability and series-capacitor SSO problems. Hence,
the recommendations are based on DFIG control parameter
modi cations. However, the potential adverse impact of mod-
i ed 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
to use a DFIG analytical impedance model that ac-
counts for the AC-DC coupling.

2) Toachievea 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 fur-
ther 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

FIGURE 28. Zoom-in version of Fig. 26 at time interval 3 - 5.5s. the effective compensation level 30% in the considered

FIGURE 27. Zoom-in version of Fig. 26 at time interval 1 - 1.5s.
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test system. The results might change with different
system structures and parameters, and DFIG-WP op-
erating 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 mit-
igation 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 (speci cally, 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 (speci cally, RSC and
GSC control parameters). Classifying weak grid instability
phenomenon as weak grid SSO due to the presence of sub-
synchronous frequency component causes misperceptions.
There is a need to revise its classi cation.

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 re ned. Recom-
mendations are provided for DFIG-WP instability prevention
and/or mitigation through control parameter modi cation
based on the guidance of stability contour analysis. Fu-
ture work includes considering the trade-off between system
transient response and small signal stability and providing
additional guidelines accordingly.
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APPENDIX A DETAILED MATRICES [22]

Y12dq is:

Y12dq = Ar lBr
Y 4dq IS:

Yidq =A 'B

Yoie = 15 1347™Vae  13:°Vae Zimstip ZirZymZis)Ya

15 Via=Vae Vi Vi ZiZisYa PV
Y 4qc iS:
Yaec =F EA C
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Yq is:
Yqo=D EA 'B

Pl Regulators:

Hpar = Kpgr + Kipgr=s
Her = Kpir + Kjir=s
Kopn + Kipni=s
V(s + Kppi + Kipii=s)
Hae = Kpvae + Kivde=S
Hy = Kpq + Kig=s
He = Kpe + Kje=s

Gpu =

Induction generator impedances:
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PLL impacts: TABLE 2. PARAMETER OF THE WIND PARK AND EXTERNAL GRIDS
Gvon = 0 V4Squ|| Gioll 0 quGpll Parameters Value
P 0 V3G P 0 134Gp Wind turbine and wind park transformers
0 VG 0 15G Equ!valent resistance (Rir-wt, Rtr-wp) 0.002 pu, 0.003 pu
Gvipll = 2q2pll Girpli 2q 2pll eq_uva_lent reactance (X tr-wt, X tr-wp) 0.006 pu, 0.12 pu
0 V3G 0 154Gpu Gridline 1 and 2
L Resistance (Rir-wt, Rir-wp) 0.015 pu, 0.06 pu
Other matrices: Reactance (X 1, X 2, X ca';) 0.1 pu, 0.4 pu, 0.12 pu
v _ Rf+sL¢ Ly
fda 'L;  Ry+sky
0 0 0 0 [2] Y. Cheng et al., Wind Energy Systems Subsynchronous Oscillations:
Vidg = 1:5Hq Vs Vs lpg = 1:5H, I3 Is Events and Modeling, Analytic Methods for Power Systems (AMPS)
4iq 4id 4q 4d Committee, Transient Analysis and Simulations Subcommittee (TASS),
VS VS S S Wind SSO Task Force. IEEE PES-TR80, Jul. 2020.
Vidqr = ]_;5Hpqr \ids Vlsq |pqr = :]_;5Hpqr 12 éq [3] Y.Chengetal., Real-World Subsynchronous Oscillation Events in Power
1q 1d 1q 1d Grids with High Penetrations of Inverter-Based Resources, IEEE Trans.
_ Power Syst., vol. 38, no. 1, pp. 316 330, Jan. 2023, doi: 10.1109/TP-
A=Hcl +Zfaq  HcVipq WRS.2022.3161418.
B=1+ HcGlpII + va" HchIpq [4] L. Fan and Z Miao, Nyquist-stability-criterion-based SSR explanation
T T for type-3 wind generators, IEEE Trans. Energy Convers., vol. 27, no. 3,
C= Hc Hdc 0 V45d:Vdc V4Sq:Vdc pp. 807 809, Sept. 2012, doi: 10.1109/TEC.2012.2193491.
[5] G. D. Irwin, A. K. Jindal, and A. L. Isaacs, Sub-synchronous control
D=15 |Zd:Vdc qu:Vdc interactions between type 3 wind turbines and series compensated AC
.. _ _ ., _ _ transmission systems, in IEEE Power and Energy Society General Meet-
E=15 Vgg=Vac Vig=Vac +15 133=Vac 133=Vac Ztdq  ing, Detroit, MI, USA, Jul. 2011, doi- 10.1109/PES.2011.6039426.
F = Pr:dec [6] L. Zhu, D. Zhong, B. Wang, R. Lin and M. Xu, Understanding Sub-
synchronous Oscillation in DFIG-Based Wind Farms With Rotor-Side
Ar = HeVipgr + (He I + Z|r)Z|n1‘Z|S Zimslip Converter Control Based on the Equivalent RLC Model, IEEE Access,
_ 1 vol. 8, pp. 65371-65382, 2020, doi: 10.1109/ACCESS.2020.2983727.
Br = (Herl + Zir)Z),y + Her( Ipgr + Girpn) + Gvrpll [7] D. Fateh, A. A. M. Birjandi and J. M. Guerrero, Safe Sub Synchronous
Oscillations Response for Large DFIG-Based Wind Farms, IEEE Access,
APPENDIX B SYSTEM PARAMETERS vol. 8, pp. 169822 169834, 2020, doi: 10.1109/ACCESS.2020.3019234.
The parameters used in this paper are listed in Table 1 and [8] L. J. Cai, I. Erlich, U. Karaagac, and J. Mahseredjian, Stable opera-
tion of doubly-fed induction generator in weak grids, in IEEE Power
Table 2. and Energy Society General Meeting, Denver, CO, USA, 2015, doi:
10.1109/PESGM.2015.7285994.
TABLE 1. PARAMETER OF THE DFIG [9] L.J.Caiandl.Erlich, Doubly Fed Induction Generator Controller Design
for the Stable Operation in Weak Grids, IEEE Trans. Sustain. Energy, vol.
Parameters Value 6, no. 3, pp. 1078 1084, Jul. 2015, doi: 10.1109/TSTE.2014.2338492.
WT Base power and AC voltage (S, Vims) 2 MW, 690 V [10] J. Liuetal., Impact of Power Grid Strength and PLL Parameters on Sta-
WT Base phase voltage (Vphamp) 564 V bility of Grid-Connected DFIG Wind Farm, IEEE Trans. Sustain. Energy,
WT Base phase current (I pnamp) 2367 A vol. 11, no. 1, pp. 545-557, Jan. 2020, doi: 10.1109/TSTE.2019.2897596.
Induction Generator [11] H. Nian, B. Hu, Y. Xu, C. Wu, L. Chen and F. Blaabjerg, Analysis
Stator resistance (Rs) 0.0016 and Reshaping on Impedance Characteristic of DFIG System Based on
Stator Leakage inductance (L i5) 35.18 mH Symmetrical PLL, IEEE Trans. Power Electron., vol. 35, no. 11, pp.
Mutual inductance (L m) 3.6 mH 11720-11730, Nov. 2020, doi: 10.1109/TPEL.2020.2982946.
Rotor resistance(Ry) 0.0012 [12] F. Meng, D. Sun, K. Zhou, J. Wu, F. Zhao and L. Sun, A Sub-Synchronous
Rotor Leakage inductance (L) 15.00 mH Oscillation Suppression Strategy for Doubly Fed Wind Power Generation
Pole pairs and rotor angular speed (np, ! r) 2,12pu System, IEEE Access, vol. 9, pp. 83482-83498, 2021, doi: 10.1109/AC-
Rotor-side converter CESS.2021.3087638.
0.12, 15.80 (C1D1) [13] D. Sun, W. Shen, Z. Qian, F. Meng, Y. Sha and K. Zhou,
Current PI Regulator (K pir, K iir) 0.20, 43.88 (C1D2&D3) Multi-Disturbance Factors Analysis and Suppression Strategy of Sub-
pirs T ir 0.043, 1.94 (C2D1&D2) Synchronous Oscillation on DFIG Grid-Side Converter, IEEE Access,
0.037, 1.42 (C2D3) vol. 11, pp. 48881-48892, 2023, doi: 10.1109/ACCESS.2023.3277622.
0.0002, 0.0368 [14] 1. Vieto, G. Li, and J. Sun, Behavior, Modeling and Damping of a New
. . (C1, C2D1) Type of Resonance Involving Type-I11 Wind Turbines, in 2018 IEEE 19th
petive ;”_d Reactive Power Pl Regulator | 4 5506 "0 1055 Workshop on Control and Modeling for Power Electronics (COMPEL),
(K ppar. Kipar) (C2D2&D3) Padua, Italy, 2018, doi: 10.1109/COMPEL.2018.8460093.
Grid-side converter [15] J. Sun and I. Vieto, Development and Application of Type-IIl Turbine
DC voltage and capacitor (Vgc, Cgc) 1100 V, 10 mF Impedance Models Including DC Bus Dynamics, |IEEE Open J. Power
L-type Iter (Rf, L¢) 0.006 ,37.887 mH Electron., vol. 1, pp. 513-528, 2020, doi: 10.1109/0JPEL.2020.3040628.
PLL Pl regulator (K ppii, Kipin) 130, 8388 [16] A. Rygg, M. Molinas, C. Zhang, and X. Cai, A Modi ed Sequence-
DC voltage PI regulator (K pydc, Kivdc) 1.6841, 109.06 Domain Impedance De nition and Its Equivalence to the dg-Domain
0.16, 35.31 (C1D1&D?2) Impedance De nition for the Stability Analysis of AC Power Electronic
Current PI regulator (K pi, K i) 0.33, 141.24 (C1D3) Systems, IEEE J. Emerg. Sel. Top. Power Electron., vol. 4, no. 4, pp.
1383-1396, Dec. 2016, doi: 10.1109/JESTPE.2016.2588733.
[17] J. Sun, Impedance-Based Stability Criterion for Grid-Connected Invert-
ers, IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075-3078, Nov.
REFERENCES 2011, doi: 10.1109/TPEL.2011.2136439.
[1] B.Wu, Y. Lang, N. Zargari, and S. Kouro, Power Conversion and Control [18] Z.Miao, Impedance-model-based SSR analysis for type 3 wind generator
of Wind Energy Systems, Hoboken, N.J: IEEE Press, Wiley, 2011, pp. 237- and series-compensated network, IEEE Trans. Energy Convers., vol. 27,
274. no. 4, pp. 984-991, Dec. 2012, doi: 10.1109/TEC.2012.2211019.
12 VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3340703

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

IEEE Access

[19] I.VietoandJ. Sun, Sequence Impedance Modeling and Analysis of Type-
111 Wind Turbines, IEEE Trans. Energy Convers., vol. 33, no. 2, pp. 537-
545, June 2018, doi: 10.1109/TEC.2017.2763585.

[20] L. Chen, H. Nian, and Y. Xu, Complex transfer function-based sequence
domain impedance model of doubly fed induction generator, 1ET Renew.
Power Gener., vol. 13, no. 1, pp. 67 77, Oct. 2019, doi: 10.1049/iet-
rpg.2018.5330.

[21] C. Zhang, X. Cai, M. Molinas, and A. Rygg, Frequency-domain mod-
elling and stability analysis of a DFIG-based wind energy conversion
system under non-compensated AC grids: impedance modelling effects
and consequences on stability, IET Power Electron., vol. 12, no. 4, pp.
907 914, Jan. 2019, doi: 10.1049/iet-pel.2018.5527.

[22] T. Xue, U. Karaagac, and M. Ghafouri, Impact of DFIG Impedance
Model Precision on Stability Analysis, Energy Reports, vol. 9, no. 10,
pp. 920-929, Oct. 2023, doi: 10.1016/j.egyr.2023.05.165.

[23] R. Pena, J.C. Clare, G.M. Asher, Doubly fed induction generator using
back to back PWM converters and its application to variable-speed wind-
energy generation, IEE Proc. Electr. Power Appl., vol. 143, no. 3, pp.231-
240, May 1996, doi: 10.1049/ip-epa:19960288.

[24] Y. Seyedi, U. Karaagac, J. Mahseredjian, A. Haddadi, K. Jacobs, H.
Karimi, Detailed modeling of inverter-based resources, Advances in
Power System Modelling, Control and Stability Analysis, 2nd ed., F.
Milano, IET Energy Engineering, 2022, Ch. 5, pp. 175-203.

[25] A. Haddadi, I. Kocar, T. Kauffmann, U. Karaagac, E. Farantatos and J.
Mahseredjian, Field Validation of Generic Wind Park Models using Fault
Records, J. Mod. Power Syst. Clean Energy, vol. 7, no. 4, pp. 826-836,
July 2019, doi: 10.1007/s40565-019-0521-x.

[26] S. R. Sanders, J. M. Noworolski, X. Z. Liu, and G. C. Verghese,
Generalized Averaging Method for Power Conversion Circuits, |IEEE
Trans. Power Electron., vol. 6, no. 2, pp. 251-259, April 1991, doi:
10.1109/63.76811.

[27] Y. Cheng, M. Sahni, D. Muthumuni and B. Badrzadeh, Reactance Scan
Crossover-Based Approach for Investigating SSCI Concerns for DFIG-
Based Wind Turbines, IEEE Trans. Power Deliv., vol. 28, no. 2, pp. 742-
751, April 2013, doi: 10.1109/TPWRD.2012.2223239.

[28] U. Karaagac, J. Mahseredjian, S. Jensen, R. Gagnon, M. Fecteau,
and |. Kocar, Safe Operation of DFIG-Based Wind Parks in Series-
Compensated Systems, |EEE Trans. Power Deliv., vol. 33, no. 2, pp. 709-
718, April 2018, doi: 10.1109/TPWRD.2017.2689792.

[29] M.T.Ali, D. Zhou, Y. Song, M. Ghandhari, L. Harnefors, and F. Blaabjerg,
Analysis and Mitigation of SSCI in DFIG Systems With Experimental
Validation, IEEE Trans. Energy Convers., vol. 35, no. 2, pp. 714-723,
June 2020, doi: 10.1109/TEC.2019.2953976.

[30] M. Ghafouri, U. Karaagac, J. Mahseredjian, and H. Karimi, SSCI Damp-
ing Controller Design for Series-Compensated DFIG-Based Wind Parks
Considering Implementation Challenges, IEEE Trans. Power Syst., vol.
34, no. 4, pp. 2644-2653, July 2019, doi: 10.1109/TPWRS.2019.2891269.

[31] M. Ghafouri, U. Karaagac, I. Kocar, Z. Xu and E. Farantatos, Analysis
and Mitigation of the Communication Delay Impacts on Wind Farm Cen-
tral SSI Damping Controller, IEEE Access, vol. 9, pp. 105641-105650,
2021, doi: 10.1109/ACCESS.2021.3096331.

TAO XUE (student member, IEEE) was bron in
Hefei, Anhui Province, China in 1996. He received
the B.Sc. and M.Sc. degrees in electrical engineer-
ing from the North China Electric Power Univer-
sity (Beijing) and Shanghai Jiao Tong University
in 2018, and 2021, respectively. Tao Xue is cur-
rently pursuing a Ph. D. degree at the Department
of Electrical Engineering, The Hong Kong Poly-
technic University. Tao Xue’s research interest is
the safe operation of AC/DC transmission systems
with massive inverter-based renewables integration.

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

ULAS KARAAGAC (Member, IEEE) received
the B.Sc. and M.Sc. degrees in electrical and elec-
tronics engineering from the Middle East Techni-
cal University, Ankara, Turkey, in 1999 and 2002,
respectively, and the Ph.D. degree in electrical en-
gineering from Polytechnique Montr@al, Montreal,
QC, Canada, in 2011.
He was a Research and Development Engineer
with the Information Technology and Electronics
Research Institute (BILTEN), Scienti c and Tech-
nical Research Council of Turkey (TUBITAK), from 1999 to 2007. He was
also a Postdoctoral Fellow with Polytechnique Montr@al, from 2011 to 2013,
and a Research Associate, from 2013 to 2016. He is currently an Assistant
Professor of the Department of Electrical Engineering, The Hong Kong
Polytechnic University. His research interests include integration of large-
scale renewables into power grids, modeling and simulation of large-scale
power systems, and power system dynamics and control.

LIJUN CAI received the Ph.D. degree in electri-
cal engineering from the University of Duisburg-
Essen, Essen, Germany, in 2004.
He then worked as a Postdoctoral Fellow from
2004 to 2006. From 2006 to 2009, he was with
Vattenfall-Europe Transmission and was responsi-
ble for grid connection and simulations of large
power systems. From 2009 to 2015, he was the
Head and Leading Expert of modelling and grid
simulation at REpower Systems SE, Germany.
Since 2015, he has been the Chief Scientist for renewable energy and grid
technology with SGRI Europe GmbH, Berlin, Germany. His major research
interest focuses on renewable modelling and control, power system dynamic
stability analyses and control, and exible ac transmission systems devices.

ILHAN KOCAR (Senior Member, IEEE) received
the B.Sc. and M.Sc. degrees in EEE from Orta
Dogu Teknik niversitesi, Ankara, T rkiye, in
1998 and 2003, respectively, and the Ph.D. degree
in EE from the cole Polytechnique de Montrgal
(af liated with Universit@ de Montr@al), Montreal,
QC, Canada, in 20009.
He is currently a Professor with The Hong
Kong Polytechnic University, Hong Kong. He has
20 years of experience with career highlights in
research, development of computational tools for power system analysis,
project engineering, and consulting. He is an Associate Editor for IEEE
Transactions on Power Delivery and Journal of Modern Power Systems and
Clean Energy.

13



