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Abstract-Doubly-fed induction generators (DFIGs) are prone
to subsynchronous resonance (SSR) with series-compensated
transmission lines and experiencing SSR-generated harmonics of
wide-ranging magnitudes. This paper presents a large-signal
impedance-based approach for the prediction of the magnitude of
SSR-generated harmonics in DFIGs. Note that the large-signal
impedance of a network shows variation in its impedance
response with the magnitude of perturbation at its terminals. It is
discovered in this paper that the impedance of a series-compen-
sated transmission line starts changing with the magnitude of SSR
because of the metal-oxide varistor-based protection of series
capacitors in the line. The changing line impedance halts the
growth of the SSR beyond a certain point, where the DFIG forms
a limit-cycle mode and emits harmonics at the SSR frequency.
The discovered role of the protection of series capacitors in SSR
not only enables the prediction of SSR-generated harmonics but
also can be used for the timely detection of an SSR event to avoid
system disruption and sudden loss of bulk generation. The large-
signal impedance-based prediction of SSR-generated harmonics
in DFIG-based wind and hydro generators is demonstrated using
numerical simulations of a 2.5-MVA, 690-V DFIG supplying to a
series-compensated transmission line.

Index Terms-DFIG, hydro generators, wind turbines, series-
compensated transmission lines, SSR, MOV, impedance analysis.

I. INTRODUCTION

Doubly fed-induction generators (DFIGs) with back-to-back
voltage source converters (VSCs) is an attractive topology for
applications demanding variable-speed operation of generators
[1]. DFIGs are widely used in wind turbines, and they are being
increasingly considered for small hydro generators. One major
concern with the grid integration of DFIGs is that they are prone to
severe subsynchronous resonance (SSR) problems when they
supply directly to a series-compensated transmission line [2]-[4].
The impedance-based analysis is proven effective at explaining
the underlying mechanism of the SSR of DFIGs [5], [6]. It is
shown that the inductive behavior of a DFIG in the subsyn-
chronous frequency range caused by the machine inductance
interacts with the capacitive impedance of the series-compensated
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line. The damping of the resulting SSR mode is typically low and
sometimes becomes negative because of the so-called induction
generator effect and the active controls of the rotor-side converter
(RSC) and grid-side converter (GSC) [6]. Small-signal
impedance-based modeling and analysis also supports the devel-
opment of damping methods for resonance problems [7];
however, it cannot predict the magnitude of resonance-generated
harmonics. SSR-generated harmonics in DFIGs have resulted in
disruption in many power systems around the world: a) the
magnitude of SSR-generated voltage harmonics reached as high
as 2 p.u. in Texas, United States in 2009 [2]; and b) tens of SSR
events were observed more recently in the Hebei Province of
China, which hosts almost 3.5 GW of wind power, more than 80%
of which comes from DFIG turbines [4]. The magnitudes of SSR-
generated harmonics are found to vary sporadically depending on
the number of wind turbines in operation and wind speed. It is
important to be able to predict the magnitude of these SSR-
generated harmonics and understand the factors governing them
for the protection design of DFIGs and timely detection of SSR;
timely detection and fast corrective action is one of the most
efficient approaches for avoiding disruptions caused by SSR [8].
This paper presents an impedance-based approach for the
prediction of the magnitude of SSR-generated harmonics in a
DFIG supplying to a series-compensated transmission line. The
paper applies recently developed large-signal impedance theory
for the prediction of resonance-generated harmonics [9]. It is
shown that the impedance of the line starts changing with the SSR
magnitude because of the activation of the surge protection of
series capacitors using metal-oxide varistors (MOV) [10]; this
halts the growth of SSR beyond a certain point, where the DFIG
enters into a limit-cycle mode with sustained harmonics at the
SSR frequency. The role of the MOV in the SSR of DFIGs
discovered in this paper not only helps predict the magnitude and
frequency of SSR-generated harmonics but also can be used for
the timely detection of an SSR event by monitoring the voltage
across MOVs across the series capacitors of the compensated line.

II. SMALL-SIGNAL IMPEDANCE ANALYSIS OF SSR IN DFIGS

Fig. 1 shows circuit diagram and control implementation of a
2.5-MVA, 0.69-kV DFIG used in this paper to demonstrate the
prediction of the SSR magnitude. The current references for the dq
current control of the RSC are regulated by outer active power/
speed and reactive power control loops. Because the bandwidths
of these outer-loop controls are limited to a few hertz, they do not
affect the DFIG dynamics in the subsynchronous frequency range
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Fig. 1. Circuit and control diagram of a doubly-fed induction generator (DFIG).
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TABLE I PARAMETERS AND OPERATION CONDITION OF A DFIG FOR PSCAD SIMULATIONS

Parameter Value Parameter Value
Rated Power, S 2.5 MVA Rated Voltage, V' 690 V
Rated Frequency, f; 60 Hz DC Voltage, V. 2000 V
Stator to Rotor Turns Ratio, N/N,. 0.37912 PCC Voltage (peak), V', 690 sqrt(2/3)
Stator Resistance, Ry 0.0054 p.u. Rotor Resistance, R, 0.00607 p.u.
Stator Leakage Inductance, L 0.102 p.u. Rotor Leakage Inductance, L), 0.110 p.u.
Magnetizing Inductance, L,, 4.362 p.u. GSC Reactor Inductance, Ly, 0.2 p.u.
PWM Gain, £, 0.5 DC-Bus Capacitance, Cy. 20 mF
RSC Current Controller, H(s) (0.455+50.51/s)- 103 RSC Decoupling gain, Kig 92.6x10
GSC Current Controller, Hgi(s) (0.27+338.4/i)- 103 RSC Decoupling gain, Kqq 113.1x10°°
Rotor Speed, »,, 1.33 p.u. Rotor Speed (Electrical), f,, 80 Hz
PLL Compensator, Hpy 1 (s) 0.236+44.59/s DC-Bus Controller, H,(s) —(4.205+528.53/s)
RSC O/P Current, /4 Iy 1148—-257 GSC O/P Current, I 4 il 977—j-0

and they are ignored in this paper. Hence, the current references,
1,4 and Iy, to the RSC are kept constant, and the prime mover is
represented by an ideal speed source. The GSC regulates the dc-
bus voltage, v4., by regulating the d-axis component, i.q, of its
output currents, i..p.. The g-axis component, igq, of i.gpe is
regulated to control the reactive power output from the GSC.
Table I shows DFIG parameters and operation condition used for
the PSCAD simulations and analysis presented in this paper.

A. Sequence Impedance Modeling of a DFIG

Impedance modeling of VSCs, including cross-coupling
between the positive and negative sequence impedances, and
between the ac- and dc-side networks, is presented in [11]. The
only challenge in the impedance modeling of a DFIG is evaluating
how the RSC impedance is mapped to the stator side through the
induction machine [6]. The mapping of the stator-side perturba-
tions to the rotor side and vice versa involves frequency-

dependent scaling factors as well as a shift in their frequencies. An
added complexity is that the scaling factor and frequency shift are
different for the positive and negative sequence perturbations.
These mappings are represented in Fig. 2 using an equivalent
circuit of the induction machine. Factors 6,(s) and o,(s) in Fig. 2
are frequency-dependent gains given by:
s—jm s+jm
G,(s) = % and o,(s) = % (1)
As in [6], the dc-bus voltage control dynamics and the
coupling between the positive and negative sequence imped-
ances are ignored because they affect the accuracy of the
developed models only at frequencies closer to the funda-
mental frequency [11]. With these approximations, the
positive-sequence impedance of the DFIG, Z,(s), can be
obtained as the parallel combination of the positive-sequence
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impedances of the induction machine including the RSC
dynamics, Zg,(s), and the GSC, Z(s):

Z(5) - Zop(5)

th(s) = Zsp(s)+Zcp(S)

2)

Using the equivalent circuit in Fig. 2 and the harmonic linear-
ization method, Zg,(s) and Zy(s) are obtained as shown in (3),
where Tp;(s) = [V - HPLL(S)/S] [1+V, - Hp(s)/s]

is the closed-loop gain of the PLL, and M, L4, and I, are
respectively the steady-state values of m,. g, iy g, a0 i gy I the
phasor form, for instance M, = M4+ /M, .

B. SSR with Series-Compensated Transmission Line

Fig. 3 shows the DFIG supplying to a series-compensated
transmission line. The short-circuit ratio (SCR) of the uncompen-
sated line is 4 for the base of 50 MVA, 33 kV. Series capacitors
provide 50% compensation and increase the SCR to 8. Note that
the small-signal grid impedance seen by the DFIG is given by:

Zy(s) = (0.69/33)" - [sL,+1/(sC,)] @)

Fig. 4. Small-signal impedance-based stability analysis of the 2.5-MVA DFIG
supplying to a series-compensated transmission line.
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Fig. 5. DFIG output currents during subsynchronous resonance.

Fig. 4 compares the small-signal impedance responses of the
DFIG and grid obtained using (2)—(4). It predicts an unstable SSR
at 9 Hz with the phase margin of =70° (=180°-250°). As shown in
Fig. 5, dynamic simulations indeed confirm SSR after the series
capacitors are inserted at 5 s; however, based on the frequency
spectrum of the DFIG output currents shown in Fig. 6, the
frequency of the SSR-generated harmonics is 5.5 Hz instead of 9
Hz predicted by the small-signal impedance analysis in Fig. 4.
Additionally, the small-signal impedance analysis cannot predict
the magnitude of the SSR-generated harmonics, which is 3.85 kA
based on the spectrum shown in Fig. 6. Note that the SSR-
generated harmonics are of almost the same magnitude as the
rated current output at the fundamental frequency before the
insertion of the series capacitors. In addition to almost 1 p.u. of
SSR-generated harmonics at 5.5 Hz, Fig. 6 shows a small
component at 114.5 Hz, which is because of the cross-coupling

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications


http://

6
5
g 4 A3
5 3 3.9 kA @60Hz
£
5 2
O
1
a)
00 10 20 30 40 50 60 70 80 90 100 110 120
6
Ao
5/ 385kA@5.5Hz 5.8 KA @60Hz
S 4
g 3
g o
O 0.2 kA @114.5 Hz
1
b) . Y

0 10 20 30 40 50 60 70 80 90 100 110 120
Frequency (Hz)
Fig. 6. Frequency components in the DFIG output currents before and after the

insertion of series capacitors for 50% compensation. a) before the insertion of
capacitors, b) after the insertion of capacitors.

0

g
g -
[}
T -40
E=i
2 60 Zip(s)
=
-80
1 Hz 10 Hz 100 Hz 1000 Hz
200
".\
G 100 Zi(s)
m
g
2
<
= -100
-200
1Hz 10 Hz 100 Hz 1000 Hz

Fig. 7. Large-signal impedance response of the DFIG. Solid lines: small-signal
impedance model prediction, dots: measured impedance response using point-by-
point simulations for the injection of 100% current perturbation.

between the positive and negative sequence dynamics [11]. Fig. 6
also shows that during SSR, the fundamental component of the
DFIG output currents has substantially increased to 5.8 kA from
the pre-SSR value of 3.9 kA.

III. LARGE-SIGNAL IMPEDANCE-BASED PREDICTION OF THE
MAGNITUDE OF SSR-GENERATED HARMONICS

Based on the large-signal impedance theory [9], the magnitude
of the SSR-generated harmonics can be determined by comparing
the large-signal impedance response of the DFIG and the grid.
Note that the large-signal impedance of any network represents its
impedance responses for different magnitudes of the perturbation
at its terminals. The impedance of the DFIG in Fig. 1 is measured
for different values of the injected current perturbation magnitudes
using numerical simulations. As shown in Fig. 7, the DFIG
impedance in the subsynchronous frequency range does not
change from the small-signal impedance response even when the
injected current perturbation magnitude is increased as high as 1
p-u. Hence, based on the large-signal impedance theory [9], the
growth of the SSR is not arrested by a change in the DFIG
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Fig. 8. Large-signal impedance of grid. Pink solid lines: small-signal impedance
response, lines with dots: point-by-point simulations for different levels of the
injected current perturbation, J,,.

impedance with the resonance magnitude. In other words, an
unstable SSR will continue to grow indefinitely, until it triggers
some protection, unless the growth of SSR is arrested by a change
in the grid impedance with the SSR magnitude. This is precisely
what is discovered in this paper: the grid impedance starts
changing with the SSR magnitude and locks the growth of SSR at
a certain point. The insensitivity of the DFIG impedance to the
injected perturbation magnitude emphasizes the linearity of the
DFIG dynamics. This is because the dynamics of the induction
machine dominates the DFIG impedance, which are substantially
“more” linear than the dynamics of the power converters [12].

The large-signal impedance of the grid is measured using
simulations by injecting current perturbations of different magni-
tudes. The injected positive-sequence current perturbations are
superimposed on the fundamental current output from the DFIG.
The measured grid impedance responses for different current
perturbations magnitudes, /,, are shown in Fig. 8. The change in
the grid impedance with the perturbation magnitude, 7, is
explained in the following.

The MOV-based surge protection across the series capacitors,
as shown in Fig. 3, protects the series capacitors from
overvoltages. MOV is essentially a nonlinear resistor whose resis-
tance reduces rapidly to a low value if the voltage across it starts
increasing beyond a threshold level. Hence, whenever the voltage
across a series capacitor increases beyond the threshold level
because of the injected current perturbation, the MOV across it
gets activated and partially bypasses the series-capacitor. Note that
the perturbation current causes a higher voltage drop across series
capacitors at low frequencies because of the higher impedance of
the capacitors. This is why the grid impedance becomes more and
more resistive in the subsynchronous frequency range, as shown
in Fig. 8, as the injected current perturbation magnitude, 1, is
increased. The MOV does not react to high-frequency perturba-
tions because the impedance of the series capacitors is much lower
and most of the voltage drop appears across grid inductance, L.

Fig. 9 compares the large-signal impedance response of the
grid with the DFIG impedance. Once the SSR starts growing at 9
Hz because of the negative phase margin of —70°, the grid

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications
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impedance starts changing. Because of the change in both the
magnitude and phase responses of the grid impedance with the
SSR magnitude, the impedance interaction frequency starts
reducing and the phase margin starts increasing. Once the phase
margin increases to zero — that is the phase difference between the
grid impedance and the DFIG impedance at the interaction
frequency becomes 180° — the resonance stops growing. Essen-
tially, at this point, the DFIG enters a stable limit cycle and emits
sustained SSR-generated harmonics. Based on the large-signal
impedance analysis shown in Fig. 9, the DIFG will experience
SSR-generated harmonics of around 100% magnitude (i.e., 1 p.u.)
in its output currents at 5.5 Hz. The SSR-generated harmonics in
the voltages at the DFIG terminals can be readily obtained by
multiplying the current harmonics with the grid impedance at the
resonance frequency. The prediction of the SSR-generated
harmonics using the large-signal impedance analysis shown in
Fig. 9 matches those observed in simulations; the frequency
spectrum of the DFIG output currents during SSR in Fig. 6 also
shows SSR-generated harmonics of around 1 p.u. at 5.5 Hz.

Fig. 10 shows large-signal impedance analysis using nyquist
plots of the impedance ratio Zy(s)/Zyy(s) for different magnitudes

5

of current perturbation, /,,. It is evident that the nyquist plot starts
changing with the resonance magnitude; it stops encircling the
critical point —1+j0 once the resonance in the DFIG currents
reached approximately 100%. Also, note the change in the
frequency at which the nyquist plot enters the unit circle for
different magnitudes of current perturbation.

IV. CONCLUSIONS

This paper applied large-signal impedance-based theory for the
prediction of the magnitude and frequency of SSR-generated
harmonics in DFIGs supplying to a series-compensated trans-
mission line. It is discovered that the MOV-based surge protection
of series capacitors in the compensated line changes the grid
impedance with the SSR magnitude. This halts the growth of SSR
beyond a certain point, which decides the magnitude and
frequency of the SSR-generated harmonics a DFIG will
experience. Future work will use the proposed approach to
optimize the DFIG control system and protection to reduce the
magnitude of SSR-generated harmonics under conditions where
SSR cannot be completed eliminated. Future work will also
develop a fast detection method of SSR events using voltage
measurements across the MOV protection of series capacitors.
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