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Abstract—Interaction between doubly-fed induction generator
(DFIG) Type 3 wind generators and series compensated networks
can lead to subsynchronous resonance (SSR) oscillations - aphe-
nomenon observed in the real world. In this paper, impedance-
based Nyquist stability criterion is applied to analyze theSSR
phenomena. Impedance models of a DFIG along with its rotor
side converter (RSC) and grid side converter (GSC), and a series
compensated network are derived in terms of space vectors. The
DFIG impedance and the network impedance are analyzed to
show the impact of wind speed, compensation level and RSC
current controller gain on SSR stability. Nyquist maps are also
used to demonstrate the impact on SSR stability. Simulation
studies are carried out to show SSR controller interaction.This
paper successfully demonstrates that the interaction between the
electric network and the converter controller is a leading cause
of the SSR phenomena recently observed in wind generation grid
integration.

Index Terms—Doubly Fed Induction Generator, Impedance
Model, Nyquist Criterion, Subsynchronous resonance, Wind
Generation

I. I NTRODUCTION

SUbsynchronous resonance (SSR) oscillations were ob-
served in wind farms by the industry recently [1]–[3].

The incidents can cause damage to equipment and wind farms.
Hence SSR stability evaluation has been conducted in several
industry reports [4], [5]. The study conducted by ABB for
ERCOT CREZ system indicates that Type 3 or doubly-fed
induction generator (DFIG) wind generators are especially
vulnerable to SSR instability [4]. In [3], an event that led
to such phenomena was described and the recorded voltage
and current waveforms with SSR oscillations are presented.A
Type 3 wind farm is connected to a transmission path with two
parallel lines. One line is equipped with series compensation
(fixed capacitors). Due to a fault, the other line was tripped
and the compensated line is radially connected to the wind
farm. SSR oscillations started and aggravated.

Studies on SSR indicated that the phenomena are due to
the interaction among the Type 3 induction generator and (or)
power electronic converter control and the series compensated
line [3], [6], [7]. The interaction between the converter control
and the series compensated line is called sub-synchronous con-
trol interaction (SSCI) in the literature. The SSR phenomena
in Type 3 wind farms are considered to be not related to wind
turbine torsional interaction and are mainly electrical system
phenomena.

Unlike the industry studies focusing on PSCAD based time-
domain simulation, in [8], [9], nonlinear models in differential
algebraic equation are built for a Type 3 wind farm radially
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connected to a series compensated line. The DFIG is modeled
in DQ reference frame. The converters are modeled using
an average model and the controls are also modeled. The
nonlinear system is linearized at various operating conditions.
Eigenvalue analysis is then applied for stability check. Major
findings from [9] are summarized as follows:

• Torsional interactions between the network mode and the
wind turbine torsional mode are rare. This is because the
wind turbine has a soft shaft and the frequency of the
torsional mode is quite low (< 3 Hz). In order to have
torsional interactions, the network has to have a very high
compensation level to reach a high network frequency
(>47 Hz).

• Induction generator effect (IGE) is the major cause of
SSR. This could be due to a negative slip at the SSR
frequency which leads to a negative equivalent rotor
resistance at low wind speeds. The negative feedback
current controls also have adverse impact on stability.

Similar model based simulation and eigenvalue based anal-
ysis for a Type 3 wind generator with radial connected
compensated line can be found in [10], [11].

References [9] and [3] addressed two possible SSR scenar-
ios: low and high wind speed scenarios. In both scenarios, SSR
instability can happen due to electrical system interactions
whether it is IGE or SSCI.

To investigate electric system interactions including IGEand
SSCI, impedance-based models and Nyquist stability criterion
provide insights. Such methods have been widely adopted in
power electronics and system interaction studies [12], [13].
More recently, interactions between GSC current controllers
and large network inductance are addressed in [14] using
impedance models.

The objective of this paper is to apply Nyquist stability
criterion in analyzing Type 3 wind generator SSR phenomena.
The analysis of this paper is centered on electrical system
resonances including IGE and SSCI. Electric system reso-
nances can be successfully studied using impedance model
based analysis. Hence impedance models will be developed
for stability analysis. The preliminary work has been presented
in [15] where a simplified impedance model for a DFIG was
developed based on the per-phase induction machine circuit
model. The slip is expressed in Laplace domain by intuition.
Rotor-side converter (RSC) and grid-side converter (GSC)
models are ignored. Nyqusit stability criterion is appliedto
demonstrate SSR stability at different wind speeds.

In this paper, detailed impedance models of a DFIG along
with its RSC and GSC current controllers will be developed.
Since the converters’ outer power/voltage loop has a much
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slower bandwidth compared to the SSR dynamics and the in-
ner current control loop bandwidth, these controls are ignored
in the impedance models. The popularly used DQ0 based
induction machine model will be used as the starting point.
While the series compensated network can be considered as
an RLC network with an impedance model (R+ sL+ 1

sC
),

the two systems (the network and the DFIG) are not modeled
in the same reference frame. To be able to apply Nyquist
criterion, both impedance models will be transferred to the
space vector platform. Impedance model developing is the
foremost contribution of the paper.

With the developed models, impacts of wind speed, com-
pensation level and current controller gain on SSR stability
will be carried out. The analysis of the paper can explain
both low and high wind speed SSR phenomena. The rest
of the paper is organized as follows. Section II introduces
the concept of impedance based Nyquist stability criterion.
Section III presents the impedance models. Section IV presents
SSR stability analysis applying Nyquist stability criterion and
examines the impact of wind speed, compensation degree and
RSC PI controller gain. Section V presents the simulation
results and Section VI concludes the paper.

II. I MPEDANCE BASEDNYQUIST STABILITY CRITERION

Fig. 1. Small signal representation of a voltage source and aload [13].

Impedance based small signal analysis has been applied in
power electronic converter analysis in [12], [13]. For a system
with a source impedance and load impedance as shown in Fig.
1, the current can be found

I(s) =
V (s)

Zs(s) + Zl(s)
(1)

=
V (s)

Zl(s)
.

1

1 + Zs(s)/Zl(s)
(2)

Assume that the voltage source is stable and the load is stable
when powered from an ideal voltage source, then for the
system to be stable, the denominator1 + Zs(s)/Zl(s) should
have all zeros in the open left half plane (LHP). Based on
Nyquist stability criterion, if and only if the number of counter-
clockwise encirclement around(−1, 0) of Zs/Zl is equal to
the number of the right half plane (RHP) poles ofZs/Zl , the
system will be stable. In cases whenZs/Zl has no RHP poles,
the Nyquist map ofZs/Zl should not encircle(−1, 0).

Instability happens whenZs/Zl encircles(−1, 0). In addi-
tion, Bode plots can be used to analyze resonance stability.
Bode plots of the source impedance and the load impedance
can be placed together to identify the phase margin when the
magnitudes of the two impedances are the same.

III. I MPEDANCE MODELS

A study system consisting of a Type 3 DFIG based wind
generator with partial back-to-back voltage source converters
and series compensated network has been studied in [9] and
is shown in Fig. 2. A DFIG-based wind farm (100 MW from
aggregation of 2 MW units) is connected to a 161 kV series
compensated line. The collective behavior of a group of wind
turbines is represented by an equivalent lumped machine.Xtg

represents the inductive filter at the GSC.
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Fig. 2. The study system. The rated power of the wind farm is 100 MVA.
The nominal voltage of the wind farm terminal bus is 690 V and the nominal
voltage of the network is 161 kV.

The impedance models for the series compensated network
and the DFIG system will be developed in this section. For
a three-phase system, impedance model can be expressed in
either space vector or DQ0 synchronous reference frame. A
space vector voltage relates to the instantaneous three-phase
voltages as follows:

−→

V = va + αvb + α2vc (3)

whereα = ej
2π
3 .

A. RLC circuit Impedance Model

Assume that the series compensated network has no mutual
inductance and the three phases are symmetrical. For such a
three-phase RLC circuit, the impedance model observed in
space vector can be expressed as:

Znet =

−→

V
−→

I
=

va
ia

(4)

= R+ sL+
1

sC
(5)

B. Induction Machine Impedance Model

This subsection is devoted to develop the impedance model
of an induction machine based on the widely known DQ0
model presented in the classic textbook [16]. The qd-axis
circuits are shown in Fig. 3.

The stator voltage, current and flux linkage relation can be
expressed as:

vqs = rsiqs + ωλds + pλqs

vds = rsids − ωλqs + pλds (6)

wherep is the differential operatord/dt

λqs = Llsiqs + LM (iqs + i′qr)

λds = Llsids + LM (ids + i′dr) (7)
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Fig. 3. The qd-axis induction machine circuits [16].

The rotor voltage, current and flux linkage relation can be
expressed as:

v′qr = r′riqr + (ω − ωm)λ′

dr + pλqr

v′dr = r′ridr − (ω − ωm)λ′

qr + pλdr (8)

whereω is the nominal angular speed (377 rad/s),ωm is the
rotor angular speed and

λ′

qr = L′

lri
′

qr + LM (iqs + i′qr)

λ′

dr = L′

lri
′

dr + LM (ids + i′dr) (9)

The rotor currents in (6) can be substituted by expressions in
terms of the stator currents and the rotor voltage. Two complex
vectors V̄qds = vq − jvd and Īqds = iq − jid are defined.
They are related to the space vector

−→

V through the following
relationship:

−→

V = V̄qdse
jωt. (10)

where
−→

V = va+αvb+α2vc andα = ej
2π
3 . For a positive se-

quence, the corresponding space vector is a counter clockwise
rotating vector. For a negative sequence, the corresponding one
is a clockwise rotating vector. Zero sequence components will
lead to a zero space vector.

Using the complex vector expression, and transforming (8)
into Laplace domain leads to:

V̄ ′

r (s) = (r′r+(s+j(ω−ωm))Lrr)Ī
′

r(s)+LM (s+j(ω−ωm))Īs(s)
(11)

whereLss = Lls + LM andL′

rr = L′

lr + LM . HenceI ′r(s)
can be expressed bȳV ′

r and Īs.
Converting (6) into Laplace domain and substitute the static

current space vector according to (11) leads to

V̄s =

[

rs + (s+ jω)

(

Lss −
L2
M [s+ j(ω − ωm)]

r′r + [s+ j(ω − ωm)Lrr]

)]

︸ ︷︷ ︸

Z

Īs

+
(s+ jω)LM

r′r + [s+ j(ω − ωm)]Lrr

V̄ ′

r (12)

Therefore, a Thevenin equivalent circuit for the induction
machine can be developed. Notice that the impedanceZ(s)
is based on DQ0 reference frame. Since the RLC circuit is
expressed in abc reference frame, it will be convenient that

there is also an impedance model based on abc reference
frame.

For three-phase systems, abc voltages and currents can be
expressed as space vectors. The relation of a space vector and
a static dq vector in time domain is known (10). In Laplace
domain, their relation becomes

−→

V (s) = V̄qds(s− jω). (13)

Hence in space vector the stator voltage can be expressed
as follows by replacings by s− jω in (12).

−−→

V (s) =

[

rs + s

(

Lss −
L2
M [s− jωm)]

r′r + [s− jωm)Lrr]

)]

︸ ︷︷ ︸

Z

−→

I s

+
sLM

r′r + (s− jωm)Lrr

−→

V ′

r (14)

If LM is very large compared to the other parameters, then
the above equation can be simplified as

Zs(s) = rs + s(Lls + L′

lr) +
s

s− jωm

r′r. (15)

The above derivation corroborates with the following anal-
ysis on slip. Slip is related to the rotating speedωm and
the stator frequencyω. For the electric circuit analysis, the
rotating speed can be assumed to be constant since mechanical
dynamics is much slower than the electric dynamics. Slip can
be expressed as1 − ωm/ω. In Laplace domain, slip can be
expressed as

slip(s) =
s− jωm

s
. (16)

Hence the impedance of the DFIG seen from its terminal
can be represented by:

ZDFIG(s) = rr/slip(s) + rs + (Lls + Llr)s. (17)

The above derivation also proves that the impedance model
can be developed using the per-phase circuit of a DFIG. The
simplified DFIG impedance in (17) ignoring RSC and GSC is
adopted in [15].

C. Converter Impedance Model

Cascaded control loops are used in converters in wind
generators. The control loops consist of the fast inner current
control loops and the slow outer power/voltage control loops.
The current control loops usually have bandwidths at or
greater than 100 Hz while the outer control loops usually
have bandwidths less than several Hz. For SSR studies, the
dynamics of interest are much faster than the outer control
loops. Thus, the outer control is considered to be constant and
will not be included in the impedance model.

For the vector current control scheme in Fig. 4, the qd-axis
voltage and current relationship is

vq = (i∗q − iq)Hi(s)−Kdid (18)

vd = (i∗d − id)Hi(s) +Kdiq (19)

This leads to the expression in complex vector:

V̄qds = Ī∗qdsH(s)− (H(s)− jKd)Īqds. (20)
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Fig. 4. The converter current control loops.

To view the current controlled converter from space vector,
then:

~V = ~I∗H(s− jω)− (H(s− jω)− jKd)~I (21)

For the GSC at positive sequence scenarios, it can be
represented by a voltage source~I∗gHg(s − jω) behind an
impedanceZgsc whereZgsc = Hg(s− jω)− jKdg.

For the RSC at positive sequence scenarios, it can also
be represented by a voltage source~I∗rHr(s − jω) behind an
impedanceZrsc whereZrsc = Hr(s− jω)− jKdr.

D. Overall Circuit

The overall circuit is now shown in Fig. 5. The circuit
consists of two impedance: the network impedanceZnet and
the DFIG impedanceZDFIG.

When the gains of the RSC controllerKp Ki and the feed
forward gainKdr are assumed to be zero, the RSC output
voltage will no longer vary even there exists error in measured
currents and the reference currents. The RSC can be viewed
as a constant voltage source in this case.

AC AC

Znet

Zgsc

Zrscs/(s-jwm)
sLtg

rs sLlsr’rs/(s-jwm) sL’lr

I*rHr(s-jw)s/(s-jwm)

sLM

I*gHg(s-jw)

Zg

Zsr

Fig. 5. The overall circuit model.

E. Comparison of Zsr and Zg

The DFIG impedance consists of two parallel components:
the stator and rotor (including RSC)Zsr and the GSC branch
including the GSC and the filter:Zg = Zgsc+sLtg. Bode plots
of the RLC network impedances,Zsr andZg at 95% rotating
speed (or 57 Hz) and50% compensation level are plotted in
Fig. 6. Zsr is plotted for two scenarios: with and without
current PI controllers. When the PI controller gain is not zero,
Zsr has two peaks: one at 57 Hz and the other at 60 Hz. When
the gain is zero,Zsr however has just one peak at 57 Hz. For

Zg, the resonant frequency is 60 Hz. The network impedance
has a resonant frequency at37.5 Hz, which correspond to the
50% compensation level. The network resonant frequency is
expressed as:

fn = 60

√

Xc

Xline +XT

(22)

whereXc is the series capacitor reactance,Xline andXT are
the line reactance and the transformer reactance.

It is observed that at the interested SSR frequency region
(< 37.5Hz), the magnitude ofZg is much larger thanZsr.
Therefore,Zsr is dominant. For the following studies, the
impact ofZg will be ignored.
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Fig. 6. Bode plots ofZg , Znet, Zsr .

IV. N YQUIST CRITERION BASEDSTABILITY ANALYSIS

In this section, Nyquist criterion based stability analysis
will be carried out to study the effect on SSR due to wind
speed, compensation degree and RSC PI controller gain. The
expression ofZsr can be found from the overall circuit shown
in Fig. 5. The open-loop transfer function to be studied is
Znet/Zsr and its expression is as follows.

Znet

Zsr

=
r + sL+ 1

sC

rs + sLls +
sM(sL′

lr
+ s

s−jωm
(r′r+Kp+

Ki
s−jω

)−jKdr)

sM+sL′

lr
+ s

s−jωm
(r′r+Kp+

Ki
s−jω

)−jKdr

(23)

A. Effect of wind speed

Using the same study system and same parameters as in [9],
two impedances are derived and the Nyquist map ofZnet/Zsr

is plotted in Fig. 7. The gains of the RSC controllers are set to
zeros. The compensation level is 75%. It is shown that when
the rotating speed at 0.75 pu, the Nyquist map will encircle
(−1, 0) which indicates instability. When the rotating speed is
at 0.85 pu and 0.95 pu, the Nyquist maps will not encircule
(−1, 0) and the system is marginally stable. The phase margins
are20 and50 for the 0.85 pu and 0.95 pu rotating speed. The
points when the Nyquist maps intersect with the unit circuit
have frequencies of about 40 Hz. This indicates the resonance
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frequency. It also corresponds to the LC resonant frequency
at 75% compensation level.
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Fig. 7. Nyquist map for different rotating speeds. Series compensation level:
75%. Gains of the current controllers are zeros.

The Nyquist map demonstrates the effect of wind speed on
SSR stability since low wind speed corresponds to low rotating
speed. Hence a Type 3 wind generator is more prone to SSR
when wind speed is lower.

B. Effect of compensation degree

The Bode plots of the network impedanceZnet at different
compensation degrees and the DFIG impedanceZsr are plot-
ted in Fig. 8. The rotating speed is assumed to be 0.75 pu.
It is observed that a higher compensation degree results in a
higher frequency at whichZsr = Znet: 251 rad/s (40 Hz) at
75% versus 206 rad/s (32.8 Hz) at 50%. It is also observed
that the phase angle ofZsr at that frequency is1070 at 75%
compensation level compared to950 at 50% compensation
level. Therefore,Znet/Zsr will have a less phase margin or
become unstable when the compensation level is higher.

The Nyquist maps of the networkZnet and the DFIG
impedanceZsr at different compensation degrees are plotted
in Fig. 9. The points where the Nyquist maps intersects the unit
circle are at 33 Hz for 50% compensation level (phase margin
(50) and 40 Hz for 75% compensation level. The Nyquist maps
indicate that (-1,0) is encircled at 75% compensation level.
Hence a higher compensation degree results in a less stable
system.

C. Effect of RSC PI controller gain

In this subsection, the effect of the RSC PI controller
gain is examined. The time constant of the PI controller is
fixed at 0.02 s. The wind speed is selected as 9m/s and the
corresponding rotating speed is 0.95 pu. The compensation
level is 50%. Two cases are examined.

• Case 1Kp = 0
• Case 2Kp = 0.01

The Nyquist plots are shown in Figs. 10 and 11. It is
observed that when the gain is larger or equal 0.01, the Nyquist
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Fig. 9. Nyquist map for different compensation degree. Rotating speed: 0.75
pu.

maps encircle(−1, 0) clockwise, which indicates instability.
The point when the curve traverses the real axis is at 35 Hz.
When the gain is zero,(−1, 0) is not encircled and the phase
margin is110 at 33 Hz.

Bode plots of the impedancesZnet and Zsr are shown
in Fig. 12. It is shown that a higher current controller gain
increases the magnitude ofZsr and leads to a lower frequency
atZnet = Zsr. The phase angle of the impedances at unit gain
of Znet/Zsr are recorded in Table I.

TABLE I
PHASE ANGLES OF THE IMPEDANCES AND STABILITY DETECTION

Kp = 1 Kp = 0.1 Kp = 0.01 Kp = 0

Res. Freq. (Hz) 20 32 35 33
∠Znet −880 −81.30 −770 −770

∠Zsr 1610 1490 99.40 91.40

∠Znet/Zsr 1110 1300 −1780 −168.40

Stability N N Marginal stable
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It is found that a higher gain leads to less phase margin or
instability.

V. SIMULATION

The nonlinear model developed in [9] has been built in
Matlab/Simulink. The impact of wind speed and the RSC
current loop control on SSR have also been discussed. It is
observed that at lower wind speed, with high compensation
level, the system is subject to SSR. The study in [9] focuses on
low wind speed scenario. In this section, controller interaction
between the RSC’s current control and the electrical network
will be verified. In [3], such phenomenon is classified as SSCI.
The case study scenarios will be setup with wind speed at
9 m/s and the rotating speed at 95% of the nominal. The
compensation level at 50%. The RSC control gain will be
varied to show the impact of controller interaction.

• Case 1Kp = 0.0
• Case 2Kp = 0.01

The system is initially operated at 25% compensation level.
At t = 1 sec, additional capacitors are switched in to make the
compensation level reach 50%. Figs. 13-15 show the dynamic
responses of the system with thick lines refer to Case 1 while
the thin lines refer to Case 2. The dynamic responses of the
electromagnetic torque, the rotating speed of the wind turbine
and the terminal voltage of the DFIG wind farm are shown
Fig. 13. It is found that there is a resonance at about 25 Hz in
the voltage magnitude and torque. For Case 1 the resonance
can be damped out in the torque and the terminal voltage after
1 sec. However, for case 2, the resonance cannot be damped
out after 1 sec.

1 1.2 1.4 1.6 1.8 2
−1.2

−1

−0.8

−0.6

T
e(p

u)

1 1.2 1.4 1.6 1.8 2
0.935

0.94

0.945

0.95

0.955

ω
m

 (
pu

)

1 1.2 1.4 1.6 1.8 2
0.94
0.96
0.98

1
1.02
1.04

V
t (

pu
)

time (sec)

Fig. 13. Dynamic response ofTe, ωm and Vt. Thick lines: Case 1. Thin
lines: Case 2.

Fig. 14 shows the dynamic responses of the DFIG wind farm
output powerPe andQe, the voltage across the capacitorsVc

and the current through the lineIe. The resonance is damped
out in Case 1 while persists in Case 2.

Fig. 15 shows the dynamic responses of the rotating speeds
of two massesωt and ωm, the torqueT12 between the two
masses of the wind turbine and the dc-link voltageVdc. The
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Fig. 14. Dynamic response ofPe, Qe, Vc andIe. Thick lines: Case 1. Thin
lines: Case 2.

resonance is more obvious in Case 2. In addition, power/torque
imbalance is observed that the rotating speed and the dc-link
voltage keep decreasing.
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Fig. 15. Dynamic response ofTe, ωm/ωt and Vdc. Thick lines: Case 1.
Thin lines: Case 2.

According to the Nyquist/Bode analysis in Section III, the
resonance is 35 Hz at 50% compensation level and 0.95 pu
rotating speed. This resonance reflected in power, torque and
voltage/current magnitude will have a frequency of 25Hz. The
analysis in Fig. 11 also shows marginal stability or instability
when the gainKp is 0.01. Simulation results demonstrate the
effect of current controller gain.

VI. CONCLUSION

This paper applies impedance based Nyquist stability anal-
ysis to study Type 3 DFIG wind generator and series compen-
sated network SSR stability problems. Impedance models for
a DFIG and a RLC network are first developed in space vector.
Impacts of wind speed, compensation level and RSC controller
gain on SSR are examined applying Nyquist stability criterion.

Both impedance based Nyquist maps and Bode plots are
used to demonstrate the impacts. Time-domain simulation
results demonstrate the impact of current controller gain on
SSR. The conclusion drawn based on impedance model and
Nyquist stability criterion states that low wind speed is more
problematic than high wind speed and RSC current control is
detrimental to SSR stability.

VII. A PPENDIX*

TABLE II
PARAMETERS OF A SINGLE2 MW DFIG AND THE AGGREGATEDDFIG IN

NETWORK SYSTEM

Rated power 2 MW 100 MW
Rated voltage 690 V 690 V

Xls 0.09231 pu 0.09231 pu
XM 3.95279 pu 3.95279 pu
Xlr 0.09955 pu 0.09955 pu
Rs 0.00488 pu 0.00488 pu

R
′

r 0.00549 pu 0.00549 pu
H 3.5 s 3.5 s
Xtg 0.3 pu (0.189 mH) 0.3 pu (0.189

5
mH)

DC link capacitor C 14000µF 50× 14000µF
DC link rated voltage 1200 V 1200 V

TABLE III
PARAMETERS OF THE SHAFT SYSTEM

H1 0.9 s
H2 4.29 s
D1 0 pu
D2 0 pu
D12 1.5 pu
K12 50 pu

TABLE IV
PARAMETERS OF THE NETWORK SYSTEM

Transformer ratio 690V/161 kV
Base MVA 100 MVA

RL 0.02 pu (5.1842Ω)
XL 0.5 pu (129.605Ω)

XC at 50% compensation level 64.8Ω
Series compensation C 40µF

Line length 154 mile
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