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Impact of Unbalance on Electrical and
Torsional Resonances in Power Electronic
Interfaced Wind Energy Systems
Zhixin Miao, Senior Member, IEEE

Abstract—Type 3 wind generators in series compensated networks could lead to subsynchronous resonances (SSR). Previous
research focuses on balanced operation only. In this paper, impact
of unbalance on Type 3 wind energy systems is investigated in
two aspects: 1) impact on electric resonances and 2) impact on
torsional resonances. In the first aspect, impedance models of
the system in DQ domain and phase domain are developed. Particularly, negative sequence impedances are examined. Nyquist
stability criterion is applied to detect possible resonances. In the
second aspect, transfer functions of the electromagnetic torque
versus the rotating speed due to negative sequence components
are developed. The impact of negative sequence components on
electromechanical damping is then analyzed. The analysis results
are verified by time-domain simulation results.
Index Terms—Doubly fed induction generator, impedance
model, subsynchronous resonance, torsional resonance, wind
generation.

I. INTRODUCTION

S

UBSYNCHRONOUS resonance (SSR) oscillations were
observed in Type 3 wind farms by the industry recently.
In [1], an event 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
directly connected to the wind farm. SSR oscillations started
and kept increasing.
SSR phenomena in series compensated Type 3 wind energy
systems have been studied in the authors’ previous research
[2]–[5]. In [2], DQ based system models in differential algebraic equations are developed. In [3], eigenvalue analysis is
conducted to identify various system modes based on the DQ
model. The finding from the research leads to the conclusion
that SSR in series compensated Type 3 wind energy systems
are mainly electrical resonances. Torsional interactions are rare
due to the small values of the elastic coefficients of wind turbine
shafts. The frequency of the torsional mode is low
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order to have torsional interactions, the network has to have a
very high compensation level to reach a high network frequency
. The finding from the previous research [2], [3] also
indicates that rotor side converter (RSC) current control loops,
wind speed and compensation level all have significant impact
on SSR stability.
Since the SSR phenomenon is related mainly on the electrical
systems, impedance based Nyquist stability analysis is carried
out in [4] where the slip of an induction generator is expressed in
Laplace domain based on intuition. In the most recent research
[5], the positive-sequence impedance model for a Type 3 wind
generator is derived rigorously from the DQ model. The finding
is that the expression for the slip in [4] is accurate. Further, impacts of wind speed, compensation level and current controller
parameters are studied using impedance based Nyquist criterion
in [5]. Positive-sequence impedance based stability analysis carried out in [4] and [5] focuses on phenomena in balanced systems. Such study can answer the question whether there will be
SSR stability (instability) when the system is under balanced
three-phase operating conditions. However, the analysis cannot
answer this question: will the system have SSR stability (instability) problems when subjected to unbalanced operation. To
be able to answer such question, negative sequence impedance
based analysis should be carried out. In addition, will negative
sequence components increase or decrease electro-mechanical
damping? Therefore, torque/speed transfer function based analysis will also be carried out.
The objective of this research is to investigate the impact on
electrical and torsional resonances in series compensated Type
3 wind energy systems due to unbalanced operation. Impedance
models in DQ domain and phase domain will be developed. Particularly, negative sequence impedance models will be derived.
Nyquist stability criterion will then be applied to judge whether
the system is SSR stable or not due to negative sequence components. In addition, impact of negative sequence components
on torsional resonances is also examined using torque/speed
transfer function.
The rest of the paper is organized as follows. Section II
presents the impedance models in DQ and phase domains.
Section III presents the torque/speed transfer function. Analysis of negative sequence component impact will be presented
in these two sections. Section IV presents a time-domain simulation case study. An unbalanced operating condition will be
initiated and the system dynamic performance will be compared
with that under balance operating condition. Section V presents
the conclusion of this paper.
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where
,
symbol of current or voltage:

and

stands for the

In addition, the current control of the RSC can be expressed

Fig. 1. The qd-axis induction machine circuits.

as
(6)

II. IMPEDANCE MODEL
Impedance model can be developed in both DQ domain and
phase domain [6]–[8]. DQ domain based impedance model is
more general and can handle unsymmetrical systems [6]. For an
induction machine, due to the symmetry of its rotor and stator,
its impedance models can also expressed in phase domain: positive sequence impedance and negative sequence impedance. In
this section, these two models are derived and presented.

From (5), the RSC current
can be expressed by the RSC
voltage
and the stator current :
(7)
Therefore, the stator voltage can be expressed by the stator
current and the RSC voltage solely:
(8)

A. DQ Domain
This subsection is devoted to develop the impedance model
of an induction machine based on the widely known DQ model
presented in the classic textbook [9]. The qd-axis circuits are
shown in Fig. 1.
The stator voltage, current and flux linkage relation can be
expressed as

Substitute

with the expression in (7), (6) becomes
(9)

Hence the stator voltage can be expressed in terms of the
stator current and rotor current reference solely:

(1)
where

(2)

The DQ impedance model for a three-phase RLC circuit can
be expressed as

The rotor voltage, current and flux linkage relation can be expressed as
The Nyquist maps of the eigenvalues of
used to detect resonances and instability.
(3)
where

(4)
Laplace transformation for (1) and (3) can be obtained:

(5)

can be

B. Phase Domain
In this subsection, positive and negative sequence impedance
models of Type 3 wind generator and the network will be developed. For a three-phase system, the impedance model can be
expressed in space vector or
reference frame. From the terminal of a network, when positive voltage is applied to the terminal, the observed impedance is positive sequence impedance.
When negative sequence voltage is applied to the terminal, the
observed impedance is negative sequence impedance.
When the system has both positive and negative sequence
components, and let
and
be the positive and negative
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sequence components in
where
is the dynamic phasor of
the phase a voltage at the fundamental frequency.
The phasors are related to the instantaneous variables as follows:
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Converting (1) into Laplace domain and substitute the static
current space vector according to (17) leads to

(10)

where
.
The space vector of the terminal voltage is defined as
(11)
The space vector can also be expressed in terms of positive
and negative sequence phasors:

(18)
Therefore, a Thevenin equivalent circuit for the induction machine can be developed. Notice that the impedance
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.
In space vector the stator voltage can be expressed as follows
by replacing by
for positive sequence and replacing
by
for negative sequence. Positive sequence:

(12)
In Laplace domain, the voltage and current space vectors can
be written as
(13)
When there is only positive sequence or negative sequence,
then the impedance observed based on space vectors should
have the following relationship with the impedance observed
based on the complex vectors or dynamic phasor:

(19)
Therefore, the positive sequence impedance model is

(20)
(14)
The Negative sequence impedance model is
Since the expression of
be found that

and

are the same, it can
(15)

(21)

1) RLC Circuit Impedance Model: For a three-phase RLC
circuit, the impedance model observed in space vector can be
expressed as

3) 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 study dynamics is considered 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. 2, the -axis
voltage and current relationship is

(16)
The above expression also fits (15). Since there is no imaginary
part for the positive sequence expression, the negative sequence
and the positive sequence expressions are the same.
2) Induction Machine Impedance Model: Two complex vectors
and
are defined. Using the
complex vector expression, and transforming (3) into Laplace
domain leads to

(22)
(23)

where
be expressed by

and
and .

. Hence

(17)
can

This leads to the expression in complex vector:
(24)
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Fig. 2. Converter current loop control.

Fig. 3. Overall circuit model for positive sequence.
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Fig. 4. Overall circuit model for negative sequence.

Fig. 5. Study system.

To view the current controlled converter from space vector,
then

(25)
For the GSC converter at positive sequence scenarios, it can
be represented by a voltage source
behind an
impedance
where
. At negative
sequence scenarios, the GSC converter can be represented by a
voltage source
behind an impedance
where
.
For the RSC converter at positive sequence scenarios, it can
also be represented by a voltage source
behind
an impedance
where
. The
negative sequence impedance of the RSC is the conjugate of
and can be expressed as
.
C. Overall Circuit
The overall circuit for positive sequence is now shown in
Fig. 3.
The overall circuit for negative sequence is now shown in
Fig. 4.
For the study system in Fig. 5 [2], the bode plots of the negative sequence impedances are shown in Fig. 6. Two network impedances are presented: one is at 25% compensation level while
the other is at 70% compensation level. Two DFIG impedances
are presented: one is at 75% nominal speed while the other is at
95% nominal speed. From the Bode plots, the two Bode plots
almost match each other. Therefore wind speed has negligible
impact on the DFIG impedance. The network impedance magnitudes and the DFIG impedance magnitudes meet at 150 rad/s
(24 Hz, 25% compensation level) and 250 rad/s (40 Hz, 75%
compensation level). There are phase margin for
.

Fig. 6. Bode plots of negative sequence impedances.

Hence the negative sequence impedance will not cause SSR instability.
A comparison of the positive and negative sequence impedances of the DFIG is shown in Fig. 7. From this figure, it is obvious that the positive sequence impedance of the DFIG could
be greater than 90 at the gain cross frequencies. This indicates
that it is the positive sequence impedance that could cause SSR
instability.
The DQ domain impedances are 2-by-2 matrices. The
Nyquist plot of the eigenvalue of
is shown in Fig. 8.
The unit circle is also plotted. It is detected that a 36-Hz resonance may appear in DQ-domain. This resonance will appear
as 24-Hz positive-sequence resonance in abc domain. Thus, the
DQ-domain impedance model based analysis reaches the same
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Fig. 9. Torque and rotating speed relationship.

A. Mechanical System
A two-mass system [11], [12] is used to the represent torsional dynamics given by

Fig. 7. Bode plots of positive and negative sequence impedances.

where
and
are the turbine and generator rotor speed, respectively;
and
are the mechanical power of the turbine
and the electrical power of the generator, respectively;
is an
internal torque of the model;
and
are the inertia constants
of the turbine and the generator, respectively;
and
are the
mechanical damping coefficients of the turbine and the generator, respectively;
is the damping coefficient of the flexible
coupling (shaft) between the two masses;
is the shaft stiffness. From (27), the transfer functions
and
can be found.
B. Electrical System

Fig. 8. Bode plots of an eigenvalue of
tion level 25%, rotating speed 0.90 pu.

in DQ-domain. Compensa-

Torque-speed transfer function has been used in [13] to examine torsional interactions. The voltage and current equations
in (1) and (3) for stator and rotor in DQ domain are linearized.
The resulting linearized differential equations are as follows:
(27)

conclusion from the positive and negative sequence impedance
based analysis.
III. TORQUE SPEED RELATIONSHIP

where

,
and
.. In Laplace domain, the above equation becomes
(28)

To investigate the impact of negative sequence components
on torsional interaction, transfer function of the electromagnetic
torque
versus the rotating speed
is developed in this
section. The interactions of torque and speed relationship is represented in Fig. 9 [10], where
represents the relationship
of versus
through electrical system and
represents
the relationship of
and
through mechanical system. Note
the positive feedback is due to the motor convention used in this
paper. When operated as a generator,
is a negative number.
Therefore the electromagnetic torque and speed transfer function is
(26)

Consider the current control loops in the RSC, the RSC voltage
can be expressed as
(29)
If we assume that the converter outer control loops can be ignored, then the reference signal are constants and its deviation
is zero.
Substituting
in (28) by (29) leads to

(30)
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It is obvious to find the expression of
speed and the stator voltage:
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in terms of the rotating
(31)

The expressions can be developed for both positive and negative sequences. For positive sequence, the DQ reference frame
is rotating counter clockwise at nominal frequency .
While for negative sequence, the DQ reference frame is rotating clockwise at the nominal frequency . The major differences in expressions are
and
. For positive sequence,
since the vector control is based on the same reference frame,
. However, for negative sequence,
since the vector control is based on
while the model is based
on
, the impedance of the RSC should be converted to
.
Hence
:
(32)

Fig. 10. Bode plots of torque/speed relationship considering positive sequence
components only. Wind speed 9 m/s.

The electromagnetic torque of an induction machine can be
expressed by the stator and the rotor currents:
(33)
When there is only positive sequence, is a dc variable. When
there is only negative sequence, is also a dc variable. To evaluate the impact of positive and negative sequence components
on the dc component of , the following definitions are made:
(34)
The linearized expressions are as follows:

(35)

(36)
In addition, the stator voltage can be expressed by the stator
current through the network equation if the current through the
GSC is ignored:
(37)
where

(38)
According to (36), (32) and (37), the torque versus the speed
transfer functions
can be found:

C. Frequency Domain Analysis
Bode plots of the torque/speed transfer function
will
be plotted. The operating conditions are: wind speed 9 m/s, compensation level (25%, 50%, and 75%). Two scenarios will be
examined: with positive sequence components only and with
negative sequence components only. In the first case,
and in the second case,
.
Fig. 10 presents Bode plots of torque/speed relationship considering positive sequence components only. Three scenarios
with different compensation levels are presented. The Bode
plots indicate that the system has several oscillation modes,
including a mode related to mechanical dynamics with less than
1 Hz, a mode related to the electromechanical interaction at
4–6 Hz, the subsynchronous resonance (SSR) mode (
at 25%,
at 50% and
at 75%) and the supersynchronous mode. Note that the frequency of the SSR mode in
torque has the complementary frequency of the SSR frequency
in voltages and currents. For example, the SSR frequency of
the electric system at 9 m/s at 25% compensation level is 24
Hz. The resonance frequency can be found in Fig. 6 the phase
domain impedance Bode plot. In the DQ domain impedance
Bode plots in Fig. 8, this resonance frequency becomes 36 Hz.
In Fig. 10, the SSR frequency of 9 m/s 25% case is also around
36 Hz.
Fig. 11 presents Bode plots of torque/speed relationship considering negative sequence components only. These Bode plots
are obtained based on the linearized model where an initial negative sequence operating condition is assumed. The Bode plots
in Fig. 10 are also shown here in dotted lines as comparison. It
can be seen that magnitude wise, the negative sequence component’s effect in the range of
is insignificant compared to
the positive sequence component.
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Fig. 11. Bode plots of torque/speed relationship considering only negative sequence components. Wind speed 9 m/s. Dotted lines correspond to positive sequence components.

Fig. 12.

to
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Fig. 13. Rotating speed when subject to a system voltage disturbance. a) Case
1. b) Case 2. c) Case 3.

.

IV. SIMULATION RESULTS
In this section, time-domain simulation is carried out in
Matlab/Simulink using nonlinear
based models developed
in [2]. Two types of disturbances are applied to the test system
where a Type 3 wind farm interconnected to a series compensated transmission line). The parameters of the test system can
be found in [2, Appendix].
The wind speed is chosen to be 9 m/s and the system compensation level is 25%. Three cases are studied.
• In Case 1, at
, a positive sequence voltage drop (0.1
pu) is applied at the system voltage.
• In Case 2, at
, a negative sequence disturbance (0.1
pu) is applied to the system voltage.
• In Case 3, at
, a negative sequence disturbance (0.5
pu) is applied to the system voltage.
The simulation model is built in dq synchronous reference
frame. In Case 1, a step response is applied at the q-axis system
voltage. While in Case 2 and Case 3, a step response is applied
at the q-axis of system voltage of the
reference frame. It is
then transformed into
reference frame as shown in Fig. 12.
The system dynamic responses will be presented. The simulation results are presented in the following figures. Fig. 13
presents the machine rotating speed dynamic responses. It can
be observed that there are SSR mode at 36 Hz and a 4.5-Hz
oscillation in the balanced disturbance case. When unbalanced
disturbance is applied, the 120-Hz oscillation is sustained as

Fig. 14. Torsional speed and intermediate torque.

long as the unbalanced disturbance is presented. In addition, a
4.5-Hz oscillation is also obvious. The SSR oscillation distorts
the 120-Hz oscillation as well. At 2.5 seconds, the distortion is
no longer obvious, which indicates the die-out of the SSR mode.
Fig. 14 presents the torsional speed
and the intermediate
torque
in the two-mass turbine. A much lower oscillation
mode
is now presented. This mode corresponds to
the mechanical mode indicated in the Bode plots. The 4.5 Hz
oscillation can be observed obviously. The comparison of three
cases indicate that a 0.5 pu unbalanced disturbance has similar
effect of 0.1 pu balanced disturbance. Regarding the effect on
damping of these two modes, unbalanced or balanced disturbance does not have any noticed difference.
As a comparison, another scenario when the series compensation level is 50% is studied and the simulation results are presented in Figs. 15 and 16. Observing Case 1 in Fig. 15 can
find that the SSR mode is now with a frequency of 27 Hz.
This observation corroborates with the analysis by Bode plots
in Section III that when series compensation level increases, the
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Fig. 17. Dynamic response of electromagnetic torque of DFIG. Compensation
level 25%. (a) Case 1. (b) Case 3.
Fig. 15. Rotating speed when subject to a system voltage disturbance. Compensation level 50%. (a) Case 1. (b) Case 2. (c) Case 3.

TABLE I
PARAMETERS OF A SINGLE 2 MW DFIG
AND THE AGGREGATED DFIG IN NETWORK SYSTEM

TABLE II
PARAMETERS OF THE SHAFT SYSTEM

Fig. 16. Torsional speed and intermediate torque. Compensation level 50%.

SSR mode frequency decreases in torque. Comparison of the dynamic response of
in Fig. 16 indicates that the 0.5-Hz and
5-Hz oscillations are all presented in balanced and unbalanced
cases.
Fig. 17 present the simulation results of electric power and
electromagnetic torque. In both cases, 36-Hz SSR mode can be
observed in the balanced case and unbalanced case. Though unbalanced case has sustained 120-Hz oscillation.
The above simulation results demonstrate that except an addition of 120-Hz oscillation, unbalanced disturbance does not
worsen the other oscillation modes. It is also understandable
that the simulation case is a small disturbance case, therefore
the system characteristic will be determined by the operating
point which is balanced operation.
Comparison cases also indicate that a 5 times larger unbalanced disturbance could have comparable impact as a balanced
disturbance on the system if the 120 Hz oscillation is excluded.

V. CONCLUSION
The stability impact of unbalanced operation on Type 3 wind
energy systems is investigated in this paper. Two aspects are
examined: the impact on electrical resonances using impedance
model and the impact on torsional resonances using linear
torque/speed transfer function. Negative sequence impedance
models are developed and Nyquist stability criterion is applied
to detect electrical resonance. Electromagnetic torque/speed
transfer function is developed for negative sequence components’ contribution and the effect on torque/speed is also
identified. The finding of this paper indicates that negative
sequence components due to unbalanced operation have insignificant impact on both electrical and torsional resonances.
The analysis is further verified by time-domain simulation
results.
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TABLE III
PARAMETERS OF THE NETWORK SYSTEM

APPENDIX
Table I lists the parameters of a single 2 MW DFIG and the
aggregated DFIG in network system; Table II lists the parameters of the shaft system; Table III lists the parameters of the
network system.
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