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Abstract—This paper presents a model for analysis and simu-
lation of subsynchronous resonance (SSR) in series compensated
systems with Doubly Fed Induction Generator (DFIG) based
wind farms. The model is used to analyze the induction generator
effect (IGE) and torsional interaction in such systems. A test
system based on the IEEE first benchmark model is considered
for the analysis. The effect of three factors namely: i) series
compensation level, ii) wind speed, and iii) current loop gains on
the IGE and TI are studied. Small signal (eigenvalue) analysis is
conducted to assess the damping of network and torsional modes
followed by dynamic (time domain) simulations.

Index Terms—Doubly Fed Induction Generator, SSR, Induc-
tion Generator Effect, Torsional Interaction

. INTRODUCTION

The phenomenon of SSR has been well studied in series
compensated systems with synchronous generators [1], [2].
SSR is divided into three groups: induction generator effect
(IGE), torsiona interaction (TI), and torsional amplification
[2]. The first two denote phenomena related with steady state
and the third denotes a transient phenomenon. While IGE
involves interactions between the electrical network and the
generator solely, toriona interactions include mechanical
dynamics introduced by turbines.

Given the proliferation of wind farms, a natura question
is whether SSR can manifest in series compensated wind
farms. A vast mgority of wind farms in operation are based
on induction generators. SSR phenomena (excluding shaft
dynamics) in single-cage induction motors was discussed
in an early work [3] by Limebeer and Harley. In [3], it is
shown that instability is due to the effective resistance at
the machine terminals being negative under subsynchronous
frequency. In another words, SSR phenomenon in induction
machines is primarily due to IGE.

A recent paper [4] investigates SSR in series compensated
fixed speed wind generation systems that employ self excited
double cage induction generators. PSCAD simulations are
conducted to demonstrate IGE and TI. The paper concludes
that the greater the output power from wind farms, the
lesser the system damping. However, variable speed wind
generation systems employing DFIG offer greater operational
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flexibility and improved efficiencies and hence, are rapidly
gaining ground as opposed to fixed speed systems. A recent
work [5] presents the modeling and stability of a DFIG-based
wind farm interfaced with series compensation. Impact of
parameters such as wind speed, compensation level and
current controller parameters on system damping under
subsynchronous frequency are studied. However, [5] does not
classify if the instability is caused by IGE or TI.

Thus the focus in this paper is to systematically examine
SSR in DFIG based series compensated systems. While a
preliminary analysis appearsin [6], detailed analysisis carried
out in this paper to identify under what parametric conditions
the IGE and torsiona interactions manifest. The system
models in this paper are developed in MATLAB/Simulink
for ease of small signal analysis as well as time domain
simulations. However, other tools such as PSCAD/EMTDC
[7] or ATPIEMTP [8] have also been used for time domain
SSR simulations.

The rest of the paper is organized as the follows. Section 1l
presents the background for SSR analysis in DFIG systems.
Section |11 presents the study system and the dynamic models
for the DFIG (with converter interface), the series compensated
network and the torsional dynamics. Sections IV and V
present the small signal analysis with time domain simulations
results for induction generator effect and torsional interactions
respectively. Section VI concludes the paper.

Il. ANALYSISOF SSR IN A DFIG

A series-compensated network has a natural resonant fre-

quency (fn) givenby f, = fo\/<=Hz (where f; is the syn-
chronous frequency in Hz). At this subsynchronous frequency
fn, the dlip s, is given by:

51 = M (1)

In
where f,, is the electric frequency corresponding to the
rotating speed. Since f,, is usualy less than f,,, s1 < 0.
From the steady state equivalent circuit for a DFIG (shown
in Fig. 1), the equivalent rotor resistance at subsynchronous
frequency is negativeor R, ., = R,/s1 < 0. If the magnitude
of this resistance exceeds the resistance of the armature
plus network, the system has a negative resistance at the
subsynchronous frequency. This can result in self-excitation
leading to sustained or oscillatorily growing armature currents.




This phenomenon is known as the IGE [2].
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Fig. 1. The equivalent circuit under subsynchronous frequency.

Table | shows the frequency relationships in a DFIG. Due of
series-compensation, a subsynchronous component in voltages
and currents with a frequency of f,, is introduced to the
network and the stator circuit of a DFIG. The complementary
frequency of this component in rotor current is (fs — fn).
From Table I, the stator currents have two components (1 s;
and I,,) and the rotor currents also have two components (1,1
and I,5). I, isa nomina frequency fs and I, is at resonant
frequency f,. I,1 and I, are their corresponding rotor
current components. These currents will have interactions to
produce torque, which is shown in Table Il, where T’ is due
to the interaction of I,; and I,1, T5 is due to the interaction
of Iy; and I,o, T3 is due to the interaction of I,, and I,.; and
Ty is due to the interaction of I, and I,.-.

Thus the torque will have a component at frequency of f,— f,
due to the network series compensation. Torsional interactions
result when the frequency of the torsional mode fr; is close
or coincides with the complementary frequency fs — fn.

TABLE |
FREQUENCY RELATIONSHIPSOF THE DFIG

Stator current
Rotating shaft speed
Rotor current

.fs(lsl)
fm
(fs — fm)(lrl)

fn (1.92)
fm
(fn = fm)Ur2)

TABLE Il
TORQUE COMPONENTS
Torque comp. T Ts T3 Ty
Interaction Isl & Irl Isl & ITQ ISQ & Irl 1_92 & ITQ
Frequency 0 fs—fn fs — fn 0

The IGE is principally dependent on the dslip s;. The dlip
s1 (from (1)) is influenced by wind speed and compensation
level (from 1). In addition, current control schemes which are
used to obtain the rotor voltage injections can have impact on
the equivalent rotor resistance R, ., (from Fig. 1). The effect
of these parametric variations on SSR phenomena is studied
using the models developed in the following section.

I1l. SYSTEM MODEL

The study system is shown in Fig. 2 where a DFIG-based
wind farm (892.4 MVA from aggregation of 2 MW units)
is connected to a series-compensated line whose parameters
correspond to the IEEE first benchmark model for SSR studies

[9]. The wind farms can be considered as coherent generators
and can be represented by one large DFIG. This approach
has been practiced in system studies [10]. The parameters are:
Ry =0.02 pu, X1=0.5 pu, X7 = 0.14 pu and X7,=0.3 pu.
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T

Fig. 2. The study system.

A. Series compensation network model

Synchronous reference frame is widely used for modeling
induction machines [11]. The same reference frame should be
adopted for the network model. In the synchronous reference
frame, the dynamics of the series compensated system can be
described by:

Veq Xc Veq
d Ved w We 0 0 Xe Ved
n ; = B —1 _R  _ ;
dt l’q XL 1 Xy C};}e l’q
1d L 0 )_(_L We - X_i 1d
i 0
0
+ wB viq—FEBg
L
via—Epq
L XL

where v, and v.4 are the quadrature and direct axis voltages
across the capacitor, i, and i, are the quadrature and direct
axis current through the transmission line, v, and vq are
the quadrature and direct axis voltages of the terminal bus,
Ep, and Epy are the quadrature and direct axis voltages of
the infinite bus, wp is the base speed (377 rad/s) and w. is
the synchronous reference frame speed (377 rad/s). Note that
network resonance at f,, will be observed as an oscillation
mode with a complimentary frequency fs; — f. due to the
synchronous reference frame. The state variables associated
with the network are denoted by X,

Xn = [chvvcd; Z'qvid]~

B. Induction generator model

A 6th order dynamic model [12] is used for the DFIG with
rotor side converter. The model is described by:

X, = AX, + BU )
where
-e e -e -le -le 1e 1T
Xg [qua tdss Loso qua Lars ZOT]
_ e e e /e /e re T
U = [qu’ Udss> Vos» Uqr7 Vars UOT’] .

The expressions of A, B are listed in the Appendix.



C. DC link model

The dynamics of the capacitor in the dc link between the rotor
and stator side converters are described by a first order model:

dvc
Cvci =

P.— P, 3

dt g ( )
1 . .

Pr = Q(UQTZ(]T‘ + UdTZdr) (4)
1 . .

Py = Q(Uqglqg + vdgidg) ®)

Constant voltage source model is assumed for the grid side
converter (GSC) of the DFIG to simplify the analysis in this

paper.

D. Torsional dynamics model

A two-mass system [1], [13] is used to the represent torsional
dynamics given by:

—D¢—Dyy
g | Awr 2, 2H 7H, Aw;
_ — tg —Dg—Dtg 1
dt A;T 2H, 2H, 2, Ajﬁ"”
g i Kigwe —Kigwe 0 g
r Tm
21,
+ 2,
L O

where w; and w, are the turbine and generator rotor speed,
respectively; P,, and P. are the mechanical power of the
turbine and the electrical power of the generator, respectively;
T, isaninternal torque of the model; H, and H, aretheinertia
constants of the turbine and the generator, respectively; D
and D, are the mechanical damping coefficients of the turbine
and the generator, respectively; D, is the damping coefficient
of the flexible coupling (shaft) between the two masses; K,
is the shaft stiffness. The state variables associated with the
torsional dynamics are denoted by X,

Xt = [Awt, Awr, Tg]
The entire system model (14th order) described by:
X = f(X,U)

where X = [X,,, X, ve, X¢] isassembled in Matlab/Simulink.
Eigenvalue analysis and time domain simulations obtained
with this model are described next.

IV. RESULTS OF INDUCTION GENERATOR EFFECT
A. Impact of wind speed and compensation level on SSR

The damping of the network resonant mode for different
wind speeds are shown in Fig. 3. The results indicate that
the damping of this mode improves with increasing wind
speeds (and thus higher output powers). This is explained as
follows. For a given wind speed, the optimal turbine rotational
speed (f,,) is computed from the maximum power tracking
scheme to maximize power extraction. When the wind speed
decreases, this rotating speed f,,, will decrease which in turn
decreases the magnitude of dlip s;. Thus s; is dependent on
wind speed. Therefore, the equivalent rotor resistance R, ¢,
assumes a larger negative value and worsens the damping of

this mode. The converse is true with increasing wind speeds.
Fig. 4 shows the relationship between the equivalent rotor
resistance and the rotor speed. It is found that with higher
wind speed, the higher f,,,, hence R, ., will be less negative.
This feature is also noticeable from the dynamic response for
two different wind speeds as shown in Fig. 6.
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Fig. 3. The network resonance mode at various compensation level
for different wind speed. The embedded figure shows the equivalent rotor
resistance versus the rotor rotating speed at 85% compensation level.
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Fig. 4. The equivalent rotor resistance versus the rotor rotating speed at 85%
compensation level.

To focus on the IGE, simulations are performed with the
torsional system disabled. Fig. 5 shows the dynamic response
with varying compensation levels at a fixed wind speed
(9m/s). Fig. 6 shows the dynamic response with varying wind
speeds at a fixed compensation level (75%). The dynamic re-
sponses are initiated due to non-equilibrium initial conditions.
It is also assumed that the rotor voltage injection is purely
based on dlip control. Observe from Fig. 5 that the higher
the compensation level, the weaker the damping. From Fig. 6,
the higher the wind speed, the better the SSR damping. This



is in contrast to fixed speed systems where the damping of
network mode worsens with increasing wind speeds. In fixed
speed systems, the dlip s; is independent of wind speed with
fm being very close to the nominal frequency f. Thus the
higher the wind power delivered to the system, the lower the
resistance of the network as seen from the wind farm and
hence the more unstable the mode as reported in [4].

With DFIG systems however, the damping of the network
mode improves with increasing wind speeds as shown by
the eigenvalue results in Fig. 3 and simulations in Fig. 6.
To differentiate the simulation results, the line resistance is
reduced from 0.02 pu to 0.01 pu in Fig. 6. Thus, a 7 m/s
wind speed, the system becomes unstable due to the negative
damping of the oscillation. At higher wind speed, the system
is stable. These findings are consistent with the observation
that the dominant mode tends to become more unstable as the
wind speed decreases, [5].
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Fig. 5. Dynamic response of P. under different compensation level. Wind
speeds: 9m/s.
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Fig. 6. Dynamic response of P. under different wind speeds. Compensation

level: 75%. Note: The line resistance is reduced from 0.02 pu to 0.01 pu in

this set of simulation results to show instability at 7m/s wind speed.

From Fig. 3, increasing levels of series compensation (at
a fixed wind speed) decrease the damping of the SSR
mode. The higher the compensation, the higher the natural
resonant frequency f,, and hence closer f, will be to
fm. This will make the negative resistance have a larger
magnitude and worsen the damping of the resonant modes [2].

B. Impact of DFIG current controllers on SSR

The rotor voltage injectionsin a DFIG are generated by current
control loopsin gd-axis as shown in Fig. 7 [12]. The reference
current values are based on outer control loops for torque and
voltage regulation [12]. In this paper, since current controllers
are the focus of the investigation, for simplicity, the outer
loops are not modeled. Further, the integral unit gain K; is
set to zero. The effect of the proportional gain K, will be
investigated.

Fig. 7. Current loop for rotor side converters.

The effect of the proportional gains (/) in these control
loops, on the damping of SSR mode is computed by eigenvalue
analysis as shown in Table Ill. The dynamic simulation results
shown in Fig. 8 for P, at different gains show that increasing
gains have a detrimental impact on the damping. This is
explained as follows. The effect of a rotor voltage injection
(V, = kI,) is equivalent to a resistance R = V “Vels = -t
in the rotor circuit. A positive resistance will |mprove system
stability. Since the dlip s; under SSR is negative, then the gain
k should be positive. However, in the DFIG current control
schemes, negative feedback control loop is employed as shown
in Fig. 7. Hence the current control loops cause detrimental
impact on the damping.

TABLE 1l
IMPACT OF DFIG CURRENT CONTROLLERSON SSR AT 75%
COMPENSATION LEVEL WITH WIND SPEED AT 10M/s

K, | Network Mode Hz Damping
0 —2.3+5180.6 | 28.74 1.27%
0.1 9.8 £ j185.6 29.54 | —5.21%
0.5 | 16.54+35208.0 | 33.10 | —7.86%

In order to keep the system from self-excitation, it is therefore
necessary to keep the proportional gain of the current control
loop in a range. Time-domain simulations are performed for
various K, in Fig. 8 corroborate the results in Table I11.



1.2

= 10m/s, KP:O
=X
= 1 WWWMW/WWVW
o
o
08 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
100 ; ‘ ‘ ‘
= 10m/s, K=0.1
=5
& oV
o
[aN
~100 ‘ ‘ ‘ ‘

0 0.2 0.4 0.6 0.8 1
035 ; ‘ ‘ e k=0
=) P
2 03 1

o
o
0.25 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
50 ‘ ‘ ‘ ‘
g 7mis, K,=0.1
~ 0 N
o
[N
_50 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
Time (sec)
Fig. 8. Dynamic response of P. under different K. Compensation level:
75%

V. RESULTS OF Tl EFFECT

The oscillatory mode of the torsiona dynamics depends
greatly on shaft stiffness K;,. Wind turbine shafts have small
stiffness constants [14] compared to the drive trains for steam,
hydro and diesel generators. In the GE report [10], a 3.6 MW
DFIG has a K;; = 3.6 pu while in [4], this constant is set
to 0.15 pu for a 100 MW drive train. The dependence of
the torsional mode on shaft stiffness is tabulated in Table IV
bel ow.

TABLE IV
TORSIONAL MODES FOR VARIOUS STIFFNESS CONSTANT. WIND SPEED AT
9M/S AND COMPENSATION LEVEL AT 75%.

Kig Eigenvalue fri(Hz)
0.15 —2.69 £ 31.74 5.05
1 —2.24 £ 33.70 5.36
2 —1.81 £ 36.26 5.77
3 —1.48 £ 38.93 6.20
10 —0.74 £ 56.19 8.94
50 —0.52 £115.28 18.35
100 —0.35 £+ 162.45 25.85
150 —0.16 £ 193.79 30.84
200 —0.49 £ 225.42 35.87
250 —0.05 £ 252.1 40.12

From Table 1V, it is found that a normal range of K.,
the frequency of torsional mode is less than 10 Hz. The
complimentary frequency will be larger than 50 Hz in a 60 Hz
ac network. It is unusual for the network resonant frequency
to exceed 50 Hz, even at very high levels of compensation.
Thereforetorsional interactions are highly unlikely considering
typical values of wind turbine shaft stiffness. For the sake of
completeness and illustration, K, is chosen to be 99.67 pu
(large) which results in a torsiona oscillatory frequency at
about 25 Hz and the complimentary frequency is 35 Hz. If
by increasing the compensation level, the network resonant
frequency gets close to 35 Hz, then Tl is noticeable. In the
following subsections, impact of compensation level and wind
speed is demonstrated by both eigenvalue analysis and time-
domain simulations.

A. Impact of Compensation Level on Torsional Mode

With the addition of two-mass shaft system, the combined
shaft and generator system has two modes of oscillations.
One is the oscillation of the entire rotor against the power
system, the other is the torsiona mode. When the torsional
mode frequency fr; equals the complimentary of the network
mode frequency (fs — f»), the torsional interaction will occur
[2]. When the series-compensation level islow, f,, islow. The
complimentary frequency is high. If the series compensation
increases, then f,, increases and the complimentary frequency
decreases. Torsiona interactions are noticeable when the fre-
guency of the torsional mode is close or coincides with the
complementary frequency f;— f,. TableV shows the torsional
mode and the network mode with multi-mass representation
of the DFIG-based wind turbine rotor. It is seen that fr;
is fairly insensitive for compensation levels between 25% to
75%. However, at 90% compensation, the mode is undamped
(with frequency 25.29 Hz) and the frequency of network mode
is 25.21 Hz. Therefore, there will be self excitation of SSR
due to Tl effect between the two modes. This is verified
with the dynamic simulations shown in Fig. 9 where modal
instability can be seen at the 90% compensation level. Note
however that the oscillations are sustained. Additionally, the
torsional mode becomes unstable (from 0.31 % to -3.27 %)
while the damping of the network mode improves (from 1.07
% to 4.79 %). The locus of the torsional and network modes
with various compensation levels are shown in Fig. 10 and
Fig. 11 respectively.
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Fig. 9. Electrica torque with various series-compensated in multi-mass
DFIG-based wind turbine system. Tl effects are demonstrated in the 90%
case. Wind speed at 9m/s.

B. Impact of wind speed on Tl

The variation of network and torional modes with wind speeds,
at fixed compensation levels are shown in Table VI. In general,
it can be noted that both the modes (in terms of frequency
and damping) are fairly insensitive to changes in wind speed.
This is explained as follows. The Tl effect is due to the
torsional dynamic oscillation at a frequency of fr;. The



TABLE V
COMPARISON OF THE TORSIONAL MODE AND NETWORK MODE AT VARIOUS SERIES-COMPENSATED LEVEL WITH MULTI-MASSREPRESENTATION OF THE
DFIG-BASED WIND TURBINE ROTOR

o Torsional Mode Network Mode
ekl I R W 7105 cEjo | Je—JuH | €
25 —0.5 j160.4 2553 0.31% —2.9F ;270 4297 1.07%
50 —0.5 % j160.6 25.56 0.31% | —2.6 £,221.3 3522 117%
75 —0.4 £ j162.2 25.81 0.25% | —2.3% 417838 28.46 1.29%
90 5.2 & j158.9 25.29 —3.27% | —7.6£51584 25.21 4.79%
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Fig. 11. Network mode in the s-plane.

network resonance frequency due to series compensation is
fn- When the wind speed varies, the slip of the DFIG varies.
This dlip has no direct link to fr; and f,,. Hence the wind
speed has dlight impact on SSR damping as shown in Table
VI. Thus, the compensation level has a more significant impact
on Tl than the wind speed.

V1. CONCLUSIONS

This paper presents a model for analysis and simulation
of subsynchronous resonance (SSR) in series compensated
systems with Doubly Fed Induction Generator (DFIG) based
wind farms. The model is used to analyze the induction
generator induction generator effect and torsional dynamicson
test system based on the |EEE first benchmark model. Three
factors namely: i) series compensation level, ii) wind speed,

are studied. The analysis is supported by eigenvalue compu-
tations and verified by dynamic simulations. Contrary to fixed
speed systems, we find that the damping of network mode
(influencing the IGE) improves with increasing wind speeds.
Torsiona interactions are found to result only for unusualy
high values of the staff shiftness unlikely to be encountered
with wind turbines. Even with this consideration, in contrast,
the damping of the torsional mode is found to be insensitive to
wind speed variations. This suggests that the IGE primarily has
a bearing for SSR studies in variable speed wind generation
systems employing DFIGs.

APPENDIX

The voltage equations of an induction machine in a syn-
chronous reference frame can be written in terms of the
currents as shown in (6) [11].

The air gap flux linkages A\¢,, and \j,, can be expressed as:

Nom = L (i + i) ©)

and the electromagnetic torque 7. can be expressed as:

T, = )‘Smigr - Zmigr' (10)
(X 0 0 X oo 0]
0 &= 0 0 0
0 0 )57 0 0 0
B = )5)55 0 0 X g 0 (11)
b Whp ,
0 % 0 0 L= o0
X’T
0 0 0 0 0 =

The expression for A is given in (7).

TABLE VII
PARAMETERS OF THE SIMULATED DFIG IN NETWORK SYSTEM
X1s () | 0.09231 pu
Xn (©) | 3.95279 pu
X~ (©2) | 0.09955 pu
Rs (€2) | 0.00488 pu
R, (Q) | 000549 pu
H 35s
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