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Abstract—This paper investigates a special class of dynamic
power system problem, namely subsynchronous resonance
(SSR) resulted from a series-compensated network connecting
doubly-fed induction generator (DFIG) based wind farms. A novel
two-degree-of-freedom (2DOF) control strategy combined with a
damping control loop is designed and analyzed for enhancing the
system stability and alleviates the SSR that may arise due to the
induction generator effect (IGE). The proposed control strategy
is tested at different operating conditions of series compensation
levels and low wind speeds to ensure the system stability. The
doubly-fed induction generator based wind farms without the
proposed control strategy leads to overall system instability during
high series compensation and low wind speeds. Hence, the mitiga-
tion of the SSR and damping enhancement are critical to the entire
power system stability. A reliable way of analyzing the system
and designing effective control strategies against SSR based on
the eigenvalue analysis and impedance based stability criterion is
deployed. Moreover, analytical explanations have been elaborated
to verify the procedure of the controller design. Fault ride-though
capability has also been investigated with the proposed control
strategy that is flexible to be integrated with the FRT schemes so
as to assist the wind farm in mitigating the SSR during the fault
recovery stage. Finally, time domain simulations are carried out
to demonstrate the effectiveness of the proposed control strategy
for mitigating the SSR and damping power system oscillations.

Index Terms—Doubly-fed induction generator, eigenvalue anal-
ysis, series compensated network, subsynchronous resonance, two-
degree-of-freedom control.

NOMENCLATURE
SSR Subsynchronous resonance.
DFIG Doubly-fed induction generator.
IGE Induction generator effect.
2DOF Two degree of freedom.
GSC Grid side converter.

Manuscript received February 05, 2014; revised June 04, 2014 and July 16,
2014; accepted August 09, 2014. Paper no. TPWRS-00170-2014.

P.-H. Huang, M. S. El Moursi, and W. Xiao are with the iEnergy Center and
the Electrical Engineering and Computer Science Department, Masdar Institute
of Science and Technology, Abu Dhabi, UAE (e-mail: melmoursi@masdar.ac.
ae).

J. L. Kirtley, Jr. is with the Department of Electrical Engineering and
Computer Science, the Massachusetts Institute of Technology, Cambridge, MA
02139 USA.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPWRS.2014.2348175

RSC

TI

RHP, LHP
d,q

Ry, Ly, Cr

We, Wy, Wt
wssr

Ve, ic

Uy Vs y Up
OP

Ve

Hshv Teh: Ksh

H. H,
T,.T,
Diutual
Loy lrylg
Qg

K1, Ka
Ky, Ko

K3, K
Ky, Ky
K5, K3
K6, Kig
L,.R,
Vie, Cae
Prse; Pyse
A,

K,

Rotor side converter.
Torsional interaction.
Right hand plane, left hand plane.

Subscript denoting direct and quadrature
axes.

Network equivalent resistance, inductance,
and capacitance.

Nominal grid, rotor, and turbine frequency.
SSR frequency.

Series capacitor voltage and current.
Grid, stator, and rotor voltage.
Coecfficient of performance of the blade.
Wind speed.

Shaft angle, torque, and stiffness.
Turbine and generator inertia.

Turbine and electrical torque.

Mutual damping of drivetrain system
Stator, rotor, and GSC current.

Stator and rotor resistance.

Generator reactive power.

PI gains of the RSC’s torque controller.

PI gains of the RSC’s reactive power
controller.

PI gains of the RSC’s current controller.
PI gains of the GSC’s DC-link controller.
PI gains of the GSC’s voltage controller.
PI gains of the GSC’s current controller.
Filter line inductance and resistance.
DC-link voltage and capacitance.

RSC and GSC active power.

Damping signal for the GSC.

Derivative gain of the 2DOF controller.
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I. INTRODUCTION

UBSYNCHRONOUS resonance (SSR) is an electric

power system condition in which the electric network
exchanges energy with a turbine generator at the one or more
natural frequencies below the synchronous frequency [1]. It
occurs when the series-compensated network is connected
to a power system. Due to its significant impact, the SSR
phenomenon has been observed and investigated with con-
ventional power plants [2]-[7]. The increased penetration of
wind power generation has recently drastically affected system
dynamics. For the large scale wind farms connected through
long transmission lines, the series compensation is commonly
used to maintain the power transfer capability, minimize the
transmission line reactance and line voltage drop, reduce the
transmission angle, and increase the system stability [8]. How-
ever, it adds the drawback of SSR phenomena with induction
generators. Thus, a growing emphasis has been laid on the study
of the induction generator based wind turbines connected to a
series-compensated network [9], [10]. The capability of flexible
AC transmission devices (FACTs) has been demonstrated with
its effectiveness in mitigating SSR for induction generators.
In [11], an advanced control for thyristor controlled series
capacitors (TCSC) is proposed to alleviate the SSR; a damping
controller with static synchronous compensators (STATCOM)
has been developed in stabilizing a series-compensated wind
farm [9].

Among all the wind turbine technologies, doubly-fed in-
duction generators (DFIGs) with variable speed operation are
widely being used today. The adoption of DFIGs is booming
for many reasons such as mechanical stress reduction, acoustic
noise mitigation, and the flexibility of active and reactive
power control based on back-to-back converters between the
grid and the induction machine rotor circuit. Consequently,
the complexity increases and the system becomes difficult
to analyze without a systematic point of view. Hence, many
studies have been proposed by using eigenvalue analysis with
a linearization technique to evaluate the transient dynamics
of power electronics integrated systems. This approach has
the following advantages [4]: 1) one-time computation for all
the system modes; 2) it is convenient to investigate parameter
variation of the system; 3) analytical methods such as root
locus and eigenvalue movement can be utilized to provide an
accurate analysis. Thus, a comprehensive study for modeling
of DFIG-based wind farms based on the eigenvalue analysis
has been addressed to show the system behavior of the wind
turbines with a series-compensated network [12]. The investi-
gation presents the potential of applying the eigenvalue analysis
to the system of high complexity. Two of the SSR phenomena
have been addressed, showing induction generator effect (IGE)
due to the negative resistance at SSR frequency and torsional
interaction (TI) from energy exchange between the turbine and
LC network. The advantage has been shown that the eigenvalue
extraction technique offers a clear picture of the system to
design a better control strategy. The authors also continued the
work with more detailed explanation to investigate the potential
solution for the DFIG to handle the SSR phenomena.
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Fig. 1. System diagram for an aggregated DFIG-based wind farm connected
to a series-compensated network.

A DFIG suffers specially from the IGE in subsynchronous
speed operation since a larger negative resistance caused by the
low rotor speed tends to degrade system damping and stability.
The system becomes unstable and highly oscillatory when the
compensation level is high. The supplementary damping con-
trol loop by using shunt connected voltage source converters
(VSCs) has been widely applied in damping power system oscil-
lation [9], [13], [14]. By utilizing the same function as the shunt
connected VSCs, an SSR damping voltage control loop by using
the grid side converter (GSC) is proposed with a detailed anal-
ysis to mitigate the oscillation [15]. However, the damping per-
formance is directly affected by the controller’s practical limi-
tations and the GSC’s partial rating. A further investigation on
different operating points and converter’s rating is necessary
to achieve a reliable solution. Meanwhile, the rotor side con-
verter (RSC) directly regulates the generator’s active and reac-
tive power, which is higher than the GSC’s rating. This indi-
cates a potential of utilizing the RSC to assist in damping the
SSR of the system. Notably, the RSC controller has impacted
the system stability due to the equivalent dynamic behavior of
negative resistance. Alternative control strategies should be ap-
plied to improve the dynamic response with properly selected
controller gains.

This paper introduces a new control strategy with a two-de-
gree-of-freedom (2DOF) configuration by utilizing the RSC’s
current control loop to mitigate the SSR for the DFIG based
wind turbines. To achieve such an objective, the eigenvalue
analysis with the linearized system is studied to provide a
systematic evaluation of the system status against the nonlinear
feature. The system modeling is first illustrated in Section II,
followed by the model evaluation based on the eigenvalue
analysis presented in Section III. Section IV demonstrates
the structure of the proposed 2DOF controller as well as the
combined mitigation strategy and investigates their influence
on the system stability through both the impedance based crite-
rion and eigenvalue analysis. Finally, a necessary time-domain
analysis is shown in Section V to verify the proposed mitigation
strategies; the conclusion is drawn in Section VI.

II. SYSTEM MODELING

Fig. 1 illustrates the system diagram that is investigated in
this study. It includes a DFIG based wind farm connected to the
infinite bus through two step-up transformers and transmission
lines. The wind farm is rated at 400 MVA in aggregated capacity
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TABLE 1 s — (T — Tan)
SYSTEM PARAMETERS pwr = 2H,
; _ (Tsh, - Te)
Generator Data Converter Data Pwr = o
Aggregated Rating  1.67MVA*240  Coupling inductor 0.3 pu . g
Rated voltage 575V Coupling resistor 0.02 pu T = Kopwebsi + Dinutuatpbsn- )
Rated frequency 60 Hz Dc-link voltage 1200 V
Stator resistance 0.0023 pu Dc-link capacitor 14 mF
Stator inductance 0.18 pu Drivetrain Data C. DFIG Model
Mutual inductance 2.9 pu Mutual damping 1.5 pu/pu .
Rotor resistance 0.016 pu Shaft stiffness 1.11 pu/rad The r.nathema}tlcal models for DFIGs are commonly ex-
Rotor inductance 0.16 pu Turbine Data pressed in (4) with reference to the dg reference frames:
Inertia H, 0.685 s Inertia H; 432s P '
Trl 575V/25kV Scaled Grid Vsd = Nlsiag = wethag + poaa
Aggregated Rating  1.83MVA*240 X, 0.4 pu VUsq = Lsisq + wethsa + pisy @)
Leakage inductance 0.07 pu RL 0.02 pu Vpg = Rpirg — (e — W )iPrg + Dira
Tr2 25kV/120kV Xc 0-0.3pu Vpg = Rptpg + (wWe — Wi )rg + phog
Aggregated Rating 440MVA*2 Frequency 60Hz
Leakage inductance 0.08 pu Base power 400MVA  where 9,4 and ¢, indicates the stator flux linkage, .4 and ¢,

(the models are derived based on p.u. system and suitable for
different scales of the system). The wind turbine and converter
parameters are referred to the GE® 1.5-MW wind turbine [16].
The impedance of the equivalent RLC network is 0.5 pu with
the base power of 400 MVA. The series capacitance varies from
0 to 0.3 pu (60%), and the resistance is 0.02 pu. The parameters
are shown in Table I. To obtain a linearized state-space system,
the models are derived in dq reference frame and the power elec-
tronic converters are replaced by controllable voltage sources.

A. Grid and Compensation Network Model

The RLC network model characterizes both equivalent
impedance and series capacitor. The resonance features are
captured in the representation of synchronized rotating frame
through park’s transformation and can be observed with the
frequency components of w,, — w. and wyg, + w,. The model
is implemented by

+ icd
Ved = Wele ~_
PVed q OL
o Weled + feq
- - - Ved
cq e OL
. —va Rp.. . (Vud — Vud)
Pled = L. (LL )ch Wleq + L.
. — e . Ry . (Vug — Usq)
Pleg = L—ch + Weled — (E)ch + quL q (1)
where p = d/dt.
B. Turbine and Drive Train
The p.u. turbine model is expressed as
K,C,V3
Tt — 1Yp VYV (2)
Wt

where K is the coefficient of the equation. In addition, two-
mass drive train model is utilized in the simulation, which can
be shown as

pesh - (wt - wr)

are the rotor flux linkage.

D. Rotor Side and Grid Side Converters

The DFIG’s back-to-back converter behaves like a controlled
voltage source and directly regulates the output current. The
RSC outer loop controllers are shown as follows:

K+ Kin

bt = ( Te = T7)

i, =

8
Koo+ Ko -
—EIENQ, - Q) 5)
where * denotes the desired reference. Moreover, The RSC
inner current controllers can be described as

K3+ K3, ., )
2B (irg — ira) + Bra

s
Ko+ Kis . . )
M)(ﬁq - Z'rq) + brq (6)

Upd = (

Urg = ( "

where 6,4 and 6, are feed-forward terms. Similarly, the con-
trol of GSC has both outer dc-link and stator voltage regulators,
which can be expressed as

" (Kp4 + Ky

tga = B YVae — Vi)
ig, = (M Ry ey ™
The inner control loop of the GSC can be also displayed as
tga = (G i) + by
vy = (RS e iy, ®

S

where ¢, and 0,4, are feed-forward terms. The grid side con-
verter output filter is represented as

L

. . . Vgqg — Vs
Ptgg = — (L—)zgq — Welgd + (C”’Li") )

Piga = — (57 )igd + Welgq +

g
g

The dc-link is derived as a first order model to show the capac-
itor dynamics:
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Vchdchdc = Prsc - Pgsc
Prsc - 'Urdird + 'Urqirq

Pyse =vgdigd + vgqlgq-

(10)

III. MODEL EVALUATION

To integrate the above-mentioned equations, an external con-
straint equation should be formed to link the DFIG model to the
RLC network, as shown in Fig. 1. In both DFIG and network
models, the terminal voltages are considered as system input
variables. The relation between the models can be built by ig-
noring the dynamic of the GSC filter. Therefore, the GSC filter is
configured as a link to generate the stator voltage from the filter
current and converter output voltage [12]. Another approach
in [17] applies the equations of active and reactive power ex-
change; however, the network dynamics will be ignored. To pre-
serve the dynamic behavior of both the network and GSC output
filter, an extra constraint is introduced by connecting the stator,
GSC filter output, and RLC network to the same terminal. To fa-
cilitate the process, a simple way can be utilized by connecting
the common terminal to a large resistance (1ed ~ 1¢7 pu) to
obtain a semi-explicit differential algebraic equation (DAE):

X =(X,2,U)

0=¢y(X,Z,U) (11)
where X and Z are the differential and algebraic variables,
and U is the system input. It should be also mentioned that the
variation of the resistance within this range should not induce
noticeable deviations of the system modes. To snap shot the
small-signal dynamic responses of the system, first-order lin-
earization can be used to obtain

X =AX+BU |, .00 (12)
where
108 _of (09" dg
TOX  9z\dz) oX
- Of df {99\ ' 9y
B=_—L _ 1 (L —_—
X oz (02) X (13

With the linearized system based on state-space representation,
the eigenvalues can reveal the system modes around the opera-
tion points.

By extracting the eigenvalues of A, four dominant modes are
obtained, as shown in Table II. The operating conditions are
given as: wind speed of 11m/s, rotor speed of 1.2 pu, and com-
pensation level of 25% (X, = 0.25Xy). Since the frequency
of the resonant components become w, + wgy, and we — Wy
in the rotating synchronized reference frame, A;  represents the
supersynchronous mode and A3 4 stands for the subsynchronous
modes. Moreover, A5 ¢ can be identified as an electromechanical
(EM) mode, which is impacted by both DFIG circuits and me-
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TABLE 11
SYSTEM MODES AT WIND SPEED OF 11M/S WITH 25% SERIES COMPENSATION

Eigenvalues Mode
Ao -11.684526.25i Supersynchronous Mode
A3.4 -5.58+231.73i Subsynchronous Mode
As.6 -11.79+£35.7i Electromechnical (EM) Mode
Mg -0.68+18.86i Torsional Mode

TABLE 111
PARTICIPATION FACTOR (STATE-TO-MODE) AND EIGENVALUES OF SYSTEM
MODES AT DIFFERENT OPERATING CONDITIONS

Mode SSR Torsional EM SSR Torsional EM
Level 40% 60%
Speed 6m/s, .= 0.7 pu
4 7.83 -0.65 -36.1 38.4 -0.66 -66.4
+i +175.1i +18.82i +101.9i +135.67 +18.82i +102.9i
Tsdq 4565 0 4473 4555 0 4500
Trdg 4726 0 5195 4851 0 5074
w, 0 4311 0 0 4311 0
(2 0 4978 0 0 4979 0
w, 0 .0679 0 0 .0680 0
Speed In's, 0, = 0.98 pu
o -3.92 -0.61 -13.4 -0.47 -0.63 -16.56
+wi +191.5i +18.87i +7.948i +149.5i +18.86i +8.252i
isdq 4598 .0015 4307 4671 .0139 4422
Trdg 4351 .0017 5278 4484 .0159 5253
w, 0 4188 0 0 4199 0
[ 0 4808 0 0 4826 0
w; 0 .0654 0 0 .0657 0
Speed 11m/s, w,= 1.2 pu
4 -3.94 -0.68 -12.8 -1.79 -0.68 -14.3
+i +194.6i +18.85i +39.58i +156.5i +18.85i +44.44i
Isdy 4292 .0109 4368 4685 .0086 4419
Trdy 4199 .0145 5435 4285 .0110 5372
@, 0 4216 0 0 4239 0
Oy, 0 4844 0 0 4876 0
; 0 .0659 0 0 .0664 0

chanical dynamics. In addition, the state-to-mode participation
factors are given in Table III based on various operating con-
ditions. Although the participation factor shows no direct link
between the mechanical variables to the EM mode as relatively
large time constants of the mechanical system, it can still be ob-
served that the variation of the wind speed and its corresponding
change of rotor speed affect its oscillation frequency, which is
directly linked to the rotor slip frequency due to the existence
of the complimentary frequency component in the rotor wind-
ings. Finally, the participation factors show that A7 g is affected
mostly by the mechanical variables.

A. Impact of IGE and Torsional Modes

Since the SSR slip is usually smaller than zero as wyg < wy,
the rotor equivalent resistance, 12, /5,4, behaves like a nega-
tive resistance as seen from the stator terminals. When the total
network resistance is negative, the instability occurs at the SSR
frequency. This phenomenon is called IGE. The self-sustained
oscillation occurs when the total network resistance becomes
negative. The observation is made by changing the compensa-
tion level and wind speed, shown in Table II1. It can be seen that
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at the same compensation level the higher the wind speed gen-
erally results in the better the SSR damping. The reason is be-
cause the increase of the rotor speed causes the subsynchronous
slip, $ssr = (Wssr — Wy ) /wssr, to have a larger negative value,
introducing a smaller negative rotor equivalent resistance. Sim-
ilarly, a higher compensation level attributes to a larger neg-
ative rotor equivalent resistance. The above phenomena have
also been identified in [13].

In addition, the wind turbines usually have a relatively lower
shaft stiffness (e.g., 1.1 pu/rads in this case) with its low power
rating. In Table II, the torsional mode is around 3 Hz and in-
creasing the shaft stiffness results in a higher torsional reso-
nance frequency. In this paper, the torsional mode is not di-
rectly affected by the compensation level since the complemen-
tary SSR frequency at 60% compensation is still far higher than
the torsional mode, indicating the absence of the torsional am-
plification.

B. Impact of RSC and GSC Controller

The impact of the controller gains of RSC and GSC is shown
by the eigenvalue loci of the SSR mode in Fig. 2. It can be
found out that by increasing the RSC controller P gain, K3, the
SSR mode moves toward RHP. The same effect can be observed
through the P gains, K1, K2, of the RSC outer torque and
reactive power loops. To simplify the derivation, the d-axis rotor
voltage is utilized to show the small-signal dynamic equation in
response to the d-axis rotor current, shown in (14):

Vpg = KpS/j’:fd - KpSE'rd, = KlePSTe - Kp?)/;'rd
= lepI}(_)‘dm’i”r'q + )‘d'mi'r'q) - Kp.?;j’rd
= - pS(Kpl)\rlm + 1)7:'”1 + KlePS)\qm,/i'Tq- (14)

By neglecting the coupling term E,,uq, the rotor dynamic resis-
tance can be obtained:

(22)

Sssr —
Rdyna'mic = T~ - -
—lpd

Kp?:(Kpl/\drn + 1)

|-Sssr|

(15

It should be noticed that rotor terminal voltage is divided by 544
in SSR reference frame. Since the SSR slip $44 1S negative, in-
creasing K1 and K3 will necessarily make the dynamic resis-
tance more negative, showing poorer damping of the SSR mode.
The impact from the controller parameter variation is summa-
rized in Table IV.

IV. SSR MITIGATION STRATEGY

The IGE and controller parameters show impacts on the SSR
mode which can cause instability of the system. Table III indi-
cates that the SSR mode is poorly damped when the compensa-
tion level is high. Thus, the ideal damping controller is required
to operate the DFIG wind farm at high compensation levels.
In conventional approaches, the damping controller has been
implemented with a STACOM to provide auxiliary damping
control to series-compensated self-excited induction generator
(SEIG) based wind farms. Rotor speed and generator power are
chosen as damping signals to improve the system dynamic re-
sponse. Furthermore, the SSR damping control loop with both
DC-link and terminal voltage control loops by using the GSC

175
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170 0 t
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Fig. 2. Eigenvalue loci of the SSR mode in variation to controller gains (base
case parameters: 50% compensation, 9 m/s wind speed, Kpl, Kp2 = 0.1, Kil,
Ki2 = 2, Kp3 = 0.01,Ki3 = 0.1, Kp4 = 0.2, Kid = 0.4, Kp5 = 0.01,
Ki5 = 0.04, Kp6 = 4, Ki6 = 100).

TABLE IV
IMPACT OF THE CONTROLLER GAINS TO THE SSR MODE
Controller Parameter Frequency Damping
RSC outer loop P gains (K,;, K,>) increases decreases
RSC outer loop 1 gains (X;;, K;2) decreases slightly increases
RSC current loop P gain (K,3) increases significantly decreases
RSC current loop I gain (X;3) decreases slightly decreases
GSC outer loop P gains (K4 K)5) decreases almost no impact
GSC outer loop I gains (K;;, K;2) no impact no impact
GSC current loop P gain (K,3) increases almost no impact
GSC current loop I gain (Kj3) no impact no impact
v, i GSC Stator Voltage
. Control Loop
. Voltage | Current
v — V
G Regulator Regulator =
:’ ----------------- » i ! Supplementary
i ¢ | Damping Control
[} 1

Fig. 3. Damping control loop with the GSC stator voltage controller.

has been demonstrated with its effectiveness in stabilizing the
system. The diagram of the applied damping controller is shown
in Fig. 3 by using the series capacitor voltage as the damping
signal. Also, a high-pass filter (HPF) is utilized to avoid inter-
fering system normal operation. The cut-off frequency is chosen
as 10 HZ to preserve the SSR component and to remove the
DC value so as not to disturb the steady-state operation. For the
damping control signals, many other system variables are also
available, while their detrimental effects on other system modes
may induce instability of the system. The recognition of using
the capacitor voltage as the damping signal has been addressed
in [15].

The major limitation of the supplementary damping con-
troller is the restricted voltage control capability of the
shunt-connected GSC. Especially, in the case with the high
compensation level and the low wind speed, a necessary high
damping gain is required. This can be seen from the root locus
plot in Fig. 4, which shows that to achieve the damping ratio of
5% the gain should be selected as high as 990. This implies that
using solely the GSC to stabilize the system with large series
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Fig. 4. Rootlocus of the system modes in respect to the varying KSSR with the

damping signal selected as the series capacitor voltage vec. (60% compensation,
6 m/s wind speed).

capacitance might be insufficient. Thus, approaches to handle
the severe cases are to be discussed in order to ensure the
system stability throughout the possible operating conditions.

A. Improved Capacitor Voltage Estimation Method

As presented in the previous section, the capacitor voltage
shows direct improvement in damping the SSR mode. In prac-
tice, however, measuring capacitor voltage requires long-dis-
tance and high-bandwidth commination, causing significant
overall cost to the system installation. Therefore, estimation
of the capacitor voltage seems like a preferred solution as
transmission line current can be measured from the wind
farm terminal. Although directly using the line current for the
damping control loop may help in the SSR mode, detrimental
impacts on the other modes are likely to be induced, as men-
tioned earlier. To ensure the system overall stability, capacitor
voltage estimation is necessary. In [15], it has been proposed
that the capacitor voltage magnitudes can be estimated through
each phase by the simple realization of integrating the line
currents:

Va,be = é/ Z-(1,,b,c dt (16)
where a, b, ¢ denote instantaneous signals. In this case, the line
current can then be measured at the wind park terminal. Al-
though the series capacitance is unknown, it has only deter-
mined the magnitude of the resonance, and the resonance fre-
quency is still preserved with the estimated signal. Thus, the
selection of the damping control gain and assumed compensa-
tion level can be based on the severe-case scenarios to allow
proper functionality during high compensation cases. To avoid
DC offsets being preserved into the predicted voltage signal,
the integration should take place when the current reaches zero
so that resonance at the nominal frequency does not appear in
the damping signal Awu. (DC offset oscillates at nominal fre-
quency as seen from the synchronous reference frame). How-
ever, sudden change of the capacitor steps or faults may bring
the DC offset back; this synchronous oscillation in the damping
signal is not likely to be mitigated since the main purpose of
the damping control loop is to preserve the bandwidth around
the SSR frequency. Using the low-pass filter causes a signif-
icant phase shift and therefore fails the damping function. A
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Virtual Parallel Resistance

Virtual Parallel Resistance

Fig. 5. Proposed capacitor voltage estimation method.

notch filter is good for suppressing the oscillation, while the sus-
tained resonance cannot be removed completely and will affect
the GSC'’s voltage control loop even during the steady state.

To solve this issue, an improved estimation method is pro-
posed based on the synchronous reference frame with the es-
timation model shown in Fig. 5. It can be seen that a virtual
resistor is implemented in order to damp the fundamental os-
cillation. The virtual resistance should be relatively larger than
the nominal impedance of the series capacitor to give reason-
able rate of decay without affecting the voltage dynamics. The
comparison of the Aw, between the cases with and without the
proposed method is shown in Fig. 6. In this comparison, w.Cy
and R, are assumed to be 0.125 pu (25% of grid reactance 0.5)
and 3 pu; the notch filter is centered at 60 Hz with the damping
coefficient of 0.1; the compensation level changes from 25% to
40% at 0.2 s. It can be observed that the dynamic behavior of
Aw, with the proposed method matches closely with the actual
case, while without the proposed method significant oscillation
at fundamental frequency appears due to the DC components.
It is mentioned previously that damping gain can be selected
based on the severe-case scenario (highest possible compensa-
tion levels). If the actual compensation level is larger than the
assumed, the estimated magnitude will be lower than the actual
measurement. To ensure proper magnitude of Av,, the max-
imum compensation level is recommended to be chosen; in this
case, the damping performance in high-compensation cases can
be ensured, while in low-compensation levels the SSR is much
less harmful so that the magnitude difference has no direct in-
fluences on the system stability. The detailed evaluation will be
carried out in the later session.

B. Concept of 2DOF Control Strategy

The concept of 2DOF control strategy is introduced in this
study, which comprises of derivative controllers connected to
the current control loop of the RSC. A 2DOF PID control struc-
ture shows flexibility to achieve an improved control perfor-
mance compared to traditional one degree of freedom (1DOF)
PID control, which has been reported in [18]. Fig. 7 shows
the control diagram illustrating the concept of 2DOF derivative
controllers. It can be seen that the current reference signal is re-
moved from the derivative controller so that only the actual cur-
rent signal pass through the K; term. This means that the pro-
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Fig. 7. 2DOF derivative control with the RSC current loop.

posed strategy aims to enhance the system stability against the
SSR and follows the typical PID controller design so as to en-
sure the practicality of the control structure for the current con-
trol loop. It should be noticed that for general 2DOF approaches
with the derivative controller, the objective is to achieve harm-
less zero cancellations by separating the set-point response from
the disturbance rejection, while in this paper the aim is to ensure
that the dynamics of the external controllers’ output (torque/re-
active power controllers) do not affect the derivative actions by
removing the current reference from the derivative term input.

The impact of the derivative action can then be investigated
through the impedance based stability criterion [19], [20]. First,
the relation of the rotor terminal voltage to the rotor current can
be derived as V' = (d/dt)K4(—1,). A negative sign is added
to show the perspective from the stator terminal, by which the
dynamic behavior of rotor voltage resembles a virtual induc-
tance. Fig. 8 shows the small-signal equivalent circuit of the
DFIG system connected to the grid. It should be noticed that the
derivative action is modeled as a virtual inductance connected
in series with the rotor circuit. In this case, both the GSC and
RSC’s current controllers are assumed to be disabled in order
to bring the attention to the impact of the derivative control;
thus, only the derivative controller responds to the system dis-
turbances. By neglecting the shunt connected GSC and mutual
inductance, the relation between grid voltage and line current,
I(s) = G(s)V(s), can be obtained:

1
(ZNET(S) + ZDFIG(S))

G(s) = (17)

Fig. 8. Equivalent circuit of the DFIG connected to the series-compensated
network.

where
Znpr(s) .
N S8) =
NET sCr + sL + Ry,
R,
ZDch;(S) :Rs + S(Lls + Ll,,. + Kd) + S‘Z’ip

where slip = ($ — jw,)/s. The poles of G(s) can be used to
reveal the dynamic characteristic of the system. To investigate
the impact of the K4, (17) can be represented by

S

L.,

G(s) = R 1 (18)

il I pwen

52 + 5(

where Loy = Lp+Ljs+ L+ Ky and Rey = R+ R+ R, (w).
It can been seen that when w — wg, and R, (wssr) < —(Rp +
R,), the system becomes unstable due to unstable poles. This
agrees with the phenomenon of the IGE that self-sustained os-
cillations occur when the total network resistance becomes neg-
ative. From (18), the impact of the K; can be classified into two
criteria:

1) Increase of K, leads to a larger L. , resulting in lower
SSR frequency (lower natural frequency) and less negative
Rr (wssr ) .

2) If R, is positive enough, the increase of L., reduces the
magnitude of first order term in the denominator and moves
the SSR pole to RHP.

The bode diagram of the G(s) in respect to variation of K
from 0 to 0.001 is shown in Fig. 9. The rotor speed is 0.7 p.u.
(6m/s) and the compensation level is 60%. It can be observed
that the derivative action helps to reduce the SSR frequency,
which is very helpful in mitigating the IGE that tends to induce
negative total resistance in high compensation levels. To verify
the small-signal impedance-based analysis, the SSR pole move-
ment of G(s) in response to a varying K, gain is compared to
the eigenvalue locus of the SSR mode in compensation levels of
60% and 25%, as shown in Fig. 10. The eigenvalue extraction
is based on the case in which the shunt connected GSC and the
RSC controller are disabled. In Fig. 10(a), both the SSR pole
and eigenvalue move toward LHP as the reduced resonance fre-
quency induces a less negative I?.,, identifying the criterion 1).
In Fig. 10(b), the movement toward RHP indicates existence of
relatively large IZ.,, which can be illustrated by criterion 2).

The relationship of the total equivalent resistance and real
part of the SSR mode (through the eigenvalue analysis) versus
compensation level is plotted in Fig. 11(a). Some observations
can be obtained:
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Fig. 10. Verification of the impedance based analysis by comparing the pole
movement and eigenvalue locus with increasing i (complementary frequency
representation w. — wgs, ). (@) 60% compensation, 6 m/s wind speed. (b) 25%
compensation, 6 m/s wind speed. (Simplified model: The current controllers of
GSC and RSC are disabled with only the derivative controller enabled.)

1) When the compensation level below 33% (A point), the
K; gain moves the SSR mode toward RHP; above 33%,
the SSR mode moves toward LHP.

2) When ., < 0 (B point), the real part of the SSR mode
becomes positive, causing instability to the system.

3) The derivative action maintains a positive value of I,
and keeps the SSR mode in the LHP over the range of the
compensation level.

Therefore, it is shown that the derivative controller signif-
icantly improve the system stability during high compensation
levels. Moreover, another case study based on the wind speed of
11m/s is shown in Fig. 11(b). It can be seen that the critical point
(A point), at which the direction of the SSR mode movement
changes, becomes much higher compared to the case in low
wind speed (33% to 77%). This is because at high rotor speeds
the I7., remains relative large and positive [criterion 2)] so that
the effect of the derivative action in improving the stability
cannot be seen until a very high compensation level. Although
the derivative action may shift the SSR mode toward RHP, the
real part of the mode remains relatively negative (around —6).
Thus, the system remains stable.

To sum up, the impedance-based stability analysis provides
an easy-to-view mathematical explanation showing the impact
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Fig. 11. Red: Equivalent total resistance versus compensation level. Blue: Real
part of SSR mode versus compensation level. (a) rotor speed = 0.7 pu, wind
speed = 6 m/s. (b) rotor speed = 1.2 pu, wind speed = 11 m/s. (Simpli-
fied model: The current controllers of GSC and RSC are disabled with only the
derivative controller enabled.)

of the proposed 2DOF control strategy on the SSR mode. A vir-
tual impedance helps to mitigate the stability issue caused by the
SSR at the high compensation levels and low wind speeds. The
eigenvalue analysis based on the simplified model with only the
derivative control is then utilized to verify the impedance-based
stability theory in order to show the efficacy of the analytical
analysis.

C. Combined Damping and 2DOF Control Strategy

The proposed 2DOF control is to improve the rotor dynamic
response and mitigate the IGE in the high compensation level. In
this case, while the derivative term improves the SSR damping
significantly, a larger K; gain might bring other system modes
into instability, e.g., the electromechanical mode. Also, at low
compensation levels the SSR mode may become less damped.
Therefore, an additional damping control loop could be useful
to further enhance the performance of the improved system in
order to cover the full range of operation. Fig. 12(a) shows the
root locus of the system modes with the 2DOF controller with
K selected as 0.001 at the wind speed of 6 m/s and the compen-
sation level of 60%. It can be seen that the K, decreases from
990 to 53.4 (referring to Fig. 4) with achieving the 5% damping
ratio, implying a feasible solution of stabilizing the system in
severe-case scenarios. Meanwhile, at the high wind speed, the
damping factor of the SSR mode might be degraded as the anal-
ysis disclosed previously. It should be addressed that the degra-
dation of the SSR mode damping may cause the instability due
to integral impacts from other control parameters of the RSC
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Fig. 12. Root locus of the system modes in respect to the varying A s with
the damping signal selected as the series capacitor voltage ». and the I’y as
0.001 (Complete Model): (a) 60% compensation, 6 m/s wind speed; (b) 60%
compensation, 11 m/s wind speed.

and GSC (e.g., RSC’s current/torque loop gains). Fortunately,
this can also be resolved by adding the additional damping con-
trol loop, which shifts the SSR mode back to the LHP, shown
in Fig. 12(b). The derivative action sacrifices the SSR damping
in high wind speeds; however, the system stability at low wind
speed and high compensation is significantly improved. This
means that the proposed combined control strategy not only re-
duces the loading (K, decreases significantly) of the GSC in
low wind speeds but also guarantees satisfactory damping per-
formance in high wind speeds so that full-range operation can
be covered.

D. Implementation of the Derivative Controller

In DFIGs, the RSC is a power electronic converter that be-
haves like a VSC. The switching harmonics are filtered through
the inductance and resistance of the rotor circuit. When the
derivative term is applied, the high switching noises may af-
fect the controller action since the output of the derivative term
is proportional to the input frequency. In practical applications,
the derivative term is usually combined with a first-order low
pass filter and thus becomes K ys/( K s/N + 1). However, this
can only limit the maximum gain to N. In order to achieve better
damping performance and high frequency noise attenuation, a
modified derivative controller is proposed and shown in Fig. 13,
comprising an additional 2nd order filter and a lead-lag compen-
sator [21]. The Bode diagram of different types of derivative
controller is shown in Fig. 14, indicating that the second-order
filter has better high frequency rejection but less phase shift

in lower frequency compared to the first order filter. Thus, the
lead-lag compensator is necessarily to be utilized to boost up the
phase shift to around 90 degree in the region of interest (SSR re-
gion). The selection of the parameters of the 2nd order filter is
based on cutting off the high frequency components (200 Hz
in this paper) with the damping factor selected as 0.707. Also,
the lead-lad compensator is tuned to compensate the phase loss
at lower frequency by selecting a zero of 225(1/71) and a pole
of 350(1/72) so that the maximum phase compensation occurs
within this range.

V. TIME-DOMAIN ANALYSIS

The proposed SSR mitigation strategy has been discussed
through the eigenvalue analysis, root locus method, and
impedance-based criteria. In order to verify its effectiveness,
time-domain simulations are required to reflect the actual dy-
namic behavior during disturbances. The simulation scenarios
are divided into three sets: 1) no mitigation strategy; 2) with
only the damping control loop; 3) with the proposed combined
2DOF and damping control. The capacitor voltage is estimated
through the proposed algorithm by assuming the maximum
compensation level of 60%. All the scenarios are tested under
different wind speeds and compensation levels with K4 and
K., selected as 0.001 and 53.4. Also, the modified derivative
controller is adopted based on the parameters shown in the
previous section.

A. Performance at Different Levels of Series Compensation

Fig. 15 shows the dynamic response of the system at 6 m/s
wind speed and 60% compensation level. The compensation
level changes at 0.2 s from 25% to 60%. It should be men-
tioned that only the scenario 3 is shown in this figure as in
other two scenarios the system becomes unstable (referring to
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Fig. 15. Dynamic response of the system (60% compensation, 6 m/s). (a)
Electrical torque. (b) Rotor speed. (c) Stator voltage. (d) DC-Link voltage.
(e) Damping controller output. (f) Derivative controller output magnitude. (g)
GSC output voltage. (h) RSC output voltage (pu).

Table I1I). With the proposed control strategy the system is sta-
bilized and resumes its normal operation. The damping con-
troller output based on the estimated capacitor voltage is pre-
sented in Fig. 15(e). Since the magnitude of the A,,, is larger
than the nominal voltage reference, during the transients GSC
is mostly generating damping voltage to stabilize the system
with the voltage error signal fed to and scaled down by the pro-
portional gain, K,5 = 0.01, of the GSC’s voltage controller.
After the disturbance, A,,, resumes to zero and does not affect
the voltage controller of the GSC. The GSC’s terminal output is
shown in Fig. 15(g).

The result in the case with 6 m/s wind speed and 40% com-
pensation level is shown in Fig. 16. The damping of the system
is improved significantly by the proposed control strategy; the
performance of the proposed combined control strategy is as-
sisting in stabilizing the system, while other two scenarios are
not stable and now shown in the figure. Fig. 17 shows the simu-
lation results at the wind speed of 9 m/s based on compensation
levels of 60%. The proposed control strategy demonstrates sig-
nificant improvement against the SSR compared to other two
scenarios. It can be also observed that the sustained oscillation
occurs without any damping control strategy. For the high wind
speed condition, the 11 m/s wind speed cases with 60% compen-
sation levels are shown in Fig. 18. Although the effectiveness of
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Fig. 16. Dynamic response of the system (40% compensation, 6 m/s). (a) Elec-
trical torque. (b) Stator voltage. (c) Damping controller output. (d) Derivative
controller output magnitude (pu).
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Fig. 17. Dynamic response of the system (60% compensation, 9 m/s). (a) Elec-
trical torque. (b) Rotor speed. (c) Stator voltage (pu).

proposed 2DOF controller is compromised as discussed previ-
ously, the overall performance with the combined strategy does
not deviate much from the scenario 2.

The time-domain analysis reflects the system actual response
during the transient stage. The nonlinearity that cannot be ex-
tracted precisely is then examined through the time-domain sim-
ulation. The comparison is further evaluated via the dynamic
responses based on the fourth scenario (with only the 2DOF
controller) at the compensation level of 60% and different wind
speeds, shown in Fig. 19. Notably, the small positive value of the
SSR mode at the 11m/s case (blue) is observed from the poorly
damped signals of T,. This also demonstrates the accuracy of
the eigenvalue analysis, indicating that in high wind speeds the
2DOF requires the assistance from the damping controller to
damp the system oscillation.
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Fig. 19. Dynamic response of the system with only the 2DOF derivative con-
trol at different wind speeds (60% compensation, pu).

B. Discussion of Fault Ride-Through Capability

The recent grid codes [22] specifies that large wind farms are
to stay connected to the grids when faults occur, since the dis-
connection may further degrade voltage restoration during and
after fault conditions. Fault ride-through (FRT) capability is es-
sential for grid-connected DFIG wind generation to maintain
continued operation against severe grid voltage disturbances.
Conventional FRT schemes have been proposed by many lit-
eratures to protect the DFIG system from overcurrent such as
crowbar, DC-choppers, rotor/stator braking resistors, and se-
ries braking resistors. In addition, series voltage compensation
topologies using power electronic converters show satisfactory
results again severe faulty condition. There are many FRT op-
tions possible to incorporate with the proposed SSR controller.
To demonstrate the performance of the proposed SSR mitigation
strategy against faults, a convenient FRT scheme with single-
step series braking resistors connected to the DFIG system ter-
minal is utilized to investigate the dynamic response during and
after the fault, shown in Fig. 20. The braking resistors are to be
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Fig. 20. Circuit diagram of the DFIG system connected to the series braking
resistors and the series-compensated network.
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Fig. 21. Simulation results of the system during 90% there-phase-to-ground
voltage dips for 150 ms (60% compensation, 11 m/s). (a) Stator voltage. (b)
Stator current (pu).

engaged by turning off the by-pass IGBT switches based on the
measured grid voltage. It should be addressed that the case study
is simply to show that the proposed SSR mitigation strategy
can be integrated into the FRT scheme. Different FRT schemes
may need further modifications or investigations according to
the grid code requirement and the FRT configurations.

The performance of the proposed control scheme associated
with the FRT scheme is shown in Figs. 21 and 22, where a
90% three-phase-to-ground fault occurs at 0.2 s for 150 ms.
During the fault, the damping controller does not play a signif-
icant role since the SSR mode disappears quickly due to inser-
tion of high series braking resistance (1.1 pu). However, during
fault recovery stage the SSR component becomes very large and
affects the system stability. With the proposed scheme, the re-
sults show that post-fault behavior is significant improved in
the 9m/s case; without, significant oscillation is induced at SSR
frequency. Furthermore, the case study without engaging the
braking resistor at low wind speed of 6 m/s is shown in Fig. 23 to
demonstrate the effectiveness of the proposed scheme. It should
be mentioned that the large output of the derivative controller
in Fig. 23(e) is actually constrained by the DC-link voltage,
which determines the maximum RSC output voltage, shown in
Fig. 23(g) (the nominal maximum value is around 0.37 and the
model under study neglects the stator/rotor turn ratio). From
the figure, other state variables are within the acceptable range
and the system is stabilized via the proposed SSR mitigation
strategy.
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Fig. 22. Simulation results of the system during 90% there-phase-to-ground
voltage dips for 150 ms (60% compensation, 9 m/s). (a) Stator voltage. (b) Stator
current (pu).
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Fig. 23. Simulation results of the system during 90% there-phase-to-ground
voltage dips for 150 ms (60% compensation, 6 m/s). (a) Stator voltage. (b) Stator
current. (¢) Rotor speed. (d) Damping controller output. (e) Derivative con-
troller output. (f) GSC’s terminal output. (g) RSC’s terminal output. (h) DC-link
voltage (pu).

VI. CONCLUSION

This paper focuses on analyzing the harmful SSR behavior
of DFIG based wind farms, which is caused by IGE. Thus, the
mitigation of SSR and the enhancement of the system damping
are important in maintaining the entire power system stability.
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A reliable way of investigating the system and designing an ef-
fective control strategy against SSR is deployed using eigen-
value analysis. The proposed 2DOF control strategy improves
the SSR handling capability of the system. With an additional
damping control loop, the system can be secured in various
compensation levels and wind speeds, especially at low wind
speeds and high compensation levels. Time-domain simulation
results are carried out to show the performance improvement of
the proposed control strategy based on the improved capacitor
voltage estimation method, and further to verify the eigenvalue
analysis. Finally, the function of FRT is also demonstrated in
this study showing the effectiveness of the proposed controller
during faulty conditions.
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