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Abstract: This work proposes a strategy to mitigate subsynchronous resonance (SSR) in synchronous generators using variable-
speed wind energy conversion systems (WECSs) based on full converter wind turbines. A supplementary active and reactive
power to be delivered by WECSs located near synchronous generators is designed to reduce the SSR phenomenon. These
supplementary signals are calculated using an observer-based controller tuned through an optimal quadratic technique which
allows to minimise the WECS control effort, whereas a good torsional oscillation damping is accomplished. The power ratio
between the WECS and the synchronous generator, impact on the power quality and communication time-delay requirements
are also discussed. The authors compare two control approaches: the first one uses mechanical measurements of the
synchronous generator (measures which have high observability of torsional modes), whereas the second one uses voltage
measurements at the wind farm connection point. In this way, two control schemes using remote and local measurements are
proposed, and advantages and disadvantages of both schemes are presented. The proposed scheme can provide satisfactory
torsional damping under a wide range of operating points, avoiding to include dedicated SSR damping equipment, and using
the new wind farms installed in the network. Eigenvalue analysis and non-linear time-domain simulations confirm the good

performance of the WECS-based SSR damping controller.

1 Introduction

Wind energy conversion systems (WECSs) based on power
ac/dc converters are now a mature technology in power
systems [1]. Because of their growing penetration and
power control flexibility, they are subject to several network
support tasks [2] involving: voltage control [3], transient
frequency regulation [4, 5] and stability enhancement [6].
In this work, we study a new WECS supplementary action
to mitigate subsynchronous resonance (SSR) when WECSs
are located near synchronous generators. SSR is a
phenomenon which may occur in thermal power plants
closely connected to series-compensated transmission lines.
If a mechanical torsional mode of the turbine multi-mass
system coincides with, or is close to, an electrical network
mode (described in the rotating coordinates), then large
magnitude torques and poorly damped oscillations arise in
the generator rotor. These oscillations lead to fatigue
damage, life-time reduction, electrical instability, and even
failures in the turbine-generator shaft. Owing to economic
reasons and an increasing demand, series compensation of
long transmission lines is frequently applied to enhance
power transfer. However, although this technique is an
important way to improve power transfer capability, it may
lead to SSR phenomenon [7, &]. Subsynchronous
oscillations were first discussed in 1937 [9], but it was not
until the 70s (when two shaft failures took place in the
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Mohave plant, in December 1970 and October 1971 [10])
that several studies and solutions were carried out to
mitigate the SSR condition.

In each particular case, considering the probability of SSR
and the level of expected damage, a cost effective
countermeasure should be proposed. This can range from
simply generator tripping to a more costly inclusion of
flexible ac transmission systems (FACTS) [7]. Several SSR
damping approaches based on different devices can be
found in the literature, such as

Thyristor switched resistor (NGH scheme) [11];
Thyristor-controlled series capacitor (TCSC) [12-15];
Gate-controlled series capacitor (GCSC) [16];

Static synchronous series compensator (SSSC) [17-20];
Static VAR compensator (SVC) [21-23];

Static synchronous compensator (STATCOM) [24-26];
Superconducting magnetic energy storage (SMES) [27];
Voltage source converters (VSC)-based HVDC
transmission system [28];

e Unified power-flow controller (UPFC) [29];

o Interline power-flow controller (IPFC) [30].

Most of these FACTS-based approaches are expensive and,
unless they use big energy storage systems, series converters
can only inject a quadrature voltage, and shunt converters can
only inject a quadrature current (reactive power).
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Considering the above drawbacks and the increase of wind
farms in the grid, we propose to use variable-speed WECSs
based on full converter wind turbines placed near
synchronous generators to reduce the risk of SSR. WECSs
have an advantage over FACTS when fast active power
injection is required [1, 31, 32]. Features like speed and
stored energy are naturally found in WECSs, which can
resort to the kinetic energy stored in the rotational masses
through power electronics and, at the same time, inject
reactive power. These characteristics give the WECS-based
SSR mitigation an advantage against traditional approaches.

The ability to damp SSR oscillations using WECSs is
researched in this article. Two schemes to build the SSR
damping controller are presented: one of them using speed
measurements of the synchronous generator, and the other
using a local voltage measurement at the wind farm
connection point. Several implementation issues are also
discussed, such as: the power ratio between the WECS and
the synchronous generator, communication time-delay
requirements, advantages and disadvantages of considering
remote and local measurements, and the impact on the
power quality of the grid.

The paper is organised as follows. Section 2 introduces the
model of power system case study. The SSR damping
controller is developed in Section 3. The measurement
selection is discussed in Section 4. Section 5 presents the
controller performance assessment, discussions and tests.
Finally, conclusions are given in Section 6.

2 Power system model

The power system used in this study is the IEEE second
benchmark model (case 1) for SSR analysis [33]. All
models and parameters are in a per-unit system and are
extracted from [33] (see Table 1). A modification to the
network is made to include a variable-speed WECS, as it
can be seen in the single-line diagram in Fig. 1.

2.1 Electrical model of the synchronous generator

The electrical model of the synchronous generator is
described in the synchronous reference frame (SRF), and
consists of two stator winding (d,¢) and four rotor circuits
which model the field winding (F), one d-axis damper
winding (D) and two g-axis damper windings (Q,G). A
field excitation system, automatic voltage regulator (AVR),
and power system stabilizer (PSS) with a torsional filter,
designed following the recommendations of [34, 35], have
also been included. A block diagram of the implemented
excitation system is shown in Fig. 2.

2.2 Mechanical model of the synchronous
generator

We consider a mechanical system of the synchronous
generator consisting of four lumped masses (high-pressure
turbine, low-pressure turbine, generator rotor and exciter)
connected through a nonrigid shaft (see block called
‘synchronous generator mechanical system’ in Fig. 3). The
dynamics of the multi-mass mechanical system based on a
mass-spring-damping model [8, 36] is given by

é: QBrw (1)

2Ho) =7+ K0+ Do ©)
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Table 1 Power system parameters and data

Description Symbol  Value

Synchronous generator (electrical parameters)

base power Sg 600 MVA
base voltage (line-to-line RMS) Vs 22 kV
base angular frequency Qp 2760 r/s
stator winding resistance R, 0.0045
leakage inductance L 0.14
d-axis inductance Ly 1.65
g-axis inductance L, 1.59
field winding resistance RE 0.00096
field winding inductance Lr 1.629
D-axis damper winding resistance Rp 0.016
D-axis damper winding inductance Lp 1.642
G-axis damper winding resistance Rg 0.00897
G-axis damper winding inductance Lg 1.861
Q-axis damper winding resistance Ro 0.0116
Q-axis damper winding inductance Lo 1.524
Excitation system (AVR, PSS and torsional filter)

amplifier stage gain Ka 200
amplifier stage time constant Ta 0.01s
transducer time constant Tr 0.015s
minimum excitation voltage limit P -6
maximum excitation voltage limit i 6.5
PSS gain Ks 20
Washout time constant Two 10s
PSS phase compensation time constant Ti 0.05s
PSS phase compensation time constant T, 0.02s
PSS phase compensation time constant T3 3s
PSS phase compensation time constant Ta 5.4s
stabilizer output limits VE> +0.20
notch frequency of the torsional filter o 2724.6 r/s
low-pass frequency of the torsional filter [on 0.65w¢
damping of the torsional filter I3 0.2
Steam turbine multi-mass system

exciter inertia constant H, 0.0069 s
generator inertia constant H, 0.879s
low-pressure turbine inertia constant Hs 1.551s
high-pressure turbine inertia constant H, 0.249s
exciter damping D, 0.00138
Generator damping D, 0.176
low-pressure turbine damping D3 0.3103
high-pressure turbine damping D, 0.0498
exciter/generator spring constant Ki 3.7398
generator/low-pressure turbine spring Koz 83.459
constant

low-/high-pressure turbine spring constant Kzy 42.697
Electrical network parameters (on a 100 MVA base)

resistance from bus 1 to bus 3 Ri3 0.0014
inductance from bus 1 to bus 3 Lq3 0.03
resistance from bus 2 to bus 3 (first line) Rz, 0.0074
inductance from bus 2 to bus 3 (first line) Lasp 0.08
resistance from bus 2 to bus 3 (second line) Rao3p 0.0067
inductance from bus 2 to bus 3 (second Lo3p 0.0739
line)

generator step-up transformer resistance Rot 0.0002
generator step-up transformer inductance Lot 0.02

Except where indicated, parameters are in the per-unit system.

where Qp,=(Qp/N;) is the base angular speed of the
generator rotor and the following vectors are defined

026, 6, 6, 6,] 3)
0llo o o w4]T 4)
T
T, T
4L — m ‘m 5
T [0 T 5 2} (5)

Vectors 6 and @ have the absolute angles and angular speeds of
each lumped mass. The vector 7 stands for the external torques
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Fig. 1 Single-line diagram of the studied system with WECS (based on the IEEE second benchmark model)
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Fig. 2 Block diagram of the excitation system including AVR, PSS and torsional filter

(electromagnetic 7, and mechanical 7},), whereas H, K and D
are the inertia matrix, spring constant matrix, and damping
matrix of the multi-mass system, respectively. System (1) and
(2) can also be written in a more compact form as

x=A,x+B,7 (6)
where x £ [y w]T is a new state vector of the multi-mass
system, and +y represents the relative angle vector

Yé[% Y2 Y3]T:[91_94 6, — 6, 63_94]T ™)

2.3 WECS

The variable-speed WECS considered in this work is an
aggregated equivalent [37, 38] of a wind power plant based
on full converter wind turbines. The electrical machine
consists of a permanent magnet generator, the parameters
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of which are taken from the Siemens wind turbine
STW-3.0-101. As shown in several previous works [31, 39,
40], because of electronic converters, the individual powers
from each WECS can be controlled in a very fast and
precise manner, making it possible to control the total output
of the wind farm with a desired target (e.g. SSR mitigation).
A two-mass lumped model is used to represent the WECS
mechanical dynamics [41, 42]. Other major components are
the back-to-back VSCs through which the full power of the
wind generator is evacuated to the grid. The machine-side
converter is a two-level VSC connected through a filter to
the machine stator, whereas the grid-side converter is
connected through a step-up transformer and collector line to
the grid [1, 42]. The control strategy can be divided into two
blocks. On the one hand, the management of the active and
reactive powers delivered by the WECS is achieved by the
grid-side VSC [39, 43]. On the other hand, the stator current
control along with the dc-link voltage regulation are
accomplished by the machine-side VSC. The inner current
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Fig. 3 Block diagram of the proposed control strategy using speed measurements of the synchronous generator

control loops of the machine-side VSC and grid-side VSC are
implemented using a rotating dg control (vector control)
aligned with the rotor position and grid voltage space vector,
respectively (for further details see [31, 40, 44]). The
acrodynamic model, turbine characteristic curve and turbine
multi-mass model information are taken from [41-43, 45,

46]. A schematic block diagram of the WECS controller is
presented in Fig. 4 and parameters are given in Table 2.

An average model of the VSCs is considered in the
small-signal analysis [47]. Dynamic equations, in a per-unit
system, of the permanent magnet-based wind generator, the
back-to-back converters and the two-mass mechanical
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Fig. 4 Schematic block diagram of the WECS controller

514

© The Institution of Engineering and Technology 2013

IET Gener. Transm. Distrib., 2013, Vol. 7, Iss. 5, pp. 511-525
doi: 10.1049/iet-gtd.2012.0357



Table 2 WECS parameters and data

Description Symbol Value
base power (66 x 3 MW SWT-3.0-101) Sg 200 MVA
low-side base voltage (line-to-line RMS) Vs 690 V
base frequency (mechanical) Qp, 11 RPM
turbine speed range [oN 6-16 RPM
DC-link voltage Ve 1.3kV
DC-link capacitance Cyc 13 mF
commutation frequency (PWM fowm 1700 Hz
frequency of VSC)

resistance of turbine step-up Ry 0.005
transformer

inductance of turbine step-up Ly 0.05
transformer

permanent magnet generator flux Y 8.15 Wb
generator stator resistance Rs 0.01
generator stator self-inductance Lsg=Lsq 0.10
turbine radius R; 50.5 m
gearbox ratio (direct drive) Ngb 1
pole-pair number of the generator N, 60
wind turbine inertia constant H, 35s
generator rotor inertia constant H, 05s
equivalent resistance of the 11 kV-line R, 0.014
impedance

equivalent inductance of the 11 kV-line Ly, 0.14
impedance

shaft stiffness Kir 1079
shaft mutual damping Dy, 19.8
wind turbine mechanical damping Dy 0.01
electric rotor mechanical damping D, 0.01
communication time delay Te 20 ms
proportional gain of the dc-link PI ky 0.75
regulator

integral gain of the dc-link Pl regulator ki 3.9
current control loop gain Kec 900
speed transducer time constant TRe 0.017 s
voltage transducer time constant TRy 0.02s
wind speed Vi 11 m/s
turbine characteristic curve Poptley) from [45]

Except where indicated, parameters are in the per-unit system.

system are given below

L d - . .
Qilsd = _Rslsd - quwrlsq = NagdVde (8)
B
Ly Ri, + L w,i v 9
Q_Blsq = Ll + Lgglgy — MNagVde + oV, ( )
L, . . .
Q_blbd = —Rylipg — Ly@ipg — MpgVae + Vpa (10)
B
L, . . .
Q_blbq = —Ryip, + Ly @iy — MpgVac + Vig (11)
B
Cdc

. 3 . . . .
Q_Vdc = E <nadlsd + Naglsq = Mbd'bd — nhqlbq) (12)
B

2Hoy = T, — Dyo, — Ky, — Dtr(wt - wr) (13)

2I—Irdur = _Te - Drwr + Ktrytr + Dtr(wt - wr) (14)
;Ytr = QBr(wt - wr) (15)

where is; and iy, are the generator stator currents in the dg
reference frame; i, and i, represent the grid-side VSC
currents; vp; and v, are the dg-axis B-bus voltages; 1,4,
TNag» NMba and 7y, are the duty cycles of the machine- and
grid-side converters, respectively. The state variables o, ®,
and ¥, stand for the turbine and rotor speeds and shaft
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torsional angle (twist angle). The shaft stiffness K and
shaft mutual damping D,, are related to the inertia constants

and mechanical oscillation mode A = —éw, + jo,/1 — &
by K, = (2HHw,/(H +H,)Qp) and D,=4HHEw,/
(H;+ H,), whereas the electromagnetic torque is given by
Te=Wmisy — (Lsg — Lsa)isgis; (Table 2 presents the rest of
the parameter definitions). Grid synchronisation of the
WECS grid-side converter is accomplished using the SRF
phase-locked loop (SRF-PLL) described in [48, 49].

3 SSR damping controller

Among SSR damping controllers, single-input single-output
schemes are widely found in the literature [14-17, 20,
23-28], for instance: PSS-like strategies [14, 17, 26],
variants of proportional-integral—derivative (PID) structures
[15, 23, 27, 28] and controllers based on proportional plus
high-pass filters [16, 20, 24]. Since we are intended to
control the active and reactive powers of the WECS, and
because it allows an easier control tuning when several
measurement channels and control inputs are involved, a
multi-input-multi-output (MIMO) approach is chosen to
design the SSR damping controller.

The power system under study has more than 30 state
variables. To design a controller with such a high order
model is neither practical nor necessary. Therefore model
reduction is often applied to obtain a lower order model for
the control design stage [13, 19, 50, 51]. The following
representation of the reduced system model is obtained by
using the procedure introduced in Appendix 1

y =TS AS;T 'y + TS Bu (16)

where the vector y represents the measurements to be fed
back; S§; and Sg are matrices which allow us to reduce the
power system model, and u =[Ap,, Agq,]" is the vector,
which contains the control inputs from the SSR damping
controller (further details of the derivation of (16) are
developed in Appendices 1 and 2). These supplementary
signals u are additional active and reactive powers injected
by the WECS (see Fig. 4 to see how these signals enter the
WECS control).

With the obtained system (16), it is possible to apply
MIMO state-feedback control strategies. Therefore the
control signal # can be obtained as

u=—Ky (17)

where K is the control gain matrix. To maximise the
oscillation damping and minimise the control efforts, the
control gain K is calculated based on an optimal quadratic
technique [52]. The optimal control gain is obtained by
minimising the cost function J= f(yTQy +u"Ru) dt. This
index can be built to weigh both output deviations y and
control inputs u through the design matrices Q and R [53].

4 Measurement selection
4.1 Optimal measurements

Several techniques to select the best states to be fed back
can be found in the literature. We choose the method based
on participation factors, as it does not undergo scaling
problems when there are measurements of a different
physical significance [54]. The participation factor gives a
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dimensionless measure of the association between the ith
mode and the kth state [34]. In the SSR phenomenon, the
modes of interest are the mechanical torsional ones.
The above method reveals that angles and speeds of the
multi-mass system have the higher participation factors of
torsional modes. Consequently, these states can be chosen
to build the measurement vector y, yielding

y= [71 Y2 Y3 W Wy W) — Wy W3 _“’4]T (18)
Note that relative angles and relative speeds are considered.
In this way, the damping controller is only focused on the
shaft torsional oscillations and does not act on the
electromechanical mode. This allows WECS control efforts
to be maximised to reduce SSR, whereas the PSS damps
electromechanical oscillations. It is also important to remark
that the SSR damping controller only works when relative
speed deviations are detected in the shaft. Therefore under
normal operating conditions, the WECSs accomplish their
typical tasks to fulfill the grid code requirements and to
follow the maximum power point tracking (MPPT) algorithm
[55] (being in steady state Ap,, = Ag,, = 0). Fig. 3 presents
a general block diagram showing the implementation of
the proposed SSR damping controller using mechanical
measurements of the synchronous generator.

The control law calculated with the measurement vector
(18) requires the measurement of relative angles (¥, ¥2, ¥3)
and angular speeds (@, ®,, @3, ®4). In order to reduce the
amount of sensors and to avoid imprecise or unavailable
measurements, a state observer is implemented to properly
estimate the necessary measurements [56, 57]. The observer
measures a pair of speeds (@, ®4) and uses the multi-mass
system model to estimate the rest of the states (¥, y2, ¥3,
>, 3). The full derivation of the state observer is
developed in Appendix 3. An additional advantage is also
provided by the observer since its filter action reduces
measurement noises.

4.2 Communication time delays

For the SSR damping control, the required measurements
should arrive through a fast communication system (e.g.
optical fibre). This is possible with current communication
links (such as PROFIBUS, EtherCAT etc.) along with the
recent progress in digital fibre-optic communication systems
and real-time control computers, which have shown a
latency of less than 26 ms (see [58], as well as [20, 23]
where remote speed measurements were also used to damp
SSR oscillations). These time delays can even be reduced
considering the distances of this particular application and
the advances in current communication systems. In case this
requirement is fulfilled, the possible time delays do not
affect the proposed control strategy performance. If the
latency is longer, a phase compensator can be used, such
as those based on lead lag filters [19, 59, 60], Padé
approximations [51, 61], Smith predictor [62-64] or
phase-shift techniques [65]. Time delays longer than 50 ms
have to be avoided since the required control bandwidth
could not be enough to damp the SSR oscillations, as
mentioned in [23, 24].

In the case of very large wind farms where such fast
communication protocols cannot be applied for all wind
turbines, only those turbines near the synchronous generator
should be considered for the SSR mitigation. That is in
wind farms with turbines placed on a large geographical
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area, it is considered the group of machines closer to the
synchronous generator which can reach a power ratio of 1:3
or 1:4 to properly accomplish the SSR mitigation. Section 5
shows that the SSR mitigation can be accomplished in
about 3 s with a power ratio of 1:3 between the wind farm
and the synchronous generator. However, if we allow a
slower SSR damping lasting about 4 or 5s, which still
carries out a good system performance, the power ratio can
be reduced to 1:4 or 1:5, consequently diminishing both the
required wind farm size and geographical extension, and
then reducing the time-delays.

4.3 Local measurements

As an alternative to measure the synchronous generator
mechanical speed, a local set of measurements is chosen
to avoid the communication link between the synchronous
generator facility and the wind farm. This can be
accomplished by using the voltage measurement at the wind
farm point of common coupling (PCC), y = [v, pec vZCC]T
Although this voltage does not have the high observablllty
index of the torsional modes as the synchronous generator
mechanical speeds, it can also be used to reduce the SSR
oscillations as shown in [25]. In this way, two control
schemes wusing remote and local measurements are
compared and advantages and disadvantages of both
schemes will be presented in the next section.

5 Performance testing

This section presents the most relevant results regarding
the assessment of the proposed SSR damping controllers.
Power system tests were performed using the most detailed
electromagnetic transient (EMT) models from
SimPowerSystems blockset of SIMULINK/MATLAB®.
Time-domain simulations take into account a wide range of
phenomena, from insulated gate bipolar transistor (IGBT)
switching to mechanical dynamics. The power system
configuration is shown in Fig. 1. Power system and
variable-speed WECS parameters are given in Tables 1 and 2.

There are two types of SSR problems: first, the steady-state
SSR (induction generator effect (IGE) and torsional
interaction (TI)); second, the transient SSR (shaft torque
amplification (TA)) [8]. IGE and TI phenomena have to be
analysed by using small-signal or eigenvalue tools, since
they can involve slowly growing oscillations, which could
be difficult to identify with time-domain programs. On the
other hand, TA phenomenon has to be studied by using
non-linear  time-domain  simulations, since  large
disturbances and transient variations of non-linear variables
are expected [7].

5.1 Eigenvalue analysis

Fig. 5a shows the variation of the imaginary part of
eigenvalues with respect to the percentage of series
compensation. It can be seen that, while series-compensation
level varies, the imaginary part of the first, second and third
torsional modes and the electromechanical mode remains
without appreciable changes. On the other hand, there are
two modes which start to separate from each other; they
represent the electrical network modes described in the
rotating coordinates. The increasing mode is called
supersynchronous and the decreasing mode is called
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Fig. 5 Variation of the real and imaginary parts of main eigenvalues with respect to the percentage of series compensation

a Variation of the imaginary part of eigenvalues

b Variation of the real part of torsional eigenvalues — without SSR damping control
¢ Variation of the real part of torsional eigenvalues — with SSR damping control I
d Variation of the real part of torsional eigenvalues — with SSR damping control II

subsynchronous. When the last one falls, it interacts with the There are certain compensation levels in which the real part
shaft torsional modes causing the SSR phenomenon [66]. is positive (see circled points in Fig. 5b). Therefore the

Fig. 5b shows the variation of the real part of the three system will be unstable and shaft damage can be caused, if
torsional eigenvalues without an SSR damping control. the generator is not tripped. On the contrary, when the
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Table 3 Small-signal analysis

Without SSR damping control With SSR damping control | With SSR damping control Il
f,, Hz ¢ % f, Hz ¢, % f, Hz ¢ %
Without series-compensation
first torsional mode 24.71 0.031 24.72 0.388 24.82 0.040
second torsional mode 32.38 0.022 32.39 0.086 32.39 0.039
third torsional mode 51.11 0.015 51.11 0.063 51.11 0.033
electromechanical mode 1.635 28.86 1.635 28.80 2.171 38.42
subsynchronous mode 60.00 1.035 60.01 1.031 60.00 1.102
supersynchronous mode 60.04 4.395 60.03 4.352 60.02 5.781
25% Series-compensation
first torsional mode 24.72 0.020 24,72 0.348 24.83 0.042
second torsional mode 32.38 0.013 32.39 0.081 32.40 0.044
third torsional mode 51.11 0.015 51.11 0.066 51.11 0.033
electromechanical mode 1.700 30.34 1.700 30.29 2.184 38.31
subsynchronous mode 35.64 6.829 35.65 6.835 33.87 9.583
supersynchronous mode 84.47 2.933 84.47 2.927 86.32 3.749
50% Series-compensation
first torsional mode 24.73 -0.281 24.69 0.222 24.84 0.033
second torsional mode 32.38 0.021 32.39 0.088 32.40 0.040
third torsional mode 51.11 0.015 51.11 0.063 51.11 0.033
electromechanical mode 1.792 32.62 1.793 32.57 2.202 38.14
subsynchronous mode 25.46 9.718 25.50 9.526 22.81 14.40
supersynchronous mode 94.69 2.621 94.68 2.617 97.47 3.358
75% Series-compensation
first torsional mode 24.68 -0.009 24,72 0.372 24.84 0.029
second torsional mode 32.38 0.023 32.39 0.077 32.40 0.040
third torsional mode 51.11 0.015 51.11 0.059 51.11 0.033
electromechanical mode 1.937 36.60 1.938 36.56 2.225 37.85
subsynchronous mode 17.60 15.25 17.58 15.23 14.44 22.70
supersynchronous mode 102.5 2.423 102.5 2.412 106.0 3.101
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Fig. 6 System transient response against a 100 ms three-phase fault at the Bl-bus, without and with the SSR damping controller
a Generator speed of the steam turbine — without SSR damping control

b Generator/low presssure turbine torsional torque — without SSR damping control

¢ Generator speed of the steam turbine — with SSR damping control

d Generator/low-pressure turbine torsional torque — with SSR damping control
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Fig. 7 Internal variables of the wind farm while performing the SSR damping task
a Active and reactive poweres injected by the wind farm
b Electromagnetic torque of the wind generator
¢ DC-link voltage
B2—bus voltage (pu) — Withowt SSR damping control B2—bus voltage (pu) — With SSR damping control I B2—bus voltage (pu) — With S5R damping control Il
1.1 T 1.1

0.7 : : — )
0.6 || 0-66%
I 0.3% |
‘e : 0.5 el |||I- " SRR I .|. b . 4
0.4 : 25Hz - 25Hz - 1 04 25Hz - 4 25Hz
0.3 g . 3 0.3 . 2 A 0.3 2 3 . .
0.5 1 1.5 2 25 3 35 0.5 1 1.5 2 25 3 35 0.5 1 1.5 2 2.5 3 35
Time (s) Time (s} Time (s)
a b c

BI-B3 line current (k4) = Without S5R damping control BI-B3 line curvent (kA) — With S8R damping control I B1-B3 line current (kA) = With S5R damping control 11
5 T T T - T 35 T -

35

25 5 | ] 25 i . | BB i 2.5 =l . Pttt
I l...... |||L....|. .......... ; : |l||..._|l|..__.._ 1
25Hz ] 2 25Hz

1.5 L5 15 i R
1 1 1 : )/ 1
0 s ..... 0‘5 T SO Ty, PR g M 0 s ...... i ! 4
F— ——— L A—— | — S ——— R PPL
i o5 115 2 || | 35 ’ o5 1 15 2 || 0.3% 35 . os 1152 || ..L.._o |
me @Gtz e )38 e 0“3z
d e f
Fig. 8 Waveforms and FFT plots of the B2-bus voltage and B1-B3 line current
a—c B2-bus voltage with and without the SSR damping control
d—f B1-B3 line current with and without the SSR damping control
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Fig. 9 Speed and torque oscillation damping improvement at zero active power production of the WECS

a Generator speed
b Generator/low-pressure turbine torsional torque
¢ Reactive power injected by the wind farm using the SSR damping control I

proposed SSR damping controllers are added to the WECS,
the real part is always negative, irrespectively of the
series-compensation level (see Figs. 5¢ and d). In order to
compare both controllers, we tune their control gains to
obtain approximately the same control efforts (ancillary
powers injected by the WECS to the grid). It can also be
observed that the controller measuring the synchronous
generator mechanical speed (called control I, Fig. 5c¢)
achieves a bigger negative real part of the torsional modes
than the controller measuring the PCC voltage (called control
I, Fig. 5d), which implies that the control I can better damp
the torsional oscillations for the same control effort.

The frequency f, and damping ratios ¢ of the main
oscillatory modes are illustrated in Table 3. The damping
ratios of the three torsional modes without an SSR damping
control are approximately improved by four times when
using the control I, and two times when using the control 11
(see in Table 3, the damping ratios in italics font against
damping ratios in bold font).

5.2 Non-linear time-domain simulations

5.2.1 Transient response and damping injection: A
three-phase fault is introduced at the B1-bus (see Fig. 1) in
order to evaluate the system transient response. We analyse
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an operating point where the synchronous generator is
delivering 510 MW, and the wind farm 190 MW. A 50% of
series compensation is considered since, from a torsional
mode damping point of view, it is one of the worst cases
(see Table 3). Figs. 6a and ¢ show the generator speed (@),
and the generator/low-pressure turbine torsional torque (7,3)
is presented in Figs. 6b and d. By comparing Figs. 6a and
6b (without SSR damping controller) with Figs. 6¢ and d
(with SSR damping controller), it is clear the improvement
of both the speed and torsional torque damping when the
WECS-based SSR damping controller is implemented.
Figs. 6¢ and d show with thick line the control scheme I
and with thin line the control scheme II, where, as
expected, a larger oscillation damping capacity is
accomplished by the control I in agreement with the results
obtained in the previous subsection.

In order to assess the impact of the supplementary SSR
damping task on the WECS, Fig. 7 shows several internal
variables of the wind farm (thin line for the control I and
thick line for the control II). Active and reactive powers
delivered by the WECS are presented in Fig. 7a, where
power variations lesser than =50 MVA (25% of WECS
capacity) are only needed to achieve the SSR damping. The
electromagnetic torque of the wind generator is illustrated
in Fig. 7b; there are variations smaller than 15% of the

IET Gener. Transm. Distrib., 2013, Vol. 7, Iss. 5, pp. 511-525
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nominal torque, which are lower than the transient peak
produced at the fault instant. Then, Fig. 7c¢ presents the
dec-link voltage regulation which allows the dc voltage to
remain inside of the normal operating range.

Although it is not shown because of space reasons, we
studied other operating points where the wind farm is
delivering 33% of its nominal capacity, and the
synchronous generator is generating 40% of its rated power.
In all these tests both torsional mode damping improvement
and good operation of the wind farm were also attained.

5.2.2 Impact on the power quality of the grid: As the
wind farm injects an additional active and reactive power to
the grid, the B2-bus voltage and B1-B3 line current will be
analysed. Fig. 8 shows their waveforms and fast Fourier
transform (FFT) plots at different time intervals
(immediately after the fault and at steady state). These
results along with harmonic spectrum are used to compare
and evaluate three cases: without SSR control (Figs. 8a and
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doi: 10.1049/iet-gtd.2012.0357

Time (s)

c

d), with remote SSR control (control I, Figs. 8b and ¢), and
with local SSR control (control II, Figs. 8c and f).

A dominant frequency of approximately 25 Hz is observed
for all waveforms because the chosen series compensation
level is exciting the first torsional mode of the synchronous
generator mechanical system. Immediately after the fault,
the control I increases the 25 Hz harmonic in the B2-bus
voltage since the WECS converter is injecting reactive
power to reduce the SSR oscillation. However, this
harmonic increment is only produced transiently for a short
period of time, and it is a small price to pay to mitigate the
SSR oscillations. On the other hand, the 25 Hz harmonic is
highly reduced in both voltage and current waveforms after
3s of the fault event, when controllers I and II are
implemented. As a conclusion, we can say that SSR
subharmonics are reduced when the proposed controllers
are considered, having the control I a better performance
than the control II, except for a small transient increment in
the voltage in the control I case.
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5.2.3 SSR oscillation damping in no wind
conditions: The grid-side converter of a wind turbine can
be synchronised and connected to the grid, even though
when the wind is not enough to generate active power [67].
In situations of no wind, this converter can be used as a
STATCOM (injecting reactive power) to accomplish
network support tasks like voltage regulation and, in our
case, to perform the SSR mitigation. Therefore to evaluate
the control performance under this condition, we made a
similar test of Section 5.2.1 but at zero active power
production of the WECS. Figs. 9a and b show the SSR
oscillations in the generator speed w, and torsional torque
7,3 after the fault event, and cases with and without SSR
damping control are presented (for clarity, only the control
I is shown). It can be observed that the oscillations are
reduced when the grid-side converter injects the reactive
power component Ag, -calculated by the SSR damping
controller (see Fig. 9¢).

5.2.4 Assessment of the state estimation: Finally, the
state observer performance is illustrated in Fig. 10. Fig. 10a
shows the initial convergence and the noise attenuation of
the measurement w;. Figs. 100 and ¢ show the relative
angle y; and mechanical power estimates when an
erroneous initial condition is given to the observer. In all
cases, a fast, accurate, and noise-free convergence to the
actual states is accomplished.

6 Conclusions

In this work, we investigated the ability to reduce the risk of
SSR oscillations using variable-speed WECSs based on full
converter wind turbines. It was found that significant
torsional oscillation damping could be accomplished when
appropriate supplementary powers are transiently delivered
by the WECS located near thermal power plants.

At the project stage, when studying whether to include
a series compensation or to increase the current series
compensation level, instead of only considering the
traditional methods to damp SSR oscillations (which can
result in additional costs), it can also be analysed the
possibility to damp those SSR oscillations using the
converters of near wind farms. In this way, we can use
already installed facilities and reduce costs. It is important
that the wind farm is in the vicinity of the synchronous
generator in order to the WECS converters have
controllability over its torsional modes. If the wind farm is
far from the synchronous generator, it could not have
enough controllability and observability and another
classical local SSR mitigation mechanism has to be explored.

Performance comparisons of two control approaches using
remote and local measurements were analysed: the first
one uses mechanical measurements of the synchronous
generator (measures which have high observability of
torsional modes), and the second one uses voltage
measurements at the PCC (avoiding the communication link
between the synchronous generator and the wind farm).
We discussed power ratio between the wind farm and the
synchronous generator, impact on the power quality, and
communication time-delay requirements. A test was also
introduced to demonstrate the SSR damping capability
when there is no sufficient wind to generate active power;
therefore using the grid-side converter as a STATCOM
device.

Features such as speed and stored energy are naturally
found in WECSs, which can resort to their stored kinetic
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energy through power electronics and, at the same time,
inject reactive power. These characteristics give the
WECS-based SSR mitigation an advantage against
traditional approaches based on FACTS. Moreover, the new
wind farms installed in the grid make possible this kind
of SSR mitigation without the inclusion of expensive
dedicated SSR damping equipment.

Eigenvalue analysis and non-linear time-domain tests
showed that the SSR damping strategy can provide
satisfactory torsional damping under a wide variation of
series-compensation levels.
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9 Appendix
9.1 Appendix 1

A linearised power system model can be written as
xnxl =An><nxn><1 +Bn><pup><l (19)
ymxl — menxnxl (20)

where vector x stands for the state variables of the system;
vector y represents measurements or states to be fed back;
and u =[Ap,, Ag,,]" is the vector which contains the control
inputs from the SSR damping controller. Matrix and vector
dimensions are indicated as superscripts to clarify the
transformations below, where n, p and m are the number of
states, control inputs, and measurements, respectively.

Considering the system (19) and (20), and using the
balanced model truncation through square root method, the
following reduced model is obtained

wrxl — SErannxnsﬁxrwrxl +SErannxp”px1 (21)
ymxl — menslﬁxrwrxl (22)

The derivation of (21) and (22) is addressed in Appendix
2. Further details of the reduction methodology can also be
found in several works, for example [50, 68]. States w
represent the internal states of the reduced model, where
r<n is the number of reduced states, and $; and Sy are
matrices which allow to reduce the power system model.
When reduction methods are applied, although the reduced
system behaves like the original system, from an input—
output point of view (u — y), the reduced internal states w
do not have physical meaning, and cannot be measured.
In order to overcome this drawback, the transformation
T & C"*"Sy*" is proposed. Note that, if a number of
measured states equal to the number of reduced internal
states is chosen (m=r), then T" will be a square matrix,
and from (22) the transformation w— y will be reliable.
This transformation allows to write the reduced model with
y as dynamic states. Therefore applying the transformation
T™ to the system (21) results

y=TSLAS T 'y + TS Bu (23)

The origin of the transformation 7" and details of the
calculation of (23) are given in the second subsection of
Appendix 2.

9.2 Appendix 2: Square root balance truncation
algorithm

In this Appendix, the balanced model truncation via square
root method to calculate an r-order reduced model from an
n-order model, where »<n is presented. This algorithm is a

524
© The Institution of Engineering and Technology 2013

four-stage procedure. The original n-order system is given by
X =Ax+ Bu 24)
y=Cx+ Du (25)

First, we obtain the controllability (W) and observability (W)
grammians defined by [53]

W, = j BBt "dr (26)
0
W, = j AT CT e dr 7)
0
They can be calculated by solving the following
continuous-time Lyapunov equations
AW . + W A" +BB" =0 (28)
AW, +WA+C'C=0 (29)

It is easily achieved using the ‘gram’ or ‘hksv’ commands of
MatLab.

Second, we find the singular-value decomposition (SVD)
of the controllability and observability grammians (‘svd’
command), resulting

W, =U3. V! (30)

W, =U_3 V! €Y}
The following matrices are also computed

L, —U3" (32)

L,=U,%" (33)
Third, we obtain the SVD of the matrix L1L,, yielding

LiL, =UusvT’ (34)

Fourth, the left and right transformations for the r-order
reduced model are determined by (‘balsq’ command)

—1/2

SR = LCV(:,I:r) 2(1;r/,1;r) (35)
—1/2

SL = LoU(:,l:r)E(l:r/,l:r) (36)

where the nomenclature (:,1: r) states that the matrix V. ;.
consist of all rows and the first 7 columns from the matrix V.
Finally, the r-order reduced model is given by

w=S{ASyw + S| Bu (37)
y=CSyw+ Du (38)

which can also be obtained with the ‘balancmr’ command of
MatLab. States w represent the internal states of the reduced
model. The proof of the square root balance truncation
algorithm can be found in [68].

9.2.1 Transformation of the reduced state: In the
following lines, it is shown how the reduced model (37)
can be transformed to have the variables y (with physical
meaning) as dynamic states instead of the variables w (with
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nonphysical meaning). If we consider D = 0 (which is valid in
the studied power system) then, from (38), a transformation
from w to y can be obtained

y = CSpw (39)
This transformation y = Tw is defined from (39) as

T &2 CSy (40)

If the transformation T is invertible, then we can write its
inverse transformation

w=T"y (41)
and taking the time derivative results
w=T"p 42)
Using (41) and (42) in (37), we obtain
T 'y =S{ASyT 'y + S{Bu (43)
Finally, premultiplying by T both sides of (43), we arrive to
the reduced model with dynamic states y, which was used
in (16) and (23)
IT 'y = TS{AS,T 'y + TS{Bu (44)

1

9.3 Appendix 3

From the dynamics of the multi-mass system (6) and taking
into account (5), the multi-mass system can be rewritten as

x=Ax+B.T,+B,T (45)

tm* m

where the following vectors are defined

B.2B,[0 -1 0 0] (46)
117
B, 2B e 47

Since in large synchronous generators the stator resistance
loss is small, the -electromagnetic torque 7, can be
approximated by the electric power measurement in the
per-unit system 7, =P, (w=1). However, the
mechanical torque T, is not usually sensed; consequently,
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it will also be estimated. In order to include 7, as an
observer state, a smoothly varying mechanical torque
model is assumed (7, = 0). Therefore the system (45)
can be extended to

xe = Aexe + Be Te (48)

y=Cx.=[o, ] (49)

where a new extended state vector x, = [x7},]" is defined
along with the following extended matrices

A B B
A m tm A te
S il o S I
c.2[C, 0] (1)
00 01000
A
Cm—[o 00000 1} (52)

Based on the model (48) and (49) a Luenberger observer is
proposed [53, 69]. Therefore the observer dynamics is built
as follows

X, = A&, + BT, + G, (y — C %) (53)

where the symbol (*)is used to indicate an estimated value,
and the gain matrix G, € R*>? should be chosen to
guarantee that the estimation error converges to zero. To
find the matrix G firstly, we define the estimation error
e£ x,—X, then the estimation error dynamics is
obtained by subtracting (53) from (48); consequently,
é¢= (A4, — G.C,)e. Finally, the matrix G, can be designed
using linear techniques such as eigenvalue placement or
optimal quadratic regulation; the latter is used in our
design [53]. In this way, when the matrix 4. — G.C, has
stable eigenvalues the estimation error converges to zero
in an exponential manner.

The weight matrices in the optimal quadratic regulation
design were chosen as Q = 10° diag([I"7, 4000]) and R =
I then, solving the optimal quadratic problem (using the
‘Igr’ command of MatLab), the observer gain matrix is
obtained

G, =

—71.1 =29 138 19.6 45.6 41.8 187 5223
(4)

|:—71.0 71.1 =294 294 112 230 19.6 3565i|T
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