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ABSTRACT Forced Oscillations can occur even for a power system with good damping performance.
With increasing high penetration of renewable energy generation towards 100% renewable generation in
the power grid, exploitation of future control potential from wind turbines becomes inevitable. This paper
develops an isolation and suppression method of Forced Oscillations by using wind farms (WFs) under both
grid-following and grid-forming control principles. The proposed method controls a WF to absorb or release
active and reactive power in a timely manner and as a result Forced Oscillations are prevented from spreading
to the rest of the power grid and hence they are isolated. The Forced Oscillations of the disturbed area, which
is bounded by the location of WF installation, are also reduced and suppressed. The proposed method is
easy to implement and economically effective as there is no requirement of extra energy storage and power
electronic devices, and a prior knowledge of the frequency of Forced Oscillations is not required. With the
proposed control method, the loss of wind power capture is negligible. Furthermore, the control method
is also able to damp natural oscillations. Simulations of both doubly fed induction generator (DFIG)-, and
permanent magnetic synchronous generator (PMSG)-based WFs under either grid-following or grid-forming
control principle, with constant or varying wind speeds and different WF locations with respect to the source
of Forced Oscillations, on the modified two-area and IEEE 39-bus power systems, using Real-time Digital
Simulator (RTDS) and Dymola, are used to verify the effectiveness of the proposed method.

INDEX TERMS Energy storage, forced oscillations, grid-following, grid-forming, inter-area oscillations,
wind farm, wind turbine, permanent magnetic synchronous generator (PMSG), doubly fed induction

generator (DFIG).

I. INTRODUCTION

Compared to intrinsic natural interactions among dynamic
components due to low or negative damping of a system [1],
Forced Oscillations are incurred by periodic external dis-
turbances at frequencies close or equal to the natural fre-
quencies of the system modes and have been observed in
power systems [2]-[9]. Those external periodic disturbances
include cyclic loads, electrical oscillations caused by mal-
functions of power system stabilizers (PSSs) in power plants,
mechanical oscillations of synchronous generator turbines,
and periodically fluctuating wind power due to wind shear
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and tower shadow effects [2]. Compared with natural oscil-
lations, Forced Oscillations exhibit much higher magnitude
and may cause catastrophic consequences, especially under
the poorly damped operating conditions [4], [8], [9].
Considering the origins and characteristics, countermea-
sures for Forced Oscillations are different from those for
natural oscillations. Generally, there are three categories
of methods to minimize the adverse impact from Forced
Oscillations, namely, (a) Elimination of Forced Oscillations;
(b) Damping of Forced Oscillations; and (c) Isolation and
suppression of Forced Oscillations. The first category of
methods aims to completely eliminate Forced Oscillations
by removing the external fluctuating forces [4], [10]; how-
ever, this removal is difficult and sometimes even impossible
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to realize due to two reasons: (1) It requires accurate and
timely locating of external fluctuating forces, which is dif-
ficult to achieve. Many online localization methods such as
graph-theoretic method [11], forecasting-residual spectrum
analysis method [12], energy-based method [13] and syn-
chrophasor data based harmonic analysis method [14] have
been proposed, but the methods proposed in [11], [12] rely
on accurate system models, in [13] the relationship between
the relative oscillation energy and the actual oscillating active
power is unclear, and in [14] the scheme may be imprecise,
for example when only a few buses in the network have
synchrophasors; and (2) The external perturbation sources
can be small or within some critical power plants or loads,
making it neither practical nor economic to remove [3].

In the second category of methods, instead of a complete
elimination of Forced Oscillations, increasing system damp-
ing in [15]-[17], shifting the resonant frequency using a
unified power flow controller [18], and injecting oscillating
active power of utility energy storage systems in [19] are
proposed to suppress Forced Oscillations. However, unlike
natural oscillations which can be attenuated quickly when the
damping of the system is improved, Forced Oscillations can
still occur, be sustained [8], [9], and spreading around the
whole power system. Moreover, the methods in [16], [17] that
relies on wide-area measurements and a central controller and
the method in [18] that requires Forced Oscillations detection
limit practical applications. Moreover, in [18] by shifting the
resonant frequency Forced Oscillations can still sustained and
spread the whole power system.

The third category of methods aims to isolate and suppress
Forced Oscillations. Based on such methods, the propaga-
tion of Forced Oscillations from the disturbed generator/area
to the rest of the power grid is stopped, and subsequently,
the Forced Oscillations of the disturbed generator/area can
be reduced. In [3] an E-STATCOM approach was proposed
to isolate and suppress Forced Oscillations by incorporating
an energy storage unit into static synchronous compensator
(STATCOM). The disadvantages of this method are twofold:
(1) Extra power electronic hardware and energy storage
devices are required, and the cost and maintenance require-
ments of the associated devices must be considered; (2) Res-
onant controllers are adopted that require a priori knowledge
of the frequency of the external disturbance. In [20] the
installation of an extra flywheel was proposed to smooth the
wind power of a wind farm (WF) due to wind shear and tower
shadow effects which would induce Forced Oscillations in
the power system. Instead of installing an extra flywheel,
in [21] the DC-link capacitor was utilized in a permanent
magnetic synchronous generator (PMSG)-based wind turbine
systems (WTS) with the same power compensation control
as that in [20] to smooth the wind power of a WE. However,
the method proposed in [20] will need to install extra flywheel
energy storage systems, and the one in [21] has limited sup-
pression capability due to the small energy storage capacity
of the DC-link capacitor. In [22], the controllable devices are
tuned to inject a second oscillation into the grid to compensate
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the oscillations of a designated point in the system. Based
on tuned feedback control, it requires accurate estimation
of the system’s frequency response and Forced Oscillation
frequency. Moreover, the simulation results shows that the
method provides only around 90% suppression.

With increasing high penetration of renewable energy gen-
eration towards 100% renewable generation in the power grid,
exploitation of future control potential from wind turbines
becomes inevitable. This paper proposes an isolation and
suppression method targeting at Forced Oscillations by WFs
through controlling the large kinetic energy of WFs below
rated wind speed and utilizing external wind energy above
rated wind speed. With the proposed method the WF can
timely release or absorb active and reactive power opposite
to the oscillating power from the disturbed area. As a result,
the Forced Oscillations are prevented from propagating to
the rest of the power grid and hence be isolated. The Forced
Oscillations of the disturbed area that is bounded by the
location of WF installation are also suppressed. This paper
has the following key contributions:

o The proposed method is the first of its kind by using
WFs to isolate and suppress Forced Oscillations. Thus,
no extra energy storage and power electronic converters
need to be installed. Simulation results demonstrated
that both the loss of wind power and the increase of the
capacity of converters are small.

o The proposed method can be easily implemented with
only the information of the oscillating active and reac-
tive power from the disturbed area, while a prior
knowledge of frequencies of Forced Oscillations is not
required.

« Although the primary objective of the proposed method
is to suppress Forced Oscillations, it is also helpful to
damp natural oscillations.

o The proposed isolation and suppression method of
Forced Oscillations is designed and validated for WTSs
under either grid-following or grid-forming control
principles.

The paper is organized as follows. Section II illustrates the
principle of the proposed method and analyzes the charac-
teristics of Forced Oscillations in a power system without
and with the proposed method. Section III illustrates the
realization of the proposed method in a WTS under either
grid-following or grid-forming control principles. Section IV
verifies the performance of the proposed method by simu-
lations on a modified two-area and 39-bus power systems.
Finally, Section V provides the conclusions.

II. PRINCIPLES OF THE PROPOSED ISOLATION AND
SUPPRESSION OF FORCED OSCILLATIONS

In this section, the principles of the proposed isolation and
suppression method are first described. Then the characteris-
tics of the Forced Oscillations excited by an external periodic
disturbance in the disturbed area that is bounded by the
location of WF installation without and with the proposed
isolation and suppression by WF are analyzed.
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A. PRINCIPLES OF THE PROPOSED METHOD

This section describes the principles of the proposed method.
To help illustrate the method, a two-machine system with a
WF is considered, as shown in Fig. 1, where synchronous
generator 1 (SG1) and synchronous generator 2 (SG2) are
used to represent two areas of a power system. An external
disturbance AP,, is added to the mechanical power of SG1,
causing Forced Oscillations in the system. Pj; and Qj; are
the transferred active and reactive power between bus i and
bus j, P_,, and Q_,, are obtained by applying a low-pass filter or
moving average filter to P;; and Q;; respectively. Pypp; is the
maximum power output of WF under MPPT control, which is
implemented by applying a low-pass filter or moving average
filter and will be explained further in Section III, and &
represents the loss of wind power capture under the proposed
control. As will be demonstrated by simulation results in
Section IV, ¢ is very small, and thus can be neglected.

Py3 = Py3 + APy
=Q3+A
o1 Q23 = Q23 + AQ23

P34 =Pz + Py — €

Q34 = Q23 $G2

S

\ 1 3 4 5

AP,

N

Area 1 Wind
Farm

Pg3 = Ppppe —AP23 — €
Q63 = —AQ23

Area 2

FIGURE 1. A two-machine system with a WF to illustrate the proposed
method.

As illustrated in Fig. 1, the WF injects extra oscillating
active and reactive power by controlling the WF to isolate
Forced Oscillations, which are given by

APy = —APp3 (H
AQinj = —AQ2x 2
Thus, P34 and Q34 are
P34 = Py3 + Pe3 = P23 + Puppy — € 3
Q34 = 023 + Q63 = 023 “4)

In this way, P34 and Q34 being injected into Area 2 do not
contain oscillating components. Therefore, the transmission
line T2-3 between bus 2 and bus 3 becomes the isolation wall
through which the Forced Oscillations cannot propagate and
are only contained within Area 1. When the Forced Oscilla-
tions in Area 1 are isolated and prevented from transmitting to
Area 2, the oscillations in Area 1 are also suppressed, which
will be analyzed in Section B.

Remark 1: As shown in (1) and (2) since the input signals
are the measured power of the adjacent transmission lines
connected at the Point of Common Coupling (PCC) of the
WE, the proposed control does not need a prior knowledge of
frequencies of the Forced Oscillations and is able to respond
to any power fluctuations, not only the Forced Oscillations
but also natural oscillations including inter-area oscillations.
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Moreover, the power measurement units only need to be
installed at the adjacent transmission lines.

Remark 2: As stated in [3] and can be seen from Fig. 1,
if the WF is closer to the disturbed source SGI, a bigger
area will be immune from Forced Oscillations and the excited
oscillating power output of SG1 will be smaller (which will
be analyzed in Section B).

Remark 3: In [3] to make AP34 and AQ34 zero, resonance
control is used with AP34 and AQ34 as input and the prior
knowledge of the oscillating frequency of AP34 and AQ34
is required. As seen from (1)-(4) the proposed control can
also make AP34 and AQ34 zero by using AP»3 and AQ»3 as
inputs. Thus, in principle the two methods can have the same
performance to isolate and suppress Forced Oscillations. But
it should be pointed out that the performance of the proposed
method will be limited when there is no wind or very low
wind speed (although the probability of such situation is low
as can be seen from the wind speed probability distributions
in [23], [24]). However, the proposed method can still be
used if energy storage equipment is installed in the WF
when there is no wind or very low wind speed. Considering
the higher penetration of renewable energy and progress in
energy storage technology, WFs being equipped with energy
storage will become more likely in the future.

Remark 4: The principle of choosing isolation walls is to
enclose a region that has Forced Oscillation sources. The
isolation walls will be selected to make sure the region is
sufficiently small. If the enclosed region is re-connected to
the rest of the grid due to grid topology changes, the isolation
walls need to be re-chosen to enclose a new region that
contains the Forced Oscillation sources, but the control of the
proposed method does not need to change and can be equally
applied.

Remark 5: The proposed isolation method does not need
disconnection of Forced oscillation sources. The principle of
the proposed method is injecting oscillating power to the grid
to cancel the oscillating power of the selected transmission
lines (i.e. isolation walls). In this way, the Forced oscillations
will be isolated within a smaller area enclosed by the isolation
walls and not spreading to the rest of the grid. Within this
area, the amplitudes of the Forced oscillations will also be
suppressed.

Remark 6: The proposed method can also isolate the
Forced Oscillations that could be excited by the oscillating
power of WFs. This is because the oscillating wind power
is smoothed by using the average instead of real-time rotor
speeds of WTSs in the proposed control, as can be seen in (27)
and (31) in the next section.

Remark 7: In the proposed method, Forced Oscillations do
not need to be estimated, since the input signal to the WF is
the measured power at the adjacent transmission line(s) con-
nected at the PCC of the WF, as can be seen in equations (1)
and (2). In a large meshed power grid, such an estimation of
the disturbances is still not required, but several WFs may be
needed to enclose an isolated area that has Forced Oscillation
sources (which will be demonstrated in Case 8 in section I'V).

VOLUME 9, 2021



X. Zhao et al.: Isolation and Suppression of Forced Oscillations Through WFs

IEEE Access

B. CHARACTERISTICS OF EXCITED FORCED
OSCILLATIONS WITHOUT AND WITH THE PROPOSED
ISOLATION AND SUPPRESSION METHOD USING WF

This section will illustrate the characteristics of excited
Forced Oscillations without and with the proposed method
described in Section A, to rationalize the design of the
proposed method and to quantify the suppression effect on
Forced Oscillations in the isolated area by the proposed
method. The equivalent circuit of Fig. 1 is shown in Fig. 2,
where the losses in the transmission system are neglected
for simpler analysis, and the WF is modelled as a controlled
current source supplying active power Py + APy and
reactive power AQ;y; into the network. Py, and Qy, are the
active and reactive power transferred to the PCC of the WF
from SG1.

SG1 Pgo +jQro SG2
A | M M ~o
O V1284, 1%1 JjX2 ng'mgzO
waLSWf .
Pmppt + APinj +]AQinj
Area 1 Area 2

FIGURE 2. Equivalent circuit for the two-machine system with the WF
modelled as a controlled current source.

1) FORCED OSCILLATIONS WITHOUT THE PROPOSED
METHOD

This subsection theoretically analyzes the characteristics of
Forced Oscillations without the proposed method and there-
fore rationalize the design of the proposed method. The exter-
nal disturbance AP, of SG1 causes oscillations of rotor speed
and rotor angle of SG1, and further lead to active and reactive
power oscillations in the system. When AP;,; and AQ;,; are
zero (i.e., WF is not controlled to isolate and suppress Forced
Oscillations), the active and reactive power transfers can be
written as

Va1 Vir sin(8g1 — Syr)

Py, =
fo X,
Va1 Viyr c08(8g1 — Suf) — V2,
Op = ~ s)
1
Voo Vipr sin(8,,r — 8¢2)
Pot-Puppe = ——— =% ©)
2
Assuming SG2 as reference machine, i.e. dgp = 0,

linearizing the equations of motion of SGI1 and (5) and (6),
the following equations can be obtained

d(Awgr)
MlT = AP, — APfO — DlAwgl 7)
d(Ab,1)
Tg = CI)bAwg] (8)
APfo = Kp5A5g1 ©)
AQp, = Kos Adg (10)
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where

Ve10Viro c0s(8g10 — Swro)
Kps =

X1
[l — X2 V410 €08(8510 — Swro)
X1 V20 €08 8yp0 + X2 V10 08(8g10 — dwro)
(11)
Ve10Viwro sin(8g10 — dwyro)

KQg = —

X1
X2 V410 €08(8410 — Swro)
X1Vg20 €08 8yp0 + X2 V10 08(8g10 — dwro)
(12)

x[1—

In (7)-(8), My and D; are inertia constant and damping
factor of SG1 respectively, w, is the base angle electrical
speed in radians per second, and in (11)-(12) the subscript 0
represents the corresponding variables at steady-state.

Combining (7)-(10), the transfer function Gps,(s) and
Goyp(s) from AP, to APy, and AQy,, respectively, can be
obtained as

Grpo(s) = ks - (13)
Ffol2) = M52+ Dis+ wpKps  §% + 2L wys + 0?2
Kos
Gor(s) = K—GPfo(S) (14)
Ps

where w, and ¢ are the undamped natural frequency and
damping ratio of Gp,(s) and Ggy,(s), given by

wpKps

on == (15)
1 D
[ = s (16)
2 v wpM i Kps

The bode plots of Gpp(s) and Ggp(s) are shown
in Fig. 3 where the damping factor D is deliberately set as
10 per-unit (pu). It can be seen that around the undamped
natural frequency w,, the magnitudes of both transfer func-
tions become much larger, which means that large-magnitude
oscillations (Forced Oscillations) happen even when the
damping is large. Also, it can be seen that the magnitude of
Gpy,(s) is much larger than that of Ggy,(s), which means that
Forced Oscillations are mainly associated with active power
in an inductive system.

The largest magnitude of Gp,(s) at wj, is given by

. 1 JopMiK,
(Grratjen)] = 5 = % 17)

Equation (17) shows:

« The magnitude of the excited Forced Oscillations can be
reduced by increasing damping D1, or decreasing inertia
constant M.

e The Forced Oscillations cannot be eliminated unless D1
is infinite (which is impossible), or the external distur-
bance APy, is removed (which is difficult or impossible
to achieve). Therefore, this paper proposes to use WF
to inject extra power (especially active power) to isolate
and suppress the Forced Oscillations.
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2) FORCED OSCILLATIONS IN THE DISTURBED AREA WITH
THE PROPOSED METHOD

This subsection theoretically analyzes the suppression effect
on Forced Oscillations in the isolated area by the proposed
method. Based on [25], the change of amplitude and angle of
Vs L8y due to injection of AP;,; and AQ;,; are

X1X X1Xo

AV X —————— AQipi, Adyf X ————A
W R X Vo 0 A +X2)V2

inj

(18)

Using superposition principle, the new AP}O and AQ}.O
under the impact of AP, and AP;,; and AQ;y; are given by,

AP}, = KpsAdg1 — KppAPinj — KpoAQinj  (19)
AQ}D = KgsAdg1 — KopAPiyj — KgoAQin  (20)
where Kpp, Kpg, Kgp and Kgg are
(1 — a)Vg10 cos(8g10 — dwro)

Kpp = o1
PP Voro
1 — a)V,10sin(Se10 — 8
Kpg = (1 = a)Vg108in(8g10 — 8uro) o)
Vwfo
1 —a)Voi0sin(8o10 — 8ypr
KQP — _( a) g10 Sln( glo wf()) (23)
Vifo
1-aV, Sa10 — 8
KQQ =2(1—-a)— ( a) g10 cos( g10 wf()) (24)

Viro
where a = X1 /(X1 + X»), representing the electrical distance
of the WF to SGI1.

The coefficients shown in (21) ~ (24) with changing a (i.e.,
changing electrical distance of the WF to SG1) are shown
in Fig. 4 under two operating conditions of Pg19 = 0.9 pu
and Pg19 = 0.1 pu. It can be seen from Fig. 4 that both Kpp,
Kop are very small under two operation conditions. Ignoring
Kpp and Kpp combining (7)-(8) and (19)-(20), the transfer
function from APy, to AP}, and AQy, are given by

Gl (s) = wpKps
Ffo (1 — Kpp)(M1s2 + Dys) + wpKps
wZ
= 2 - 2 (25)
(1 — Kpp)(s* + 2L wps) + oy,
(1 — Kpp)Kgs
o) = 2 Gppos) (26)

(1 — Kgo)Kps

The bode plots of Gp (s) and G’Qfo(s) are also shown
in Fig. 3. Comparing G},fo(s) and G’Qfo(s) in (25) and (26)
(with the proposed method) with Gpy,(s) and Ggy,(s) in (13)
and (14) (without the proposed method), it can be seen from
Fig. 3 that the magnitude of the excited active power oscil-
lation at w, is decreased from point A to point B, and the
magnitude of the excited reactive power oscillation at w,
is decreased from point C to point D, meaning the forced
oscillations in disturbed area are suppressed.

Fig. 5 shows |G}Jf0 (jon)| and |Gpf(jw,)| withrelation to the
electrical distance a of the WF to SG1 under two operating

76450

20 - A Gpols) |
10+ C —Cap(®) |
g of —— //\ \ Gprols) |
\ .
§ -10 B Garo(8) |1
-‘é -20 . \ q
o
Ss0r D / —
-40 4
-50 - —
-60 . .
107! 10° 10' 102
Frequency (Hz)
FIGURE 3. Bode diagrams of Gpf,(s) and Gy (s), G;,fo(s) and G’Qfo(s)

from external disturbance APp,; to APg; and AQg; of SG1 of the system
in Fig. 1 where M; = 4 pu, D; = 10 pu, wp = 377 rad /s, X; = 0.06 pu,
X2 =0.14 pu, Vg1 = Vyyro = Vgao = 1 pu and Py5g = 0.6 pu.

1 1

\\ K x;\; K
N\ PP N\
08 \ K 08 \, PP
F] Pa |l 3 N\ Kpa
& o6 K 206 N K
) QP > 0.
S K S \\ KQP
S 04 QS g4 N\ QQ
- -
o o N\
o o \
%02 =02 .
s 2 N
| ST S g B N
0.2 0.2
0 02 04 06 08 1 0 0.2 0.4 0.6 0.8 1
Distance a Distance a

FIGURE 4. The relationship of Kpp, Kpg, Kgp and Kqq with the electrical
distance of the WF to SG1 a under two operation con%itions, where
M, =4 pu, Dy =10 pu, wp = 377 rad /s, X; + X, = 0.2 pu,

Vg'IO = waO = VgZO =1 pu. (a) Pg'IO = 0.9 pu. (b) PgIO = 0.1 pu.

10 T T T T T T T T

st

6 |=——ICpglwyl

ar T lGPfo(j""n)I

Magnitude (dB)

| | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance a

FIGURE 5. |G;,fa(iw,,)| and |Gpf, (jwn)| vs. the distance of WF to SG1a
under two operation conditions of Pg;o = 0.9 pu where the parameters
are the same as that in Fig. 4.

conditions. It can be seen that with smaller a, the suppres-
sion effect of Forced Oscillations in disturbed area is better.
Therefore, in practice, it is better to choose WFs to enclose
Forced Oscillations to be within a smaller area. In this way,
a larger area is immune from Forced Oscillations. Moreover,
the Forced Oscillations excited in the disturbed area can be
better suppressed.

IIl. REALIZATION OF THE PROPOSED METHOD IN A WTS
UNDER GRID-FOLLOWING AND GRID-FORMING
CONTROL

In this section, the realization of the proposed isolation and
suppression of Forced Oscillations method in a WTS under
grid-following and grid-forming control is described.
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A. THE PROPOSE METHOD REALIZED IN A
GRID-FOLLOWING WTS

Fig. 6 shows the configuration and control structure of
the proposed Forced Oscillation isolation and suppression
method in a PMSG-based WTS under grid-following control
as an example [26]. The grid side converter GSC uses a phase-
locked-loop (PLL) to track the grid voltage frequency and
angle, so that the generated voltage of the GSC is synchro-
nized to the grid voltage. Thus, the WTS is controlled based
on ‘““grid-following” control principle. Under such control, a
WTS does not actively regulates system voltage frequency
and amplitude. It thus weakens the system, and leads to a
weaker grid when there is a higher share of grid-following
WTS:s.

Current Current
Control Control

FIGURE 6. Control structure of the proposed Forced Oscillation isolation
and suEgression in a PMSG-based WTS under grid-following control,
—_

where ir, ig, Vg: current and voltage at rotor side and grid side, Vg:
DC-link voltage, B: pitch angle, wr: rotor speed, wpyy, 6py;: the tracked grid
voltage frequency and angle by the phase-locked-loop (PLL), AP;;;,
AQjyj: given by (1) and (2).

In Fig. 6, the wind turbine captures power from wind [27].
The pitch-angle controller is used to limit the rotor speed
under high wind speed. It becomes effective when w, >
®Wmax (Wmax = 1 pu in this paper). The rotor-side con-
verter (RSC) is to stabilize the DC-link voltage and performs
approximately zero reactive power output from the PMSG to
minimize losses, while the grid-side converter (GSC) has four
functions:

1) Performing the maximum wind power capture;

2) Smoothing oscillating wind power caused by variable
wind speed which would excite Forced Oscillations;

3) Injecting AP;,; by controlling the large kinetic energy of
WTSs below the rated wind speed and utilizing the external
wind energy above the rated wind speed to isolate the active
power part of Forced Oscillations;

4) Injecting AQ;y; by using capability of the converter to
isolate the reactive power part of Forced Oscillations. The
reactive power control is independent from the active power
control.
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In order to realize the above four functions, the active and
reactive power references of the GSC are given by

Pref = KoptE:r5 + il (27)
Ons = — (28)

where K, is the optimal coefficient, N is the total number of
WTSs in a WF, AP;,; and AQ;;; are given by (1) and (2), and
oy is the average of w, through a low-pass filter or moving
average filter.

Comparing with classic MPPT control where the active and
reactive power references are given by Py, = Kgp,a)f and
Q':Z?p " = 0, the control design in (27)(28) can realize the
above first four functions, because:

1) Koptaf gives a smoother power reference than K(,p,wf
so that oscillating wind power output that could excite Forced
Oscillations can be smoothed;

2) The components AP;,;/N and AQ;,j/N in (27) and (28)
respectively can make the WTS generate oscillating power
opposite to Forced Oscillations on the adjacent transmission
lines. Thus, these transmission lines become isolation walls
through which the Forced Oscillations cannot propagate into
other areas.

3) Since the rotor speed under the proposed control is
only slightly deviated from that under the MPPT control,
the maximum wind power capture can also be realized, which
will be demonstrated in Section I'V.

It should be noted that under a high wind speed when the
pitch angle control is effective and w, is constant, the Forced
Oscillations isolation and suppression method is also effec-
tive. In this case, the utilized energy comes from the external
wind instead of the stored kinetic energy in a WTS.

B. THE PROPOSE METHOD REALIZED IN A
GRID-FORMING WTS

With reference to Fig. 7, there is an example configura-
tion and control structure of a PMSG-based WTS under
grid-forming control principle for implementing the dis-
cussed Forced Oscillation isolation and suppression method.
The discussed method could also be implemented using
other types of wind turbine system such as a doubly fed
induction generator (DFIG)-based WTS [28], other power
electronics-interfaced variable speed wind turbine system
with induction generator, and synchronous generator (not
shown), under either grid-following or grid-forming control
principle.

The control of the rotor-side converter RSC and pitch-angle
controller of the system in Fig. 7 are the same as that in Fig. 6.
But the grid-side converter GSC in Fig. 7 is now controlled as
a grid-forming converter. Different from the GSC in Fig. 6 of
using a PLL to follow the grid voltage frequency and phase,
the GSC in Fig. 7 generates the frequency w,, and phase
Oyvsm and amplitude V for its output voltage VZ Therefore,
it spontaneously regulates the grid voltage frequency and
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FIGURE 7. Control structure of the proposed Forced Oscillation isolation
and suppression in a PMSG-based WTS under grid-forming control.

amplitude, and can function in the absence of synchronous
generators.

P/f and Q/V droop controls, as an example grid-forming
control, are used in the GSC in Fig. 7. Other grid-forming
control, e.g. virtual oscillator control, dispatchable virtual
oscillator control, synchronous machine emulation, etc. could
also be used in the GSC. Without the discussed Forced Oscil-
lation isolation and suppression method, to maximize wind
power capture in a WTS, the traditional P/f and Q/V droop
controls [29] are modified as

(O
Wysm = @0 + mp(Kopr ) — - +‘w P) (29)
C
Vig =V 4+ my(Q* — ———0) (30)
TQS +1

where wp, wg, and wyg, are the base and nominal angular
frequency, and virtual angular speed, while m, and m, are
the active and reactive droop gains. m. and T are the cut-off
frequency and time constant of the low-pass filters, associated
with filtering the active and reactive output power P and Q
signals. Kop,a)f in (29) is for implementing MPPT control.

With the discussed Forced Oscillation isolation and sup-
pression method, the P/f and Q/V droop controls imple-
mented in a WTS are given as

_ _3 . APy We
Wysm = W0 + mp(Kopta)r + N - S-I-—LDP) (3D
c
AQinj 1
L =V* * - - 32
Yod mg @t = s 69

where N, AP;;, AQ;yj and w, are the same as that in (28)(29)
for a grid-following control based WTS.

In (27)(28) and (31)(32), 1/N can be replaced by
wl?SHi / ZJN: 1 wsz 1j to adaptively allocate the task of Forced
Oscillation isolation and suppression to individual WTSs in
a wind farm according to their stored kinetic energy and con-
verter capacity headroom, where w; and w; are rotor speeds,
and Sy; and Sg; are the available capacity headroom above
the current operating point of the grid-side converter GSC of
the i and j" WTS.
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Inthe GSC in Fig. 7, with the P/f and Q/V droop controls as
outer control loop, the cascaded voltage and current controls
are used for the inner control loops. Current limiting control
for protecting the GSC from overloading is also added in
the inner control loops. As in the outer control loop, other
functions, e.g. system damping enhancement, secondary and
third frequency regulation, voltage secondary regulation, etc.
can also be added.

IV. CASE STUDIES

The modified two-area and IEEE 39-bus power systems,
as shown in Fig. 8 and Fig. 9, respectively, are used to inves-
tigate the performance of the proposed method. The system
parameters are the same as that in [30] and [31], where all the
synchronous generators are equipped with a high transient
gain thyristor exciter and a STAB1 PSS to ensure a good
damping. The parameters of the DFIG- and PMSG-based
WTSs are the same as those in [32], [33], which are provided
in Table 1 in the Appendix.

Gl 1 5 6 7 8 9 10 11 3 G3
1
!
2 4
Wind G2 G4
Farm

FIGURE 8. Structure of the two-area system with a DFIG-based WF
located at bus 5.

FIGURE 9. Structure of the modified IEEE 39-bus power system when a
PMSG-based WF is located at bus 39 under Case 4 & 7, or at bus 16 under
Case 5 & 6, or three WFs are located at bus 16, 14 and 6 under Case 8.

In the following, three case studies based on the two-area
system are carried out in a real-time digital simulator (RTDS)
platform, and four cases based on the 39-bus system are
carried out in Dymola, to demonstrate the effectiveness of
the proposed method. In the following simulation results,
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Ti-j means transmission line between bus i and bus j and Pi,j
means the transmitted power of Ti-j, the time x-axis is in the
unit of seconds, and “@N” and “@Y”’ mean without and
with the proposed method implemented, respectively.

A. SIMULATIONS BASED ON THE TWO-AREA SYSTEM
WITH A DFIG-BASED WF

Case 1 - 3 are simulated based on the two-area system [30],
which is modified by installing a DFIG-based WF at bus 5.
The WF consists of 500 DFIG-based WTSs (i.e. 1000 MW)
with an input wind speed of 10 m/s (between cut-in wind
speed of 6 m/s and rated wind speed of 12 m/s). Moving
average filters with time window of 20 s are used to obtain
APjyj, AQ;y; and the average rotor speed in (28), (29), (32)
and (33).

1) ISOLATION AND SUPPRESSION OF FORCED
OSCILLATIONS BY ONLY INJECTING ACTIVE POWER OF THE
DFIG-BASED WF

Case 1: In this case, the WF is located at bus 5 in Fig. 8.
An external sinusoidal disturbance 0.04 sin(0.67 * 27t) pu
(0.04 pu is equal to 36MW) is added to the mechanical torque
of G1 from 65s to 95s to cause Forced Oscillations. In this
case, only oscillating active power is injected from WF with
AP;;j = —APi5 under the proposed strategy. Therefore,
transmission line T1-5 is the isolation wall in this case,
through which the oscillations from G1 cannot be propagate
to the rest of the system, and the oscillations from the rest of
system cannot excite oscillations in G1.

The simulation results for Case 1 are shown in Fig. 10.
Fig. 10(c) ~ Fig. 10(f) show that without the proposed control
scheme, both active and reactive power output of G1 ~ G4
are excited by Forced Oscillations with big amplitudes, even
when the system has good damping performance. The phe-
nomenon verifies the conclusion from Fig. 3 and in [3] that
the method of increasing damping to suppress Forces Oscilla-
tions is not effective. By contrast, Fig. 10(c) ~ Fig. 10(f) show
that with the proposed method, the oscillating active power
of G2 ~ G4 are reduced to zero and the oscillating reactive
power are also reduced to nearly zero. This is because the WF
generates oscillating active power APwr opposite to APjs,
as seen from Fig. 10(b), making A Ps¢ zero (Fig. 10(a)). Thus,
the active power components of Forced Oscillations are con-
tained (isolated) before bus 5 (the grey area shown in Fig. 8)
and are not spreading beyond bus 5. At the same time, Forced
Oscillations before bus 5 are also suppressed, which can be
seen from Fig. 10(c) and Fig. 10(e), where active power
oscillations in P and reactive power oscillations in Qg are
only 0.6 times and 0.15 times of that without the proposed
control respectively. Since P15 = Pg1, the suppression in Py
means that the injected extra active power from the WF AP;;;
only 0.6 times of that in P, without the proposed scheme.
Fig. 10 shows the oscillations in the reactive power output
of G2 ~ G4 are greatly reduced when only active power of
the WF is injected. This verifies that Forced Oscillations are
mainly associated with active power.
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FIGURE 10. Simulation results without the proposed control (“N”) and
with active power injection of the WF (“Y”) under Case 1.

Fig. 10(b) shows that the magnitude of APwF is around
40 MW, so each WTS injects extra oscillating power
of 0.08 MW (40 / 500). Thus 3.2% extra capacity of the
converters in a WTS is needed (3.2% = 0.08 MW /2.5 MW
since a WTS with a wind turbine of 2.0 MW rated capacity is
usually equipped with converters of 2.5 MW rated capacity).
This is practically feasible considering that the extra capac-
ity is small, and the ongoing trend is that extra functions
are required to be added into WTSs by grid codes, e.g.
voltage and frequency regulation, which also unavoidably
requires extra capacity of converters in WTSs. Fig. 10(g) and
Fig. 10(h) show the loss of wind power capture and the change
of rotor speed are very small. This verifies the performance
of the proposed method.

2) WF BEING THE FORCED OSCILLATION SOURCE
Case 2: In this case, the DFIG-based WF is located at bus
5 in Fig. 8 and a sinusoidal disturbance 1.5 sin(0.6 x 27 ¢) m/s
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FIGURE 11. Simulation results under Case 2.

is added to the constant wind speed of 10 m/s from 65 st0 95 s.
Thus, the WF becomes the Forced Oscillations source instead
of G1. Under the proposed control, the oscillating power of
WF can be smoothed before output to the grid and causing
Forced Oscillations.

Fig. 11(a) ~ Fig. 11(c) show that if the oscillating wind
power from the WF is not smoothed, big Forced Oscillations
are excited in Psg, Pg1 ~ Pg4, and Qse, Qg1 ~ Qg4, While if
the oscillating wind power is smoothed, no such oscillations
are excited. The very small oscillations in wind power output
under the proposed control (Fig. 11(b)) are due to the small
oscillations in @, caused by the imperfect filter.

Fig. 11(g) shows that the captured wind power under the
proposed control is almost the same as that without the pro-
posed control. Fig. 11(g) and Fig. 11(h) show that although
the change of captured wind power is very big, the change of
rotor speed in a WTS is small.

3) SUPPRESSION OF INTER-AREA OSCILLATIONS

Case 3: This case is simulated to verify that the pro-
posed method can also help to damp inter-area oscillations.
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To excite inter-area oscillations, a 0.004 pu voltage step with
a duration of 500 ms is added to the field voltage of G1. The
DFIG-based WF is installed at bus 5 in Fig. 8 with both active
and reactive power injection.

The simulation results of Case 3 are shown in Fig. 12.
Fig. 12(a) and Fig. 12(b) show that by using the pro-
posed Forced Oscillations isolation and suppression strategy,
the inter-area oscillations are also well damped. Moreover,
the WF has nearly zero loss of wind power capture, as demon-
strated by Fig. 12(d). Comparing Fig. 12(c) with Fig. 12(a)
and Fig. 12(b), it is seen that the duration of oscillations
excited by G1 becomes shorter than that without the proposed
scheme.
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FIGURE 12. Simulation results under Case 3 with and without the
proposed control.

B. SIMULATIONS BASED ON THE 39-BUS SYSTEM WITH
PMSG-BASED WFS

Case 4 - 8 are simulated based on the 39-bus system [31].
Each WF used in this subsection consists of 500 PMSG-based
WTSs. The variable wind speed input used in the following
is taken from [34] (the cut-in and rated wind speed are 6 m/s
and 12 m/s). In Case 4 - 8 under the proposed method,
a 4th-order low-pass butterworth filter is used to obtain to
APy, and 2th-order low-pass butterworth filters are used
to obtain AQ;y,; and the average rotor speed of a WTS. For
Case 4 -7, the cut-off frequency of those low-pass filters is
0.2 Hz, which is less than the minimum of the frequency spec-
trum of the Forced Oscillations considered in this paper. For
Case 8, the cut-off frequency for the filters will be illustrated
in that case.

1) ISOLATION AND SUPPRESSION OF FORCED
OSCILLATIONS BY A GRID-FOLLOWING WF AT BUS 39

Case 4: In this case, the WF is located at bus 39. The used
variable wind speed input is shown in Fig. 13(a). A sinusoidal
disturbance 1.5sin(1.4 * 27¢)m/s is added to the variable
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wind speed from 45 s to 80 s. Thus, during 45 ~ 80 s the
WF becomes a Forced Oscillations source. During 95 ~ 130
s, an external sinusoidal disturbance 0.04 sin(1.4 * 27¢) pu
(0.04 pu is equal to 40 MW) is added to the mechanical
torque of G1 at Bus 39 to cause Forced Oscillations. In this
case, the active and reactive power from G1 are chosen to be
smoothed by the WF under the proposed method, i.e. APg
and AQg are sent to the WF as AP;,; and AQ;y; in (1)
and (2), respectively. Therefore, the line from bus 39 to G1 is
the isolation wall in this case, beyond which the oscillations
from G1 cannot be propagate to the other part of the system,
and the oscillations from other part cannot excite oscillations
in G1.

The simulation results for Case 4 are shown in Fig. 13. Dur-
ing 95 ~ 130 s, Fig. 13(b)(c) show that without the proposed
control method, both active and reactive power output of
G10 at Bus 30 are oscillating with high amplitudes due to the
Forces Oscillations from G1, even when the system has good
damping, similar to that in Case 1. By contrast, Fig. 13(b)(c)
show that with the proposed method, the oscillating active and
reactive power of G10 are reduced to zero during 95 ~ 130s.
This is because the WF generates oscillating active and reac-
tive power opposite to the oscillating active and reactive
power from the Forced Oscillations source of G1 at bus 39,
as seen from Fig. 13(d) - (g). Thus, the Forced Oscillations
caused by G1 are contained (isolated) before Bus 39 (the grey
area indicated by R1 shown in Fig. 9) and are not spreading
beyond bus 39. This can be seen from Fig. 13(h)(i) where the
sum of the active and reactive power of T39-1 (which means
transmission line between bus 39 and bus 1) and T39-9 is
smoothed. At the same time, Forced Oscillations before bus
39 are also suppressed, which can be seen from Fig. 13(f)(g),
where active and reactive power oscillations in the output
active and reactive power of G1 at bus 39 are also reduced.
Fig. 13(j) shows the rotor speed with the proposed method is
close to that without the proposed method due to the fact that
the stored kinetic energy of a WTS is much larger than the
energy required to smooth the oscillating active power output
of G1. This means that no extra mechanical pressure is added
on a WTS under the proposed method and the loss of wind
power is negligible as can be seen from Fig. 13(k). Fig. 9(1)
shows that during 95 ~ 130 s there are periods when the pitch
angle control is effective. This illustrates that the proposed
method is also effective under wind speeds higher than the
rated one.

Fig. 13(d) and Fig. 13(e) show that during 95 ~ 130 s the
magnitude of the total oscillating power in Forced Oscilla-
tions frequency, i.e. (Avaf + AQ‘zvf)O'5 is around 50 MVA,
so each WTS injects extra oscillating power of 0.1

MVA (50 / 500). Thus 4% extra capacity of the converters
ina WTS is needed (4% = 0.1 MVA /2.5 MVA since a WTS
has 2.5 MVA rated capacity). As explained in Case 1, this is
practically feasible.

During 45 ~ 80 s, Fig. 13(d) shows that without the pro-
posed method the WF generates oscillating wind power and is
the Forced Oscillations source. Thus, the active and reactive
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FIGURE 13. Simulation results without (“N”) and with the proposed
method (“Y”) of WF under grid-following control for Case 4.

power of G1 and G10 are oscillating, as can be seen from
Fig. 13(b)(c) and Fig. 13(f)(g). However, with the proposed
method Fig. 13(d) shows that the WF outputs smoothed active
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power by using the average instead of real-time rotor speed.
Thus, the WF is no longer the Forced Oscillations source,
which is demonstrated by the smoothed active and reactive
power output of G1 and G10 shown in Fig. 13(b)(c) and
Fig. 13(h)(i), respectively, and the smoothed active and reac-
tive power of transmission lines of T39-1 and T39-9 shown
in Fig. 13(f)(g).

Note that the active power of G10 changes considerably.
This is because 1) the wind speed given for the wind farm is
changing very large in a wide range from 8 m/s to 12.5 m/s
(note that the cut-in wind speed is 6 m/s and rated wind speed
is 12 m/s). Therefore, the power output of the wind farm
changes very large considerably within 140 s window, as can
be seen in Fig. 13(d); 2) the rated capacity of the wind farm
is equal to that of G1-G10, which is 1000 MW.

2) ISOLATION AND SUPPRESSION OF FORCED
OSCILLATIONS BY A GRID-FOLLOWING WF AT BUS 16

Case 5: In this case, an external sinusoidal disturbance
0.04 sin(1.4 % 27¢) pu is added to the mechanical torque of
G7 during period of 60 ~ 95 s to cause Forced Oscilla-
tions. The WF is located at bus 16, which is further away
from the source of Forced Oscillations - G7. In this case,
transmission lines of T16-24 and T16-21 are chosen to be
the isolation walls, i.e. the sum of the oscillating active and
reactive power at transmission lines of T16-24 and T16-21
are sent to the WF to generate oscillating power opposite
to the sum to isolate the oscillating power beyond T16-24
and T16-21. Fig. 14(a) shows the used variable wind speed
input.

The simulation results of Case 5 are shown in Fig. 14. It is
seen that the proposed Forced Oscillations suppression and
isolation performance is similar to that of Case 4, although the
WF is far away from the oscillation source - G7. Fig. 14(b)(c)
show that during 60 ~ 95 s without the proposed method,
G4 at bus 33 generate oscillating active and reactive power
due to the Forced Oscillation from G7 at bus 36. On the
contrary, under the proposed method, the active and reac-
tive power of G4 are no longer oscillating. This is because
under the proposed control method the WF at bus 16 gen-
erates oscillating power opposite to the oscillating power of
transmission lines T16-24 and T16-21, as can be seen from
Fig. 14(d)(e). In this way, the transmission lines of T16-24
and T16-19 become isolation walls through which Forced
Oscillations excited by the external disturbance on G7 cannot
propagate, as can be seen from Fig. 14(f)(g) that the active and
reactive power of the transmission lines T16-17, T16-15 and
T16-19 are smoothed under the proposed method. Thus,
the Forced Oscillations excited by G7 are prevented from
propagating beyond the isolation walls and isolated within
the grey region i.e. R2 shown in Fig. 9. Fig. 14(h) shows the
captured wind power with and without the proposed method
are almost the same, indicating negligible loss of wind power
capture.
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FIGURE 14. Simulation results without (“N") and with the proposed
method (“Y”) of WF under grid-following control, located at bus 16, under
Case 5.

3) SUPPRESSION OF INTER-AREA OSCILLATIONS BY A
GRID-FOLLOWING WF AT BUS 16

Case 6: This case is simulated to verify that the pro-
posed method can also help to damp inter-area oscillations.
To excite inter-area oscillations, a three-phase fault with a
duration of 100 ms is triggered at bus 23. The WF is located
at bus 16 with a constant wind speed of 10 m/s.

The simulation results of Case 6 are shown in Fig. 15.
Fig. 15(a)(b) show that using the proposed Forced Oscilla-
tions isolation and suppression method, the inter-area oscil-
lations are also well damped, similar to that in Case 3.
This is because the WF smooths the active and reactive
power of transmission lines of T16-24 and T16-21 by
generating oscillating power opposite to that of the latter
under the proposed control method as can be seen from
Fig. 15(c)(d).
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FIGURE 15. Simulation results for Case 6 with and without the proposed
Forced Oscillation isolation and suppression method of WF under
grid-following control.

4) ISOLATION AND SUPPRESSION OF FORCED
OSCILLATIONS BY A GRID-FORMING WF AT BUS 39

Case 7: To demonstrate the effectiveness of the pro-
posed Forced Oscillation isolation and suppression method
by grid-forming control based WTSs, the 39-bus system
in Fig. 9 is simulated, where a WF is located at bus 39 and
consists of 500 PMSG-based WTSs under the droop-based
grid-forming control shown in Fig. 7. During 30 ~ 60 s,
an external sinusoidal disturbance 0.04 sin(1.4 % 27¢) pu is
added to the mechanical torque of G1 at bus 39 to cause
Forced Oscillations. The active and reactive power from
G1 are chosen to be smoothed by the WF under the disclosed
method, i.e. —APg1 and —AQg are sent to the WF as AP;;
and AQ;y;in (1) and (2), respectively. Therefore, the line from
bus 39 to G1 is the isolation wall in this case.

For the grid-forming control based WTS, the parameters
of the GSC are: m, = 0.02, my = 0.0001, Vyy = 1 pu,
we = 314 rad/s, Tp = 1/314 s, wp = 314 rad/s,
wo = 1 pu, the proportional-integral gains for the inner
voltage and current controllers are 0.52 pu, 1.16 pu, and
0.74 pu, 1.19 pu. The parameters of the LCL filter of the
GSC are Ry = R, = 0.005 pu, Ly = R, = 0.15 pu and
Cr = 0.066 pu.

Fig. 16(a) and (b) show the simulation comparison of
the active and reactive power outputs of the synchronous
generator G10 at bus 30 when the WF is under either the
grid-forming or grid-following control, without and with
the proposed Forced Oscillation isolation and suppression
method. Without the proposed Forced Oscillation isolation
and suppression method for the WF under the grid-forming
control, Fig. 16 shows that the active and reactive power
oscillations of G10 at bus 30 are already reduced. This
shows the benefit of suppressing oscillations by just including
grid-forming control based WTSs even without using the
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proposed Forced Oscillation isolation and suppression
method in a power system.

Using the proposed isolation and suppression method for
the WF, Fig. 16 shows the oscillations in active and reactive
power outputs of G10 are greatly reduced no matter the WF
is under grid-following or grid-forming control, while the
oscillations are almost eliminated when the WF is under
grid-following control. This is because grid-following control
based WTS can inject oscillating power exactly opposite
to that of the isolation walls, while grid-forming control
based WTS cannot inject the exact opposite power because
the grid frequency cannot be fixed at the normal frequency
when power oscillations exist in the system, according to
the grid-forming control principle in Fig. 7. This case has
demonstrated that grid-forming control based WTSs using
the proposed method can also isolate and suppress Forced
Oscillations very well.

25 30 35 40 45 50 55 60 65 70
(b)
— grid-following without FO supression grid-following with FO supression
—— grid-forming without FO supression —— grid-forming with FO supression

FIGURE 16. Simulation results for Case 7 with and without the proposed
Forced Oscillation isolation and suppression method of WF under either
the grid-forming or grid-following control.

5) ISOLATION AND SUPPRESSION OF MULTIPLE FORCED
AND INTER-AREA OSCILLATIONS WITH VARYING
FREQUENCIES AND AMPLITUDES

Case 8: In this case, external sinusoidal disturbances
0.04 sin(fg3 *2mt) pu, 0.02 sin(fge *27¢) pu and A7 sin(fG7 *
2mt) pu are added to the mechanical torque of G3, G6, and
G7 in the 39-bus system, respectively, during the period of 60
~ 95 s to cause Forced Oscillations. fg3 is changed from
0.4 Hz to 1.0 Hz at 80 s, fge from 1.1 Hz to 0.7 Hz at 75 s,
Jfo7 from 1.4 Hz to 1.2 Hz, and Ag7 from 0.02 pu to 0.04 pu.
WF1, WF2 and WF3 are located at buses 6, 14, and 16,
respectively. WF1 at bus 16 is chosen to isolate the Forced
Oscillations from G6 and G7, by smoothing the oscillating
active and reactive power at transmission lines of T16-24
and T16-21. WF2 and WF3 at buses 6 and 14 are chosen to
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FIGURE 17. Simulation results for Case 8 with and without the proposed
Forced Oscillation isolation and suppression method of WF under either
the grid-forming or grid-following control.

isolate the Forced Oscillations from G3, by smoothing the
oscillating active and reactive power at transmission lines of
T6-11 and T14-13, respectively. Therefore, T16-24, T16-21,
T6-11 and T14-13 are the isolation walls, beyond which the
Forced Oscillations are isolated in the shadow areas R2 and
R3 shown in Fig. 9 under the proposed method. Based on
the frequencies of the disturbances in this case, the cut-off
frequency of the low-pass filters to obtain AP;,;, AQ;,; and
the average rotor speed in (28), (29), (32) and (33) for WF1 at
bus 16 is still 0.2 Hz, but for WF2 and WF3 is 0.1 Hz.
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The simulation results of Case 8 are shown in Fig. 17.
In order to show the Forced Oscillations isolated within
the grey areas R2 and R3, the active and reactive power
of the transmission line T16-17 and G1 are chosen to be
shown in Fig. 17(a)(b) and Fig. 17(c)(d). It is seen that
under the proposed Forced Oscillation isolation and sup-
pression method they are well smoothed. This demonstrates
that the proposed method can isolate and suppress multiple
Forced Oscillations with different and varying frequencies
and amplitudes without the detection of the oscillations.
Fig. 17(e)(f) and Fig. 17(g)(h) show that under the pro-
posed method, WF1 and WF3 generate oscillating active
and reactive power opposite to that of the sum of the trans-
mission lines T16-24 and T16-21, and that of the transmis-
sion line T6-11, respectively. The power output of WF2 is
similar to that of WF3 and thus not shown. Fig. 17(1)(j)
show that the captured power of WF1 and WF3 with the
proposed method are nearly the same as that without the
proposed method, demonstrating the negligible loss of wind
power capture. Note that since inter-area oscillations are
in the range of 0.2 — 0.8 Hz, which is emulated by f53
and fge, this case demonstrates that the proposed method
can isolate and suppress Forced and inter-area oscillations
simultaneously.

V. CONCLUSION

With increasing high penetration of renewable energy gener-
ation towards 100% renewable generation in the power grid,
exploitation of future control potential from wind turbines
becomes inevitable. The key contributions of the proposed
method are:

o This paper has proposed an isolation and suppression
method for Forced Oscillations using WFs;

« By controlling WFs to release or absorb active and
reactive power opposite to the oscillating power from the
selected isolation wall, the Forced Oscillations are iso-
lated within the disturbed area and hence are prevented
from propagating to the rest of the system. Meanwhile,
the Forced Oscillations excited in the disturbed area
(which is bounded by the location of WF installation)
are also reduced and suppressed;

o The proposed method can be implemented in WTSs
under either grid-following or grid-forming control
principle;

o The effectiveness of the proposed method was supported
and explained by theoretical analysis first. Then the
modified two-area power system with a DFIG-based WF
and the IEEE 39-bus power system with PMSG-based
WFs under either grid-following or grid-forming con-
trol principle was simulated using RTDS and Dymola.
The simulation results considering variable wind speed
input, different WF locations with respect to the source
of Forced Oscillations, and multiple Forced Oscillations
with varying frequencies and amplitudes, demonstrated
that the proposed method can isolate and suppress
Forced Oscillations and damp inter-area oscillations
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very well, while the loss of wind power capture is negli-
gible and only a small increase of the converter capacity
by 4% is needed, which should be within the normal
design rating of the converter;

The isolation and suppression method is also applica-
ble to other controllable devices. For example, it can
be directly implemented in grid-interfacing converter
systems such as energy storage systems, PV generation
systems, HVDC, FACTS, etc.

APPENDIX

TABLE 1. Parameters of DFIG- and PMSG-based WTSs.

DFIG-base WTS Value PMSG-base WTS Value
Rated capacity of 2.0 MVA/ Rated capacity 2.0 MVA
the turbine/DFIG 22MVA
Rated stator 0.69 kV Rated stator voltage 4kV
voltage
Rated frequency 50 Hz Rated frequency 3.77Hz
Stator/rotor 0.00462 pu/ Pole pair 11
resistance 0.006 pu Stator resistance 0.01 pu
Stator/rotor leakage ~ 0.102 pu/ Stator leakage 0.1 pu
inductance 0.08596 pu inductance
Mutual inductance 4.348 pu D-/Q-axis unsaturated ~ 0.65 pu
magnet. Inductance /1.0 pu
Wind turbine/DFIG 4.3 5/0.75 s Magnetic strength 1.3 pu
inertia constant PMSG inertia constant ~ 5.05 s

Captured wind power P, =0.5p7R*v.C,(4,5) = Kv.C,(v,.,®,,/) , where

cap wp

K =0.0012, v, isinm/s, @, isinpu(when v, >12m/s, o, =1pu),

R=81m,and C,~ 1 curve is adopted from [27].
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