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1 | INTRODUCTION

| Jianqiang Luo'

Abstract

The machine-side oscillation (MSO) of the full converter-based wind generation (FCWG)
systems is a critical threat to the reliable wind power supply. The introduction of the auxil-
iary resonance controller (ARC) to the machine-side converter (MSC) controls of FCWG
can effectively improve the converter-driven stability of the power grid, but it would also
complicate MSOs of FCWG. Thus, it is of great significance to study the damping feature
of MSOs of FCWG. In this paper, the energy flow analysis (EFA) is applied to quanti-
tatively investigate MSOs of FCWG. Firstly, the configuration and machine-side control
loops of FCWG are briefly introduced. Then, a mode screening-based EFA is proposed
for evaluating the damping feature of MSOs of FCWG in the time domain by applying
the principle of the Laplace transform. After that, the eigenvalue analysis is conducted for
MSOs of FCWG in the frequency domain to lay a foundation for revealing the essence of
EFA. On this basis, the consistency of EFA with the eigenvalue analysis is strictly proved
based on the Parseval’s Theorem, which is applicable for arbitrary control schemes of
FCWG. Finally, the proposed EFA is applied in numerically investigating multiple types
of MSOs of FCWG in case studies.

parameter settings of controllers can lead to the poor damp-
ing performance of MSO [6]. The poorly damped MSO can

The wind power is a predominant and typical renewable genet-
ation [1]. The stable operation of the wind generation system is
of critical importance to the reliable wind power supply to the
external power grid [2]. The full converter-based wind power
generation (FCWG) is a preferable option for wind power inte-
grations [3]. Compared with the doubly fed induction generator-
based wind power generation, FCWG has a very different
nature in dynamics. The permanent magnet synchronous gen-
erator (PMSG) and machine-side converter (MSC) of FCWG
are decoupled by the DC-link from the external power grid and
become relatively independent [4, 5]. However, the intermit-
tence and fluctuation of the wind speed can trigger the inher-
ent machine-side oscillation (MSO) of FCWG. The improper

have a severe impact on the wind power supply to the external
power grid.

The converter-driven instability of the power grid caused
by the large-scale integration of FCWG systems has been fre-
quently reported and drawn increasing attention recently from
both academia and industry [7]. The dynamics in the rotor of
PMSG can be effectively utilised to mitigate the modal reso-
nance between the FCWG system and weak grid and hence
improve the converter-driven stability by equipping with an aux-
iliary resonance controller (ARC) on the machine side of FCWG
[8]. However, the utilisation of ARCs can unfortunately intro-
duce the grid-side oscillation mode to the originally dynamics-
decoupled machine side of FCWG, and even cause the modal
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resonance with the inherent MSO of FCWG, which would dra-
matically complicate and aggravate the machine-side dynamics
of FCWG.

Based on the facts above, investigating the damping feature
of multiple MSOs of FCWG becomes more important. Specif-
ically, investigating the characteristics of MSOs of FCWG can
help wind farm operators understand the condition of wind
generation units to provide the reliable wind power supply and
improve the converter-driven stability of the power grid, which
is helpful to further increase the penetration of FCWG in the
modern power systems. However, the MSO issue of FCWG is
often ignored by researchers. Thus, the machine-side dynam-
ics of FCWG with/without ARC should be comprehensively
and quantitatively studied. It should be noted that the MSOs
mentioned in this paper not only refer to the inherent MSOs of
FCWG, but also the oscillation modes of the external power grid
introduced by ARC (i.e., the non-inherent MSOs of FCWG).

The eigenvalue is a traditional index to characterise the damp-
ing and frequency feature of oscillation modes [9]. The damping
performance with respect to an oscillation mode characterises
the decaying rate of the oscillating power [10], which is related
to the real part of the relevant eigenvalue [11]. The imaginary
part of the eigenvalue indicates the oscillation angular frequency.
When ARC introduces the grid-side dynamics to the MSC con-
trols, the machine-side dynamics of FCWG are no longer inde-
pendent. Thus, the calculation of relevant eigenvalues requires
the dynamic modelling of the whole power systems. In prac-
tice, it is difficult for wind farm operators to obtain the detailed
models and accurate parameters of all components in the exter-
nal power systems. Even if the information of the full system
model is available, the modelling and computational complexity
can be significantly raised for the oscillatory stability studies of
FCWG especially considering the large-scale power system [12].
Hence, the above-mentioned two points limit the application of
the eigenvalue analysis in this work.

Unlike the eigenvalue analysis, the energy flow analysis (EFA)
is an emerging method and provides a physical explanation on
the damping performance of an oscillation event. In addition,
EFA is a type of measurement-based method that can avoid the
complex modelling of the whole power system [13]. At present,
EFA is mainly used to locate the oscillation source, for exam-
ple, [14]. Some key work on the quantitative analysis using EFA
is given as follows. The calculation of the oscillatory energy
flow is demonstrated in [15]. The authors in [16] reveal the rela-
tion between EFA and damping torque analysis. The damping
torque coefficient in a wide frequency of interests is attempted
to be derived using EFA in the frequency domain in [17]. In
[18], the authors propose a methodology to estimate the eigen-
value based on EFA. The connection between EFA and modal
analysis is attempted to be revealed in [19] on the basis of a
specific model of synchronous generators. However, there are
certain limitations in [15—19]. Firstly, reference [15-19] fail in
revealing the fundamental relationship between EFA and eigen-
value analysis in a general way for any types of generator model
and power network. Secondly, the work in [15-19] does not
involve FCWG, which reduces the popularity and timeliness of
the work. That is to say, the EFA-based quantitative analysis is

still limited in the oscillatory stability studies considering FCWG
systems.

In view of the literature review of [1-8], it is important to
assess the damping feature of multiple MSOs of FCWG, but
sometimes the wind farm operators cannot access the detailed
models and parameters of all system components. Therefore,
there is a pressing need to develop an alternative method to
investigate the damping feature of multiple MSOs of FCWG
without the modelling, Thus, the main contributions of this
paper are summarised as follows. In general, the damping fea-
ture of inherent and non-inherent MSOs of FCWG (includ-
ing the potential modal resonance among them) is quantita-
tively investigated using a newly proposed EFA for the first
time. Specifically, the contributions and merits are expressed
as follows: (i) due to the limitation of the complex and some-
times unavailable modelling with respect to [9] and [10], a mode
screening-based EFA is designed in the time domain to extract
the damping feature of interested MSOs of FCWG without any
modelling requirement; (ii) compared with the work in [15-19],
the consistency between the mode screening-based EFA and
eigenvalue analysis when studying MSOs of FCWG is proved
and revealed, which is general for the arbitrary control schemes
of FCWG in the multi-machine environment; and (iii) applying
the mode screening-based EFA mentioned in (i) and (i), the
damping feature of multiple types of MSOs in different scenar-
ios is quantitatively assessed for the first time.

The rest of this paper is organised as follows. The main con-
figuration and machine-side control loops of FCWG are briefly
introduced in Section 2. A mode screening-based EFA is pro-
posed for MSOs of FCWG in the time domain in Section 3.
Section 4 discusses the eigenvalue analysis for MSOs of FCWG,
and the consistency between the mode screening-based EFA
and eigenvalue analysis is strictly revealed for MSOs of FCWG
in Section 5. Case studies are conducted in Section 6, and con-
clusions are given in Section 7.

2 | CONFIGURATION AND
MACHINE-SIDE CONTROL LOOPS OF
FCWG

The type configuration of FCWG is shown in Figure 1 [20, 21].
The main components of FCWG are as follows: (i) a PMSG;
(i) the MSC and its controllers; (iii) the DC-link, the grid-side
converter (GSC) and their controllers; and (iv) the phase-locked
loop (PLL), etc.

It can be seen from Figure 1 that the PMSG and MSC do
not respond to the dynamics of the external power grid since
they are decoupled from the external power grid by the DC-link.
Since this paper focuses on MSO of FCWG, the machine-side
control loops of FCWG are demonstrated in Figure 2, where s
is the Laplacian operator; £, /(s) is the mechanical power of the
-th PMSG; P, ;(5) is the electric power of the /-th PMSG; /. ;
is the inertia constant of the rotor of the /-th PMSG; w,, (s) is
the angular frequency of the stator of the i-th PMSG; @, (5) is
the reference angular frequency of the stator of the /~th PMSG;

K, ,;; is the integral time constant in the control loop of the



902 HU ET AL.
f Transmission
. Transformer line
'- MSC T GSCﬂWﬂ—@—\—!:—’W“—i Grid
T R
Multiple Filter
Controllers
FIGURE 1 Configuration of FCWG
- AC/DC
Lps,i |
moo—a
abc/” | d-axis current |
ARC dq | control loop J|
[~~~ T~~~ === ———— 11
| o KPP'W’ 5 | r————- - PWM
I H : | g-axis current L |
I + K, i control loop |
1P, (8)—> w P Ay ] COMTOTIOOP
_ § |
X (8
[ Bye,i(s) pousi )'
L e e e e e |
Wind turbine control loop
FIGURE 2  Machine-side control loops of FCWG

wind turbine of the i~th PMSG; K, ,,; is the proportional time
constant in the control loop of the wind turbine of the /th
PMSG; and x;,,(s) is an intermediate variable in the control
loop of the wind turbine of the i~th PMSG. Generally, there
are three control loops on the machine side of FCWG, that is,
the wind turbine control loop, d-axis current control loop and
g-axis current control loop. Since the discussion on EFA and
its consistency with the eigenvalue analysis should be general
to any control schemes, the d-axis current control loop and ¢-
axis current control loop are represented in a general manner in
Figure 2.

In the case studies, a typical scheme of d-axis current control
loop and g-axis current control loop is given in Figure 3. The
definition of variables in Figure 3 can be found in [8], which are
not repeated here.

When there is no ARC, the machine-side dynamics are
directly connected at the DC capacitor, which does not interact
with the grid-side oscillation modes. That is to say, the inherent
MSOs of FCWG are all independent without ARC, and their
characteristics are determined by the machine-side structure as
well as parameters of FCWG.

As discussed in the introduction, the rotor of PMSG can
store energy and dynamics. If the FCWG is equipped with an
ARG, the potential dynamic of PMSG can be utilised to improve
the converter-driven stability of the power grid. On the other
hand, when an ARC is installed, the gtid-side oscillation mode

d-axis current control loop

>V psdref i

wpr,i (S)Wm,i (S)}
I
I

v psqref i

+

wpr,i (S)Xpd,iipsd,i (S)JI

g-axis current control loop

FIGURE 3 A typical control scheme of MSC

will be introduced to the machine side of FCWG, which can
complicate and aggravate MSOs of FCWG. Even the modal
resonance between the inherent and non-inherent MSOs can
appear. Thus, the wind farm operator must pay more attention
to them to ensure both the reliable wind power supply and the
converter-driven stability.

The mechanism of ARC is to introduce the grid-side dis-
turbance to the MSC controls to adjust the power output of
FCWG and further to suppress the converter-driven instability.
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The transfer function of ARC is given in Figure 4, where
AP 4pc e i(5) is the output signal of ARC to the i~th PMSG; 77
is the time constant of the washout filter, K- is the proportional
gain, 77, 75, 75 and 7 are the time constants of the lead-lag fil-
ers, and AB, (s) is the input signal of ARC (i.e., the PLL angle
variation of the /~th FCWG in the frequency domain). It can be
seen that an ARC has four main parts: a washout filter, a pro-
portional gain, and two lead-lag filters. The washout filter elim-
inates the DC component and select the signal with the appro-
priate frequency that is related to the grid-side disturbance. The
proportional gain adjusts the input signal to a proper magni-
tude. The two lead-lag filters adjust the compensation angle to a
proper one.

3 | MODE SCREENING-BASED EFA FOR
MSOS OF FCWG

The typical configuration and machine-side control loops of
FCWG have been given in Section 2. In this section, a mode
screening-based EFA is proposed for MSOs of FCWG to
extract the damping feature of the interested MSOs.

According to the definition in [17], the energy can be repre-
sented as the integral of the product of torque and speed. Based
on that, the dissipation of the oscillatory energy flow of the /~th
PMSG can be calculated by (1).

+00
WP = / AT, ()w,, (1)dr M
0

where #is the time variable; W7} is the dissipation of the oscil-
latory energy flow of the /-th PMSG; Aw,, ;(#) is the angular fre-
quency deviation of the stator of the /th PMSG in the time
domain; and A7}, ;(?) is the electric torque imbalance of the /-th
PMSG.

It can be seen from (1) that the calculation of the dissipation
of the oscillatory energy flow only relies on the measured sig-
nals. The electric torque imbalance can be decomposed as two
components, i.e., (2).

AT, (1) = K iAw,, (1) + K A8, (1) @

where K, ; is the equivalent damping torque coefficient of the /-
th PMSG; K, ; is the equivalent synchronous torque coefficient
of the i-th PMSG; and AS,, (/) is the power angle deviation of
the ~th PMSG.

Substitute (2) into (1), and (3) can be further derived.

+o0 +oo
WP = / K A0}, (1)dr + / KNS, ;(H)Aw,, ;(#)ds
0 0

+o0
1
— 2 - ) 2 _ 2
_[ Ki ) ()dr + 3K, <A5[W.(oo) Aam(()))

+o0
= / K, A3 (1)dr ?3)
0

The electric torque deviation is consideted to be approxi-
mately equal to the electric power deviation for the /~th PMSG.
Thus, the equivalent damping torque coefficient of the /ith
PMSG can be detived as (4) with/without ARC. It is noted that
AP 4 pcyi(#) = 0 in the following two conditions: (i) there is no
ARGC; or (ii) ARC is installed but it does not work since there is
no disturbance on the external power grid.

+oo
A) (AEI/’L’,Z. (l‘) - APARC—WI,Z' (f)) Aw[)r,i (f)dt

Kd ;=
o’ +00
/, Aa);r,l.(z‘)dt

)

where AP, ;(2) is the electric power deviation of the i~th PMSG
in the time domain; and AP 1g¢,, ;(?) is the output signal of ARC
to the ~th PMSG in the time domain.

For the machine side of FCWG, K;;; obtained by (4) is cou-
pled with multiple MSOs and some of them may be the non-
inherent MSOs introduced by ARC. That is to say, K, ; obtained
by (4) cannot be effectively used to indicate the damping feature
with respect to the interested MSO.

The definition of the Laplace transform can be expressed
as (5).

+oo +0o0 A
G(5) =/ ) dr =/ (g(t)e_w) e (5)

0 0

where g(#) is a real signal; is the imaginary part of s; 0 is the real
part of 5; and G{s) is the Laplace transform of g(2).
On this basis, the signal g() is reconstructed as ().

gtlo) = gt)e ©)

where g(# | 0) is the reconstructed signal from g(?).

It is noted that the integral interval of (5) is finite in practice.
According to the Fourier series, g(# | 0) is equivalent to the sum
of a series of sub-signals with the form of (7).

P
g(tlo) = Ap cos(wpt + o) @)
k=1

where p is the number of the decomposed signals; 4, is the
amplitude of the £-th decomposed signal; » is the angular fre-
quency of the £-th decomposed signal; and &, is the phase angle
of the £-th decomposed signal.
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For an interested MSO A,= 0, + jw,, the amplitude and
phase angle at w,; can be observed from the plot of the
frequency-amplitude spectrum and frequency-phase spectrum
of g(t | 0. Thus, the decomposed sub-signal at w, is given by

®).
g (tloy) = Ay cos(wyt + ay) )

where ¢" (¢ | 0,) is the decomposed signal from g(# | o, with
respect to ;A 1s the amplitude of the decomposed signal with
respect to ,; and @y is the phase angle of the decomposed signal
with respect to wy.

Equation (6) is applied to reconstruct AP 4pcy (8, AP,, ()
and Awpr,i(’s as APARC—M,Z'(Z‘ | Grl): Apiw,z'(f | U//) and Awpwi(f |
0, with respect to 0 = g,. After that, (8) is further applied to
decompose AP i, (| 04), AP, (7 | 04) and Aw,, (7 | 0,) as

AP, (¢ 10d), AP (+ | 0d) and Acu;;{l. | od).

. . l[{ . . .
On this basis, a new concept K% is given in (9).

+oo ), w,
A /f-J <A1)1w,z‘ (Z‘lO'[/) - ABIIRC—JJ//,/

(t10,)) B (¢10,)dr

i +o00 w, 2
/, (Acop;’,l. (f|0'd)> dr

©)

where ij is the defined damping coefficient with respect to 4,,.

4 | EIGENVALUE ANALYSIS FOR MSOS
OF FCWG

In this section, the eigenvalue analysis is discussed for MSOs of
FCWG to lay a foundation for revealing the essence of EFA.
Aw,, () and Ax;,_,, ;(?) are chosen as the two focused state vari-
ables. The natural damping of PMSG is ignored. According to
Figure 2, the focused equations of the /~th PMSG are given as
(10) and (11).

dAw,,;(7) 1

= (AP.sgc—y i(t) —
dl‘ Hpr,i wr 1

AR, 1)  (10)

dAx,_,, ()
p—wt i
T = Ky Ay () (11)

where Ax;, () is the intermediate variable deviation in the con-
trol loop of the wind turbine of the ~th PMSG in the time
domain. It is noted that AP zc,, (4 = 0 in the following two
conditions: (i) there is no ARC; or (ii) ARC is installed but it does
not work since there is no disturbance on the external power
grid.

In order to represent the whole power system considering the
arbitrary control schemes of FCWG in the multi-machine envi-
ronment, the linearisation of the whole power system is derived
as (12) considering # state variables, which is a modified state-
space representation. In (12),. 451, A3, A3y, A3y and Azz are the

HU ET AL.
Ay |
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FIGURE 5 Linearised tepresentation of an FCWG-integrated power

system

blocks of the state matrix, and O represents the 1 X (#-2) vector
in which the elements are all 0. It is noted that the dimensions
of Ajs, A3y, Azp and Ajz are 1 X (n—2), (n—2) X 1, (n—2) X 1
and (n—2) X (n—2), respectively.

[dAx, () ]
ds 0 Koy O |[Axp )
dAC‘zJ’(") =4 0 Al Aw,,0) | (12)
Az Az Az || AZ@)
dAZ ()
| @]

Compared with the common state-space representation of
the whole power system, AZ(#) includes the state variables of
the /-th FCWG excluding Aw,, ;() and Ax;,,, (#), as well as all
the state variables of other generating units. The dimension of
AZ(j) is (n—2) X 1. Convert (12) from the time domain to fre-
quency domain by the Laplace transform, as given by (13). Sim-
ilarly, the dimension of AZ(s) is (»—2) X 1.

J.Axp—zw‘,z' (J-) 0 ]<]7—wt,i o AX])—W,/ (j)
sBwy, () | =[Axn 0 Aps || Aw,,i(s) (13)
SAZ(s) Az Azxp Az AZ(s)

where Ax;,, (s) is the Laplace transform of Ax;,,,,(7); Aw,, ;(5)
is the Laplace transform of Aw,, ,(7); and AZ(s) is the Laplace
transform of AZ().

Based on (10)—(13), the linearised representation of the whole
power system considering the arbitrary control schemes of
FCWG in the multi-machine environment can be displayed in
Figure 5, where I is the (#—2) X (#n—2) identity matrix.

From Figure 5, (14)—(106) can be obtained, respectively.

]<p— wi i

Axp—ﬂ//,i (5) = Aw/)r,i (J‘) (1 4)

1
Ay (5) = ~ (A A%,y () + AnAZG)  (15)
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AZ(s) = Az
(¢ = Axcy oy i(5) + mAwpr,z(f) (16)

31
sI— A33

Substitute (14) into (15), and (17) can be obtained.

K Wi /
<f—A21 - )Awp,,;-@ = Ay AZ(s) (17)

Substitute (14) into (16), and (18) can be obtained.

](p—u//,/' A32
sI— A33

AZ(5) = < Ast

Aw,, ; 1
J‘I —A33 5 > wpl,i(‘r) ( 8)

Substitute (18) into (17), and (19) can be obtained.

A31 K;ﬁ—w/,z‘ A32
S = <A21 +A23I_—> T + Ar,m (19)

A
Equation (19) is essentially equivalent to (13). According to
Figure 5, (20) can be also derived.

APARC—W,/(J.) - u51(5> j)r/ (A21 — it ,(J‘) +A23AZ<J))

(20)

Eliminate Ax;,,,,(s) and AZ(s) in (20) using (14) and (18), and
then (21) can be derived.

APARC-p1,i(5) = A, ;(5)
p”ACU/)”(J‘)
A31 ](])—11/1,1' A32
= Ay + A1 +(Ay—2—
( 21 BU_A > R BI— A

@1

By comparing (19) with (21), it can be seen that (22) can be
obtained for an MSO of FCWG.

APAR(' u/z'(/ld) - wz’(ld)

Ay =
/ pr zAwprz()lzl)

(22)

whete 4, is an eigenvalue of an interested MSO of FCWG.

5 | CONSISTENCY OF MODE
SCREENING-BASED EFA TO
EIGENVALUE ANALYSIS

In this section, the mode screening-based EFA in Section 3 and
the eigenvalue analysis in Section 4 will be proved to be consis-
tent.

Using the Parseval’s Theorem, the integral of the product of
two real signals can be conducted equivalently in the frequency

domain, as represented by (23).

+oo 1 +00
/_00 81 (1)dr = §~/—oo G (w) Gy (w)dw

1 +00
== / Re (G (W)GF(w)) dw  (23)
0

T

where g1 (7) and g,(7) are two real signals; G () and G, (w) are the
Fourier transforms of g () and g,(7), respectively; and * is the
conjugate operator.

Substitute APARC Wi, z(l | Gd) AP, uez(l | Gd) and Awpr,i(l | Gd)
into (23), and then (24) and (25) can be obtained.

+oo
/ (ARI’L’,/ (f|0'{/) - APARC?M,/ (flo'(l)> Awpr,/ (f|0'{/)df

0

+0o0
= / Rc((ARI,t,,w»la(,)—Ai?wcvfw,,,(wlc,/))Aw;,,,<w|ad>)du»

1
T Jo

24

+oo +o0
/ pr,(ﬂad)df - . / (Aa)pr ]<IIJ|U([)ACU (”/lo'/()) dw

0 0

25

whete AP.izc,, (v | 0,), AP,;(w | 0, and Aw,(» | o)) are the
Fourier transforms of APxc,, (¢ | 0,), AP, (¢ | 0,) and Aw,, (7 |

0,)-
Then, (26) can be derived by applying (24) and (25).

+o0
/(, (pr,i(t |07) = ADPgeyr i |°'(/))
+oo
[) /)r i (I|G(/>dt

pr i(tlgd)dt

+o0 .
/0 Re ((APW,;(W [64) = ALpc—y;i(w |U(/>) ACU;,A,,- (wlo //)> dw

+oo
f; Re (8., 01,18, 019, ) o

(26)

For an MSO A,= 0, + jw,, it is noted that AP 4, (wy |
a{i) AP, w /(wd | Ud) Awpr /(wd | Ud) and Aw’ pr, z(”}d | Gd) are the
constant complex numbers, and the product of Aw,, ;(w, | 0,)
and Aw P”(”’d | 0, is a real number. Therefore, (9) is further
equivalent to (27) on the basis of (20).

K =

(w4lo)Aw ”(”/d|‘7,/)

2 < (ARW,/‘(WHUA) = APjpc— /(”’AUA)) Aw;,-,,-(”’ﬂcd))
(&

]Jrl

= Re A])m /(wr{ |O-r/) APARC—IVZ,/ (ll/{[ |O-r/)
Aw, (ws]0,)

@27

By comparing (9) with (22) and (27), it can be seen that the
proposed damping coefficient in (9) is always equivalent to the
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relevant eigenvalue, that is, (28).

Aq
d,i

Re(d,) = — (28)

pryi

Equation (28) is general for the arbitraty types of control
schemes of FCWG, which can be applied for investigating the
interested MSOs of FCWG. Then, the application of (28) for
estimating the eigenvalue of an interested MSO of FCWG is
given as the following steps.

Step 1: Collect the signals AP pc,, (), AP, (/) and
Aw,, (7 at the i-th PMSG in a period.

Step 2: Conduct the Pourier transform of AP, ;(7) (ot
Aw,, (7)) to obtain its frequency-amplitude charactet-
istic, from which the angular frequency of dominant
MSOs can be observed, i.e., the imaginaty parts of
eigenvalues of dominant MSOs.

Step 3: Choose an interested MSO at the angular frequency
wyand give 0 an initial value as o;= 0.

Step 4: Calculate K;;iiw‘/.

Step 5: If abs(—K;;/ijW /H,,;—0,) is smaller than an
acceptable error ¢, go to Step 7; otherwise, go to Step
6.

Step 6: Update 0, as ;= 0, = rand go to Step 4. It is
noted that r/¢ should be smaller than 107"

Step 7: Output the estimated eigenvalue.

Compared with the traditional eigenvalue analysis, the pro-
posed steps using EFA demonstrate an obvious advantage: only
the signal processing is needed, and the complex modelling of
the FCWG-penetrated power system can be avoided.

6 | CASE STUDIES

In this section, the mode screening-based EFA is firstly verified
in a single-machine infinite-bus (SMIB) power system. Then, the
mode screening-based EFA is applied to quantitatively investi-
gated the damping feature of multiple types of MSOs of FCWG
in a 4-machine 2-area (4M2A) power system.

6.1 | Verification of mode screening-based
EFA in an SMIB power system

The correctness of (28) is firstly verified in an SMIB power sys-
tem. The line diagram of this SMIB power system is illustrated
in Figure 6. There is an FCWG installed at bus 2 with no ARC.
The base capacity of this SMIB power system is 100 MVA. A
step-up disturbance happens to PMSG at 0.2 s and its mechani-
cal power becomes 1.1 times of the original value, which lasts for
0.1 s. There is no disturbance on the external grid. In this case
study, PMSG and MSC are actually decoupled from the exter-
nal grid. The parameters of FCWG and traditional synchronous
generator are given in the appendix.

1 |
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- 2 L
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FIGURE 6 Line diagram of an SMIB power system with an FCWG
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FIGURE 7 The plot of AP,,;(?) in an SMIB power system

3
3 x10

25

NS

Amplitude/p.u.
— :

(=)
W
T

0 0.5 1 1.5 2 2.5 3
Frequency/Hz

FIGURE 8  The Fourier transform of AP, 1 (2) in an SMIB power system

The plot of AP,, ;() and its amplitude-frequency character-
istic are given in Figures 7 and 8. Since the purpose of this case
study is to verify the correctness of (28), the eigenvalue of an
interested MSO is directly given, that is, 1, = -0.0883 =+ j3.0530.

Then, the calculation of —Ki‘{ /HPf,l is conducted, and the

result is —0.0883 (i.e., —K[i‘{/hfpm = —0.0883). It can be seen
that (28) is valid.

The steps proposed at the end of Section 5 can be feasible,
and the estimation of the interested eigenvalue using the pro-
posed steps will be carried out in the next subsection.
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4l | Interested frequency Real eigenvalue Estimated eigenvalue
0.41 Hz (inherent) —0.0761 £ 2.5889j —0.0761 + 2.5761j
-8 ‘ ‘ ‘ 1.54 Hz (inherent) —0.0997 £ 9.6595j —0.0998 + 9.6761j
0 20 40 60 80 100
Time/s
FIGURE 10  The plot of AP,,(?) in Scenario 1 of a 4M2A power system

6.2 | Application of mode screening-based
EFA in a 4M2A power system

The line diagram of a 4M2A power system is given by Figure 9.
There is an FCWG installed at bus 5 with the integration of an
ARC. The base capacity of this power system is 100 MVA. The
parameters of FCWG and traditional synchronous generators
are given in the appendix.

6.2.1 | Scenario 1 (machine-side disturbance)

In Scenario 1, there is no disturbance on the external power grid,
but a disturbance occurs to the mechanical power of PMSG at
0.2 s and its value becomes 1.05 of the original one, which lasts
for 0.1s.

The plot of AP,, () is given in Figure 10, and the Fourier
transform of AP,, ; (7 is given in Figure 11. It can be seen that
there are two inherent MSOs excited at 0.41 Hz and 1.54 Hz,
which are selected as the interested ones. The imaginary parts of
the interested eigenvalues are estimated as 277 X 0.41j = 2.5761j
and 27t X 1.54) = 9.6761;.

According to the mentioned Steps 1-7 at the end of Sec-
tion 5, the real parts of eigenvalues of the inherent MSOs at
around 0.41 Hz and 1.54 Hz are estimated. The results are listed
in Table 1. It is noted that the real eigenvalues are calculated

from the state matrix, which acts as a comparison. It can be
found that the numerical estimation from the proposed Steps
1-7 has a high accuracy.

Through the study in Scenario 1, it can be revealed that the
machine-side disturbances such as continuous wind fluctuations
will only trigger the inherent MSOs, and the non-inherent MSO
will not be excited even if the ARC is installed. The damping
feature of the inherent MSOs of FCWG can be evaluated accu-
rately by the mode screening-based EFA proposed in this paper.

6.2.2 | Scenario 2 (grid-side disturbance)

In Scenario 2, there is no disturbance on the machine side of
FCWG originally. A disturbance occurs to the mechanical power
of Gy (i.e., a traditional synchronous generator in this 4M2A
power system) at 0.2 s and its value becomes 1.05 of the original
one, which lasts for 0.1 s.

The plots of AP, () and AP gc,1(#) are given in Fig-
ures 12 and 14, and the Fourier transform of AP, () and
AP yRcyr () are given in Figures 13 and 15. It can be seen
from Figure 13 that there are three dominant MSOs at 0.41 Hz,
0.53 Hz, and 1.54 Hz monitored on the machine side of FCWG.
It is known from Figure 15 that the non-inherent MSO of
0.53 Hz is actually the inter-area oscillation mode of the exter-
nal power grid that is introduced by ARC to the machine side of
FCWG. While the MSOs of 0.41 Hz and 1.54 Hz are the inher-
ent ones of FCWG that are excited by the ARC. The imaginary
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TABLE 2 Application of EFA for estimating interested eigenvalues in

Scenario 2 of a 4M2A power system

Interested frequency Real eigenvalue Estimated eigenvalue

0.41 Hz (inherent) —0.0761 + 2.5889j —0.0760 % 2.5761]

0.53 Hz (non-inherent) —0.0682 + 3.3264) —0.0682 + 3.3301j

1.54 Hz (inherent) —0.0997 + 9.6595] —0.0998 + 9.6761]

part of the eigenvalue of the non-inherent MSO is estimated as
27 X 0.53j = 3.3301;.

According to the mentioned Steps 1-7 at the end of Sec-
tion 5, the real parts of interested eigenvalues are estimated. The
results are listed in Table 2. It can be found that the numerical
estimations from the proposed Steps 1-7 demonstrate a high
accuracy in Scenario 2.

Through the study in Scenatio 2, it can be seen that the
grid-side disturbances can be propagated to the machine side
through ARC and excite the inherent MSOs of FCWG. The
non-inherent MSO of FCWG can be only triggered by the grid-
side disturbances and introduced by ARC to the machine side
of FCWG. The damping feature of both types of MSOs can
be assessed by the mode screening-based EFA proposed in this

paper.

6.2.3 | Scenario 3 (machine and grid-side
disturbances)

In Scenario 3, a three-phase short-circuit fault occurs to the
external power grid at 0.2 s, which lasts for 0.1 s. Meanwhile,
a continuous disturbance happens to the mechanical power of
PMSG.

The plot of AP,, () and its Fourier transform are given in
Figures 16 and 17. It can be seen that the three-phase short-
circuit fault of the external power grid can bring a great risk to
the machine side dynamics of FCWG through ARC.
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TABLE 3  Application of EFA for estimating interested eigenvalues in
Scenatio 3 of a 4M2A power system

Interested frequency Real eigenvalue Estimated eigenvalue

—0.0761 % 2.5761]

0.41 Hz (inherent) —0.0761 + 2.5889j

—0.0681 + 3.3301j

0.53 Hz (non-inherent) —0.0682 + 3.3264j

1.54 Hz (inherent) —0.0997 + 9.6595) —0.0998 + 9.6761]

The real parts of eigenvalues of the interested MSOs are esti-
mated, and the results are listed in Table 3, which still shows a
high accurate.

Through the study in Scenario 3, it can be indicated that the
superposition of grid-side short-circuit fault and machine-side
disturbance of FCWG can pose a great threat to machine-side
dynamics of FCWG. Both disturbances would contribute to the
amplitude of the inherent MSOs. The proposed EFA still pos-
sesses a high accuracy in this case.
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6.24 | Scenario 4 (modal resonance)

In Scenario 4, the setting of the machine and grid-side distur-
bances is same with that in Scenario 3, but the setting of parame-
ters of MSC is different from those in Scenatio 3. The frequency
of the inherent MSO becomes closer to that of the non-inherent
MSO in this scenatio.

The plot of AP,, () and its Fourier transform are given in
Figures 18 and 19. It can be seen that the amplitudes at 0.53 Hz
and 0.58 Hz are much larger than the two in Scenario 3. There
are three dominant MSOs at 0.53 Hz, 0.58 Hz and 1.48 Hz.
Among them, the MSO of 0.53 Hz is the non-inherent one
introduced by ARC, and the MSOs of 0.58 Hz and 1.48 Hz are
the inherent ones. The real eigenvalues and estimated eigenval-
ues ate list in Table 4.

Through the study in Scenario 4, it can be concluded that the
improper parameter settings of controllers can cause the modal
resonance between the inherent and non-inherent MSOs of
FCWG. The proposed EFA can accurately estimate the damp-
ing feature of MSOs to reduce this potential risk.
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TABLE 4
Scenatio 4 of a 4M2A power system

Application of EFA for estimating interested eigenvalues in

Interested frequency Real eigenvalue Estimated eigenvalue

0.53 Hz (non-inherent) —0.0751 £ 3.3227j —0.0752 £ 3.3301j

0.58 Hz (inherent) —0.0799 £ 3.6447j —0.0799 + 3.6442j

1.48 Hz (inherent) —0.0889 + 9.3138; —0.0890 = 9.2991]

7 | CONCLUSION

In this paper, a mode screening-based EFA is proposed and
conducted for MSOs of FCWG, and its consistency with the
eigenvalue analysis is strictly revealed considering the arbitrary
control schemes of FCWG in the multi-machine environment.
On this basis, the proposed EFA is applied to investigate the
damping feature of multiple types of MSOs of FCWG in differ-
ent scenarios through the case studies of the SMIB and 4M2A
power systems.

The key findings of the paper are listed as follows: (i) the
inherent MSO of FCWG can be excited by the machine-side
disturbances, while the non-inherent MSO would not be excited
by the machine-side disturbances regardless of the installation
of ARC. The damping feature of inherent MSOs of FCWG can
be accurately investigated by the proposed EFA accurately and
efficiently; (if) when ARC is used, the gtid-side oscillation mode
excited by the grid-side disturbances can be introduced to the
machine side of FCWG and becomes the non-inherent MSO.
The inherent MSOs of FCWG can also be excited by the prop-
agation of grid-side disturbances through ARC. The proposed
EFA can perform satisfactorily in obtaining the damping fea-
ture of both the inherent and non-inherent MSO introduced by
ARG; (iii) the superposition of grid-side short-circuit fault and
machine-side disturbance of FCWG can significantly deteriorate
the machine-side dynamic performance of FCWG especially for
inherent MSOs in terms of the oscillatory amplitude, and the
accuracy of the estimated damping feature of MSOs can be also
guaranteed under more severe disturbance condition; and (iv)
when the frequency of the inherent MSO is closer to that of the
non-inherent MSO introduced by ARC, the severe modal reso-
nance can be triggered on the machine side of FCWG, and the
accuracy of the proposed EFA can be still ensured under this
resonance condition.
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APPENDIX A
Parameters in an SMIB power system
The parameters of PMSG are as follows [8]:

ppm,l =1.0 pu, H?”,l = 8.0 S, ){},{/’1 =0.2 pu,

)(/7%1 =0.2 pu, )(Pf’l = 0.02 p-u.
where X, 1 is the d-axis reactance of the stator winding; X}, | is
the g-axis reactance of the stator winding; and X, is the filter
reactance.

The parameters of MSC are as follows:

Kyppy =125 K,y = 70.0; K, = 0.08; K,_,; = 30.0;
Ky iy = 1LOLK, ;. = 10.0

The parameters of the traditional synchronous generator are
as follows [22]:

7y =8.0s; D=0; wy=314.0rad/s; Ty =5.0s;

Xy = 08paus X, = 0.4 pu; X = 0.05 pr; B,y = 0.6 pu.

where 7} denotes the inertia constant; /D denotes the natural
damping; @, denotes the synchronous angular frequency; 7”9

denotes the time constant of the field winding; X, is the d-axis
synchronous reactance; X, is the g-axis synchronous reactance;

’;is the d-axis transient reactance; and P, denotes the initial
mechanical power.

Parameters in a 4M2A power system
The parameters of PMSG are as follows [8]:

Ppm,] =1.0 p-u.; Hr,] =8.0s; )(pd,l =0.2 p-u.;
quJ =0.2p.u; )(/’./‘,1 =0.02 p.u.

The parameters of MSC in Scenarios 1-3 are as follows:

Ky oy =105 K, 1 = 50.0; K, .., = 0.07; K,_,,; = 20.0;

K

pp—id,1 = 0.04; K_,',/J = 30.0

The parameters of MSC in Scenario 4 are as follows:

K,

s = 1055 K, = 92.0; K, = 0.07; K,_,,; =20.0;

Ky = 0.04; K,y =300

The parameters of ARC are as follows:

7, =03s; 7, =0.03s; 73 =0.3s; 7, =0.03s;
TW/ = 0.05 S, KW/ =0.8

The parameters of traditional synchronous generators are as
follows [22]:

7}’1 = 7_‘/,2 =117.0 S, 7]‘)3 = 7_‘/,4 =111.15 S,

Dl =D2=D3=D4=0;

wg = 314.0nad/s; Ty, =Ty, = Tjo s = Ty
Xd,l = Xd,Z = de = Xd,4 =0.2 p.u.;Xq’l = X,Z

=8.0s;

= )(7’3 = Xq’4 = 0.1889 pu,
X'ot = X2 = X453 = X'i4 = 0.0333 p.u; Py = 6.0 p.us;

]‘)”10’3 = 75 pu, ]JmO,Z = ]JMOA = 70 p.u.
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