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1 | INTRODUCTION

Abstract

A permanent magnet synchronous generator-based wind generation system has been
predominantly applied in wind farms. With the wide application of wind generation,
mechanical shafting attracts wide attention as torsional vibration problems may occur in
its mechanical rotational system, which can further affect the power system. The paper
first intentionally designs a two-open-loop two-mass shaft subsystem model to investigate
the interactions among wind turbine mass, generator mass, and machine-side converter,
that is, the machine-side dynamics. Then, a bilateral damping contribution analysis is
proposed to investigate the damping mechanism of these machine-side dynamics. The
impact mechanism of one dynamic on another through the damping contribution channel
can be revealed by modal analysis, indicating the coupling of different oscillation modes
and the complex interactions of machine-side dynamics. The established two-open-loop
two-mass shaft subsystem model and the proposed bilateral damping contribution
analysis with the identified damping contribution channel of the permanent magnet
synchronous generator-based wind generation system are validated.
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damping, oscillations, power system stability, renewable energy sources, wind turbines

types of wind power generation, the use of permanent magnet
synchronous generators (PMSGs) has been rapidly increasing;

Wind power generation has gained widespread adoption This is because PMSGs offer a simple structure, low power
globally due to its numerous advantages, such as being clean, generation cost, and other benefits compared to different types
environmentally friendly, and recyclable. Among the vatious of generators. As the integration of PMSGs into power
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systems continues to rise, researchers have been actively
investigating the stability analysis of such systems [1, 2].

One key atrea of focus, as seen in Ref. [3], is the electro-
mechanical interaction between PMSGs and the power system.
A reduced PMSG model is proposed in Ref. [4] to study
electromechanical oscillation. This model neglects the control
loop, which weakly interacts with the power system. Another
essential aspect studied in Ref. [5] is the subsynchronous
interaction between PMSGs and alternating current networks,
especially concerning the sustained power oscillation at sub-
synchronous frequency observed in Xinjiang Uygur Autono-
mous Region, China. The authors in Ref. [6] propose a
damping controller to deal with subsynchronous interaction in
wind integrated power systems. The impact of wind speed
variation on subsynchronous oscillation is emphasised in Ref.
[7]. The authors in Ref. [8] also verify the efficacy of the
proposed damping controller to alleviate the subsynchronous
oscillation when considering a three-phase fault. The authors
in Refs. [9, 10] analyse the modal interaction among the power
system with renewable energy or controllers. There are a lot of
modal analysis in Ref. [11] with the application of the partic-
ipation factors, but none of them focus on the interaction
among the machine-side dynamics.

To enhance the small-signal stability of PMSG-based po-
wer systems, various strategies have been proposed. For
instance, The authors in Ref. [12] present a torque compen-
sation strategy, while the authors in Ref. [13] introduce a new
controller for PMSG-based wind turbines. Additionally, re-
searchers have proposed modal shift evaluation in Ref. [14] to
quantify the interaction of different modes in power systems
integrated with full-converter-based wind power generation.

However, more detailed analyses of PMSGs have revealed
the significance of certain oscillation modes that cannot be
ignored in mechanical shafting instability [15]. To address this,
a multi-mass drive train model has been established in Ref.
[16]. Furthermore, the two-mass model is utilised in Ref. [17]
to examine the differences between the steady and dynamic
states of wind turbine mass and generator mass. The authors in
Ref. [18] observe the dynamic performance of PMSGs using
the two-mass model. In order to dampen the torsional oscil-
lation of the two-mass model of PMSG, a frequency converter
is designed in Ref. [19]. The effectiveness of the two-mass
model in analysing the mechanical shafting of the drive train
is evident from these studies.

The current study aims to explore the interactions between
the multi-mass model of PMSG and the power system, with
particular emphasis on the torsional oscillation modes of me-
chanical shafting and their connections with the electrome-
chanical modes of the power system. While some literature has
focused on control methods for two-mass PMSGs that can
operate at various speeds [20], others have investigated the in-
teractions between mechanical shafting and the electrical
components of the power system [21, 22]. However, there is still
a lack of sufficient research on the interaction mechanism in
PMSG, particularly concerning the machine-side electrome-
chanical dynamics, including electromechanical and torsional
modes. Therefore, this paper aims to fill this research gap by
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proposing a novel approach called bilateral damping contribu-
tion analysis (BDCA) to uncover the damping mechanism of
machine-side dynamics.

The concept of BDCA is derived from the damping torque
analysis, which is suitable for large-scale systems and typically
applied in the frequency domain [23]. Previous works have
successfully utilised damping torque analysis to evaluate sub-
synchronous torsional interaction in PMSGs with nearby tur-
bine generators [24] and to verify the effectiveness of static
synchronous compensator in mitigating subsynchronous reso-
nance (SSR) [25]. Additionally, researchers have studied the
damping mechanism of power system stabilizers (PSS) using
damping torque analysis [26]. Moreover, a generic imple-
mentation framework has been proposed to demonstrate the
damping mechanisms of power systems with induction
generator-based wind power generation [27]. A novel method
has been introduced to investigate the damping contribution
from doubly-fed induction generators to the power system [28].

Unlike the traditional damping torque analysis, which mainly
focuses on the damping torque's effect on the angular speed, the
BDCA approach can provide broader insights into damping
contributions, encompassing vatious oscillation modes. This
makes it suitable for evaluating the interactions between the
mechanical shaft and electrical components, as well as
the interplay between electromechanical and torsional modes in
the machine-side dynamics of PMSGs.

This paper presents a comprehensive investigation into the
interactions of machine-side dynamics in a PMSG-based wind
power generation system. In Ref. [29], a novel two-open-loop
two-mass model is developed, allowing for the study of elec-
tromechanical dynamics and the demonstration of interactions
between different dynamics. In this journal paper, a BDCA is
proposed to establish a damping contribution channel, enabling
a deeper understanding of the interaction mechanisms within
the machine-side dynamics. The main contributions of this
research can be summarised as follows: (1) Two-Open-Loop
Two-Mass Model: Apart from the established two-open-loop
two-mass model in the conference paper, the two-open-loop
two-mass model is used to construct the damping contribu-
tion channel of the machine-side PMSG, which is further ana-
lysed in BDCA. This model offers valuable insights into the
interactions  between different machine-side dynamics,
providing a clearer picture of how these components influence
each other. (2) BDCA: The paper introduces a novel approach
called BDCA to reveal the damping contribution channel in the
system. BDCA is a powerful tool to analyse the interaction of
various machine-side dynamics, shedding light on their com-
bined impact on the overall system performance. (3) Modal
Analysis and Participation Factors: To further explore the
interaction mechanisms, modal analysis is employed to study the
damping and frequency variations. Additionally, participation
factors are introduced to unveil the contributions of different
machine-side dynamics to specific modes, thus confirming the
existence and significance of the damping contribution channel.

The subsequent sections of the paper are organised as
follows: Section 2 is Modelling and Linearisation. It outlines
the process of linearisation and highlights the key
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characteristics of the model that make it suitable for studying
the interactions of machine-side dynamics. Section 3 is
Damping Contribution Analysis. The proposed damping
contribution analysis is elaborated in this section. The deriva-
tion of the channel's form is thoroughly presented, demon-
strating its effectiveness in capturing damping contributions.
Section 4 is Case Study. A comprehensive case study is con-
ducted in this section to verify the effectiveness of the pro-
posed damping contribution analysis and the feasibility of the
two-open-loop two-mass model. The results provide practical
evidence of the damping contribution channel's existence and
significance in the overall system dynamics. Section 5 is the
Conclusion. The paper concludes with a summary of the
findings and contributions. The significance of the developed
two-open-loop two-mass model and the damping contribution
analysis in understanding the interactions of machine-side dy-
namics is emphasised. Possible future research directions and
applications of the proposed approach are also discussed.

2 | TWO-OPEN-LOOP TWO-MASS
SHAFT SUBSYSTEM MODEL

A PMSG connected to the main grid is shown in Figure 1. In
order to study the damping contribution channel among
machine-side dynamics, the structure of the machine-side dy-
namics for PMSG is demonstrated in Figure 2, which contains
the two-mass shafting model and machine-side converter
(MSC). The mechanical shafting of PMSG includes three parts:
wind turbine, low-speed drive shaft, and generator. Unlike a
doubly fed induction generator (DFIG), there is no gearbox
between the wind turbine and generator, which significantly
simplifies the structure of PMSG for analysis. Thus, the wind
turbine can be regarded as a mass block, and the generator rotor
can be regarded as another mass block by using the lumped
model [10], which can therefore establish the two-mass model
sufficient to describe the mechanical shafting of PMSG and
would not miss the corresponding mode when analysing small-
signal stability.

2.1 | Open-loop subsystem model of wind
turbine mass

The linearised state space equation of wind turbine mass can
be represented as follows:

AXw = AwAXw + BwAXGu (1)

where Xy = [ow 5W]T is the state variable vector of wind
turbine mass, including the angular speed @y, and the me-
chanical rotation angle dyw. Xgar = [Xp2 Zp] T, where X is the
state variable vector of the MSC, Xpp = [xp1 Xpp Xp3] T, Xp1, Xp2s
Xp3 are state variables in different control loops of MSC, and
zp is the state variable vector of generator mass, Zp = [y
Wpsq @p Op) T Wpsd and Yy, are the direct and quadrature axis
flux linkage of the stator winding, wp is the angular speed of
the generator mass, and Jp is the mechanical rotation angle of
the generator mass. Ay and By are the corresponding state
space matrices.
Equation (1) can be fully represented as

Awy Awi Awiz| Aoy
ASy ow ] 0 ||Asy )
2
Bwy Bw| [AXp
+
0 0 ||azp

2.2 | Open-loop subsystem model of
generator mass and MSC

The linearised equation of generator mass and MSC is
AXom = AeuDX o + BeuAX w (3)
The above equation can be fully represented asfollows:

. AX A A AX B
A two-open-loop two-mass shaft subsystem model is pro- P2 _ oM oM12 p2 + GM1 AXy
posed below to reveal the damping mechanism of machine side AZp Acun  Acmz | | Azp Bem
dynamics of PMSG and their interacting damping contribution
channels. (4)
JX % P
ower
PMSG MSC| T |GSC L —= 1 | O
Grid FIGURE 1 A power system integrated with
PMSG.
: ; | | |
Wind turbine mass | Generator mass | |
| | |
T | Toat | 1 ///| Power
! —H MSC I 1 9SC I Grid
| § | | FIGURE 2 A power system with two-mass
| | I PMSG.
RIGHTS L1 N Hig
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whete Agprand .BGM are the corresponding state space .matrix. Al//ps ” A Dot Aple Apzl 5] [Axy

From Equation (4), the transfer function from different
dynamics to wind turbine mass can be calculated. Ay | = Apor Apz - Aps | | Axi (10)

_ Azp
CAXy

= ((pI-Agmz)—Acun (pI —AGM11)_1AGM12>

X (B + Acma (PI—Acw)” Boan)

Q.(p)

-1

(5)

AXp
Ox(p) = Xy
= ((pI-Acmu)—Acm(pI-Acmz) ™ Acmz) -
X (B + Acmz(pI—Acm)” Beom)
(6)
2.3 | Closed-loop model of machine-side

dynamics
The closed-loop model of the whole machine-side dynamics of

PMSG is established by integrating the two-open-loop sub-
system models together.

] -

It can be found that when calculating the statistics of the
matrixes in Equation (7), the mattix By is always a 0 matrix,

Aw Bw

7)

e

Boy Acm | |AXGm

which means that there are no direct dynamic interactions
between wind turbine mass and MSC. Then, the closed-loop
modes corresponding to wind turbine mass and MSC would
not be mutually exclusive when their open-loop modes are
coupled [30].

However, in order to find the exact dynamic interactions
among machine-side dynamics, the damping contribution
channel is established with the assistance of generator mass,
which is shown in detail as follows.

The state space equation of MSC represented by state
variables of generator mass can be described as follows [12].

AX py = AppAX pp + BpzAX st (8)

where AX,,1 = [Ayq Ayrys, Awp ]Tis the state variable vector
of generator mass directly related to MSC. App and By, are the
corresponding state space matrix.

Then, it can be obtained from (8) that

AX py1 = Bp, ' (pI—Ap2) AX (9)

The full representation of Equation (9) is

RIGHTS L1 N Hig

Awp Apst Aprzz Apess| | Dxps

Thus, the mechanical rotation angle of the generator
mass is

wp,] wpJ
Abp = %AG)P = %(ApzMAxpl + Apr32Dxpy + Apy330%p3)

Then, the relationship between generator mass and MSC
can be obtained, that is, the damping contribution channel.

Azp = A, AX (11)

where A,, is the relationship matrix from MSC to generator
mass representing the damping contribution channel; it clearly
demonstrates the existence of the generator mass damping
contribution channel A,,, which proves that generator mass
can act as a channel for MSC to provide damping for wind
turbine mass.

Then, the closed-loop model can be represented in
Figure 3, in which G(p) represents the transfer function from
generator mass and MSC to wind turbine mass.

3 | BILATERAL DAMPING
CONTRIBUTION ANALYSIS OF
MACHINE-SIDE DYNAMICS

When analysing the damping contribution channel among
machine-side dynamics, consider generator mass and MSC as a
whole, which can be seen from the existence of the damping
contribution channel to investigate the interactions among
machine-side dynamics.

3.1 | BDCA from the generator mass and
MSC to wind turbine mass

As has been analysed above, the direct interaction between
wind turbine mass and MSC is always 0, and thus the impact of
generator mass on wind turbine mass contains two parts, that
is, the dynamics of generator mass itself and the dynamics of
MSC. Then, in order to study how generator mass and MSC
affect the wind turbine mass, Q(p) can be differentiated into
two parts.

Q,_.(p) = (pI-Acm2) X Bom: (12)

Qz_X(p) = QZ(P)_Qz_z(p) (13)

where Q, ,(p) and Q, x(p) represent the transfer function
from the dynamics of the generator mass itself and MSC.

Equation (2) can be further transferred into the frequency
domain as Figure 4.
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FIGURE 3 Closed-loop model of machine-side

dynamics.

0:p)

Generator mass

Ox(p)

A 4

AXy MSC AXjpy <« A (p) [« Azp
G(p) |
Wind turbine mass
FIGURE 4 Linearised model of wind turbine
A p I AW]Z 4 mass.
¢ A OmigaW A DeltaW
O

By (pl-Aw)’ =

By, €4— AX,

The forward path from Azp and AX); to the electric torque
of wind turbine mass is

F,(p) = Bwr (14)

Fx(p) = Bwn (15)

Assume 4; is the ith oscillation mode of wind turbine mass,
and then AXy should be equal to y;Aw . Thus, it can obtain

ATw = F,(p) Q,(p)Azp + Fx(p) Qx(p)AX 2

(16)
= F.(p) Q,(p)Azp

Y Ny (17)
Uiw

AXW:

Vi

Thus, Yiw = P
Replace p with 4;,

ATw = F,(4) Q,(4)1iw (i) Aww
= F,(4) Q,_,(4)riw (ki) Aww (18)
+ F,(4) Q,_x (4i)viw (4i) Aoy

whete TCy, = F,(1,) Q, ,A)7iw(A;) is defined as the damping
torque coefficient of generator mass, and TCwx = F,(4;)

RIGHTS L1 N Hig

Q.. x(A)yiw(4;) is defined as the damping torque coefficient of
MSC.

The sensitivity of A; with respect to the damping torque
coefficient of the mechanical mode of the wind turbine, which
refers to the relativity of Awy to 4, is shown as follows.

04

OTCy WO (19)

Siw

where w;y and v; are the elements in A; associated left
eigenvector W; and right eigenvector v; corresponding to Aw .

Thus, the vatiation of the ith eigenvalue 4; in PMSG
caused by the dynamics of MSC can be assessed by employing

Siw:

Adi = Siw F(4) Q,_, (A)7iw (4)

(20)
+Siw Fx (4) Q,_x (4:)7:w (4)

3.2 | BDCA from wind turbine mass to the
generator mass and MSC

The transfer function from generator mass and MSC to wind
turbine mass can be obtained from Equation (1).

 AXy

Qam(p) = (pI-Aw) By (21)
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The full representation of generator mass and MSC can be
changed into
AXyx Bemn
AX y
Beom

Ay Agmz| |AXyx
= +
AX, Agmn Acm2| | AX,
(22)

where X, represents the state variables related to one cor-
responding mode of generator mass and MSC, and X, is the
remaining variable of Xgas

Equation (22) can also be represented as a similar structure
as Figure 5.

Then, the forward path from wind turbine mass to
generator mass and MSC can be obtained

Eyx(p) = Bom + Agmz (pI_AGMZZ)_1BGM2 (23)

Assume /; is the jth oscillation mode of generator mass and
MSC, then AXgps should be equal to 7;,AX,,, then

-
VidXyx = AX gy = v—’AX,,,X (24)
Twx
Thus, 7; = 7=
Jwx

Replace p with 4,
ATyx = Fyx (’11’) Qom (ﬂj)yj‘ ()'f)AXII/X (25)

where TC,x = F,x(4) QamA)yi(4) is defined as the corre-

Thus, the variation of the jth eigenvalue 4; can be assessed
by employing Siyn.

Ay = Sjy/x Eyx (/1]) Qom (ﬂ]‘)y]— (’1]) (27)

4 | CASE STUDY

41 |

The example power system

The effectiveness of the proposed two-open-loop two-mass
model is verified using the system in Figure 1, damping
contribution analysis, and the existence of the damping
contribution channel. A 15th-order PMSG with synchronous
reference frame-phase locked loop dynamics uses the reactive
power control with a constant power factor (0.95). The pa-
rameters of the example system and controllers of a PMSG in
Ref. [31] are used. The control strategies of MSC and grid-side
converter (GSC) of PMSG are shown in Figures Al and A2.

The parameters of the mechanical shafting are calculated using
the data in Refs. [16, 32].

4.2 | 'The closed-loop modal analysis

The closed-loop oscillation modes of the machine-side dy-
namics when the shafting stiffness coefficient K,,,, = 1 are
represented in Table 1; the column of associated variables lists
the main participation factors related to corresponding modes.
The major participation factors are at least twice that of other
participation factors through observed data.

sponding damping contribution coefficient. TABLE 1 The closed-loop modes of machine-side dynamics.
The sensitivity of 4; with respect to the damping torque Frequency —Damping Participation
coefficient is shown as follows. No. Awi (Hz) ratio factors
ol 1 —2.5000 £ 22.2205; 3.5365 0.1118 Aypsa
i
Sjyx = ATC.. = Wi (26) 2 00770 + 224953 3.5802 —0.0034 Ay, Axp
wx
3 —2.576 + 3.75641 0.5979 0.5656 Awp Axy
where @), and v, are the elements in A; associated left 4 —0000 + 03689  0.0587 0.0022 Ady Awy
eigenvector W; and right eigenvector v; corresponding to
g 4 & g J P s 5 —3.5738%—16 0 1 Abp
AX,x
| A Xyx
BGle (p[-AGEVIl 1) I
Az Acin AXy
AXW ’
-1
FIGURE 5 Linearised model of generator I (P['A GMZZ) BG)WZ
mass + MSC. AXr
RIGHTS I L)
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It can be seen that the machine-side dynamics mutually
interact with each other, especially the generator mass and
MSC, which can be observed from the participation factors of
the closed-loop modes, which verifies the feasibility of putting
MSC and generator mass together when analysing the damping
contribution to wind turbine mass.

The participation factors for wind turbine mass and MSC
modes in this condition are shown in Figure 6. The green bar
represents the state variables related to wind turbine mass, the
red bar represents that of MSC, and the purple bar represents
generator mass.

It can be seen that although there is no direct damping
contribution from MSC to wind turbine mass, there are some
participation factors of MSC existing in the mode of wind tur-
bine mass, which means that there must be a damping contri-
bution channel that assists MSC in having a damping effect on
wind turbine mass. The existence of the damping contribution
channel will be verified by BDCA, shown as follows.

Mode 2

e
o)

o
n

N
~

Participation Factor
=3 =]
[S8] W

(=}
—_

O L L L l 1
JW @y O"P @, wsdg/z xpl xp2 xp3

y2 psq
g-axis current control inner loop

0.6

4.3 | Validation and demonstration of BDCA
43.1 | BDCA from generator mass and MSC to
wind turbine mass

When wind turbine mass is chosen as the subsystem to analyse
damping contribution from generator mass and MSC, the re-
sults using BDCA are shown as follows, where the range of
shafting stiffness coefficient is calculated according to [33-35].
As the stiffness coefficient is a significant parameter that in-
fluences the drive train that connects generator mass and wind
turbine mass, the stiffness coefficients of 1, 5, 10, 15, 20, and
25 are taken for analysing the damping contribution analysis in
the two-mass shaft model, respectively.

Table 2 shows that, with the increase of shafting stiffness
coefficient, the damping contribution from generator mass and
MSC to wind turbine mass gets larger, which means the
damping contribution channel becomes wider with the increase

Mode 3
0.6 . » .

Participation Factor

JW @y JP w, z/}}sdz/z xpl xp2 xp3

P psq
rotor speed control outer loop

o
W

<
n

Participation Factor
o =)
8} W

e
=

wR

s 1/),1)-911 xpl xp2 xp3

wind turbine mass

FIGURE 6 The participation factors of wind turbine mass and MSC modes.
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TABLE 2 The damping contribution

Awi

a
/1Dwi

b
j'Rwi

analysis from generator mass and MSC. Kow A
1 0.0000 + 0.3780:
5 0.0000 + 0.8452;
10 0.0000 + 1.1952;
15 0.0000 + 1.4639:
20 0.0000 + 1.6903:
25 0.0000 + 1.8898:

—0.0008 + 0.3689%
—0.0146 + 0.7559¢
—0.0411 + 0.9742:
—0.0682 + 1.1009Z
—0.0926 + 1.1843;

—0.1138 + 1.2430¢

—0.0008 — 0.0090z
—0.0147 — 0.08437
—0.0419 — 0.2000z
—0.0708 — 0.3175¢
—0.0984 — 0.4312;

—0.1236 — 0.5399:

—0.0008 — 0.0091Z
—0.0146 — 0.0892:
—0.0411 — 0.2211:
—0.0682 — 0.3629:
—0.0926 — 0.5060z

—0.1138 — 0.6468:

*Apwi represents the variation calculated by BDCA.

®ARei represents the real variation between Ay, and Ay

TABLE 3 The damping contribution analysis from generator mass

and MSC.

Ko TCyy, TCwx

1 —0.1568 — 0.08347 0.1552 + 0.0654:
5 —0.4165 — 0.50497 0.3872 + 0.3362;
10 —0.5181 — 0.9094¢ 0.4344 4 0.5094:
15 —0.5577 = 1.2270¢ 0.4161 + 0.5921;
20 —0.5750 — 1.4941: 0.3783 + 0.6317:
25 —0.5819 — 1.7282: 0.3348 + 0.6484:

of stiffness coefficient, resulting in a stronger interaction
among machine-side dynamics.

To validate the existence of the damping contribution
channel of generator mass from MSC to wind turbine mass,
the damping contribution of generator mass and MSC is
calculated, respectively, as shown in Table 3. On one hand, it
can be seen that the effect of MSC on wind turbine mass is
always negative, while the effect of generator mass on wind
turbine mass is always positive. Because the damping contri-
bution from generator mass is larger than that of MSC, that is,
the damping effect on the wind turbine mass from generator
mass suppresses that from MSC, covering the effect of MSC
on the wind turbine mass.

On the other hand, the larger the shafting stiffness co-
efficient, the larger the damping contribution. In this condi-
tion, the path from MSC to wind turbine mass through the
damping contribution channel of generator mass becomes
wider, which can show the importance of stiffness coefficient
for the mechanical shaft in the interaction of machine-side
dynamics.

In order to further study the interaction of machine-side
dynamics, the participation factors of different state variables
in the closed-loop oscillation mode of wind turbine mass in
different values of shafting stiffness coefficient Ky, are shown
in Figure 7, where the green bar series represents the state
variables related to wind turbine mass, the red bar series rep-
resents that of MSC, and the purple bar series represents that
of generator mass. For one state variable, the stiffness coeffi-
cient increases from left to right. For example, for the state
variable x,1, the darkest red bar on the left represents the
participation factor where the stiffness coefficient is equal to 1,

RIGHTS L1 N Hig

the lightest red bar on the right represents the participation
factor where the stiffness coefficient is equal to 25, and the
middle one represents the participation factor where the
stiffness coefficient is equal to 10.

It can be seen that when the value of the stiffness coeffi-
cient increases, the participation of generator mass and MSC in
the mode of wind turbine mass will also increase, especially the
state variables of the rotor speed control outer loop of MSC,
which means that when the stiffness coefficient increases, the
shaft will become stiffer, the connection between the wind
turbine mass and the generator mass will become tighter, and
the wind turbine mass will be more easily affected by the
damping contribution channel generator mass. Therefore,
MSC can have more effect on wind turbine mass through the
damping contribution channel in this condition, which is
consistent with the damping contribution analysis.

Moreover, it can be observed that the participation of
generator mass and MSC is always coupled, which is the same
as the result of modal analysis, thus verifying the effectiveness
of putting generator mass and MSC together when conducting
damping contribution analysis.

4.3.2 | DCA from wind turbine mass to generator
mass and MSC

When generator mass and MSC are chosen as the subsystem to
analyse the damping contribution from wind turbine mass, the
results using DCA are shown as follows. Tables 4-7 show the
different modes of the temaining machine-side dynamics
affected by wind turbine mass.

Table 4 shows the damping contribution from wind tur-
bine mass to the rotor speed control outer loop of MSC. When
the stiffness coefficient gets larger, wind turbine mass can
interact with MSC more easily, i.c., the damping contribution
channel becomes wider for wind turbine mass.

Table 5 shows that wind turbine mass makes tiny damping
to the g-axis current control inner loop of MSC, and with the
increase of stiffness coefficient, the interaction among these
dynamics becomes larger while far smaller than that of the
rotor speed control outer loop.

Table 6 shows that the d-axis current control inner loop of
MSC has no interaction with wind turbine mass, no matter
what the value of the stiffness coefficient is.
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FIGURE 7 The participation of the three parts
in different conditions.

TABLE 4 The damping contribution
analysis of the rotor speed control outer loop.

TABLE 5 The damping conttibution
analysis of the g-axis current control inner

02r 1
0.1F 1
0
9y wy, xpl I, 5
Kww=1,10,25
Kyw Agoi Aroi ApRoi® ArRoi”
1 —2.5770 + 3.75611 —2.5762 + 3.7564: 0.0008 + 0.00032 0.0008 + 0.0003z
10 —2.6222 + 4.76751 —2.5813 + 4.7953; 0.0417 4 0.0270z 0.0409 + 0.0278:
25 0 0 0 0
*ADRoi represents the variation calculated by BDCA.
A RRoi represents the real variation between Ag,; and /bga'.
Kow Agi g Apgi® Argi”
1 0.0770 + 22.4953; 0.0770 + 22.4953: 0.0000 + 0.0000z 0.0000 + 0.0000z
10 0.1222 + 22.5092z 0.1224 + 22.5092z 0.0001 + 0.0000z 0.0001 + 0.0000z
25 0.2003 + 22.5349: 0.2012 + 22.53521 0.0009 + 0.0003z 0.0009 + 0.0003z

loop.

"Apqi represents the variation calculated by BDCA.

bqu, represents the real variation between A,; and 4.

TABLE 6 The damping contribution
analysis of the d-axis current control inner

Kopw Adi Adi Apdi® Ardi®

1 —2.5000 + 22.2205: —2.5000 + 22.2205: 0.0000 + 0.0000z 0.0000 + 0.0000z
10 —2.5000 + 22.2205: —2.5000 + 22.2205: 0.0000 + 0.0000z 0.0000 + 0.0000z
25 —2.5000 + 22.22052 —2.5000 + 22.2205: 0.0000 + 0.0000z 0.0000 + 0.0000z

loop.

*Apd; represents the variation calculated by BDCA.

b ARai represents the real variation between Ag; and 4.

TABLE 7 The damping contribution
analysis of generator mass.

Kow g lgi Apgi Argi”

1 0 0 0 0

10 0 0 0 0

25 —2.7003 + 0.1121z —2.5874 + 6.0837: 0.1129 + 0.1162: 0.1226 + 6.1999:

SﬂDgi represents the variation calculated by BDCA.

bﬂRg,v represents the real variation between dg; and 4.
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Table 7 and Figure 8 show that when the stiffness coeffi-
cient is small, there is no mode related to generator mass.
Because of the coupling of generator mass and MSC, especially
the coupling of generator mass and the rotor speed control
outer loop, when there is a mode related to the rotor speed
control outer loop, the generator mass will have no oscillation
mode, and vice versa, which means that when the stiffness
coefficient gets more significant to some extent, the mode
related to the rotor speed control outer loop may disappear and
transfers to the mode of generator mass, which is consistent
with Table 4 and verifies the strong coupling of generator
mass and MSC and further verifies the correctness of

combining these two dynamics together when analysing
damping contribution.

Tables 2—7 can be further presented as Figure 9. It can
clearly show that the interaction among machine-side dynamics
has the opposite effect on generator mass and MSC with
respect to wind turbine mass. The oscillation modes of
generator mass and MSC will become deteriorative, while that
of wind turbine mass will be improved, and in this situation,
the positive/negative damping contributions in the form of
complex numbers can be understood as the possible variation
of the real part of the eigenvalue is negative/positive, that is,
generator mass and MSC can add negative damping to wind

FIGURE 8 The trace of the eigenvalue for AImag
generator mass.
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turbine mass and can reduce the oscillation frequency, which
can improve the oscillation mode; The wind turbine mass
would add positive damping to generator mass and MSC and
increase the oscillation frequency, which is not beneficial for
the stability of MSC and generator mass.

In order to further study the interaction of machine-side
dynamics, the participation factors of different state variables
in the closed-loop oscillation modes of generator mass and

MSC in different values of shafting stiffness coefficient Ky,
are shown in Figures 10-11.

It can be seen from Figure 9 that with the increase of
stiffness coefficient, the wind turbine mass would participate
more in the mode of the rotor speed control outer loop of
MSC, which verifies their interaction through the channel of
generator mass. It can also be seen that the generator mass and
MSC are coupled with each other tightly, and with the increase

06 T T T T T

0.5

Participation Factor
o o
W =

S
o

0.1

w xpl J xp2 Y J

P Psq
Kww=1,10,25

; FIGURE 10 The participation factors of rotor
speed control outer loop.
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P FIGURE 11 The participation factors of the g-
axis current control inner loop.
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of stiffness coefficient, the generator mass occupies a more
significant proportion in this mode, which means the generator
mass acts as a more critical channel when the shaft becomes
harder.

From Figure 10, it can be seen that the interaction between
the g-axis current control inner loop and wind turbine mass
hardly changes with the variation of the width of the damping
contribution channel, and the participation of wind turbine
mass in this mode is non-existent, which means no interaction
among machine-side dynamics in the g-axis current control
inner loop.

4.4 | Time domain simulations

Time domain simulations are used to verify the effectiveness of
the proposed model and damping contribution analysis. A
disturbance is performed in the PMSG-based wind generation
system (WGS). At ¢ = 0.2 s, the wind speed of PMSG is
changed, and subsequently, it returns to the same as before the
disturbance after 100 ms. The simulation results are shown in
Figure 12.

Under the condition of keeping other parameters un-
changed, increase the shaft stiffness coefficient K, from 10
to 25. Figures 12(a—c) illustrate the dynamic performance of
power angle and angular speed for wind turbine mass and the
point of common coupling voltage.

It can be seen that the oscillatory frequency of wind tur-
bine mass is relatively small, which verifies the results of the
modal analysis. Choose the simulation of active power output
Pe as an example. As shown in Figure 13, the larger the K, is,
the higher the oscillation frequency and the damping ratio of
the output power, which verifies the results of the interaction
of machine-side dynamics and furtherly verifies the existence
of the damping contribution channel.

5 | DISCUSSION

Based on all the analyses above, some key findings with respect
to the damping contribution channel among machine-side
dynamics of PMSG-based WGSs are summarised below.

(1) MSC would not interact with wind turbine mass directly
because of their decoupling, which can be observed from
the transformation matrix of the closed-loop model.
However, it can indirectly interact with wind turbine mass
through the damping contribution channel of generator
mass;

(2) The stiffness coefficient is positively related to the oscil-
lation frequency and damping for the coupling modes of
generator mass and MSC;

(3) From the participation factors of the three machine-side
dynamics, the rotor speed control outer loop interacts
mainly with the wind turbine mass, while the current con-
trol inner loop has no interaction with wind turbine mass;
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FIGURE 12 The time domain simulation in different stiffness
coefficient conditions.

(4) The interaction of machine-side dynamics will become
more significant when the mechanical shafting stiffness
coefficient becomes larger as the connection between
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FIGURE 13 Active power response to a small disturbance with
different shaft stiffness.

generator mass and wind turbine mass will become
tighter, providing a wider damping contribution channel
for MSC.

6 | CONCLUSION

The proper understanding of interactions among machine-side
dynamics in a PMSG is vital for its efficient operation. As the
PMSG is isolated from the power system through a full-power
back-to-back converter and the GSC is decoupled from the
MSC via the direct current capacitor, the machine-side dynamics
stand alone, unaffected by other components. Therefore, it
becomes crucial to investigate the interplay between the MSC
and the mechanical shaft.

A novel two-open-loop two-mass model is proposed to
delve into the intricate interaction of machine-side dynamics in
PMSGs. The primary goal is to gain a better understanding of
how the MSC and the mechanical shaft influence each othet's
behaviour. To achieve this, the study utilises damping contri-
bution analysis, complemented by modal analysis, to analyse
the response of the system.

The investigation reveals some noteworthy findings:

Indirect interaction through damping contribution chan-
nel: Interestingly, the analysis uncovers that there is no direct
interaction between the wind turbine mass and the MSC.
However, they indirectly influence each other via a damping
contribution channel formed by the generator mass. This
intricate interaction mechanism highlights the complexity of the
PMSG system.

Role of mechanical shaft stiffness coefficient: The study
emphasises the pivotal role played by the stiffness coefficient
of the mechanical shaft. As this coefficient gains significance,
the interaction between the machine-side dynamics intensifies.
This effect is attributed to the enhanced integration between
the wind turbine mass and the generator mass, allowing the
MSC to exert a more pronounced influence on the wind

RIGHTSE LI MN iy

turbine mass through the broader damping contribution
channel.

In conclusion, this paper underscores the importance of
investigating the interactions among machine-side dynamics in
PMSGs. The proposed two-open-loop two-mass model, along
with the damping contribution analysis and modal analysis,
offers valuable insights into the subtle interactions between the
MSC and the mechanical shaft. Notably, the research sheds
light on the impact of the mechanical shaft's stiffness coeffi-
cient on the depth and complexity of these interactions. Such a
comprehensive understanding holds immense potential for
optimising the performance and stability of PMSG-based wind
power generation systems.
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APPENDIX The GSC of PMSG adopts vector control, and its control

The MSC of PMSG adopts vector control, and its control strategy is shown in Figure A2.
strategy is shown in Figure Al.

Rotor speed control outer loop g-axis current control inner loop

MSC

I
I
1
I
1
|

p3
@, qu 1 psq |

d-axis current control inner loop

FIGURE A1 Configuration of the control system of the MSC of the PMSG, where K;1, K,», and K,;5 are the gains of integral controllers, and K1, K,y
gu ) pil> Bp P & g opL> Bpp2,
an 5 are the gains of the proportional controller; for stator windings, X4 an are the d and g-axis reactance. I,y and L, are the currents o .
d Ky the gai f the proportional ller; fa indings, X,q and X, he d and g-axi I, d Iy, h f PMSG.
Lycarepand Lygperare their relevant references. Visgrerand Viggperare corresponding terminal voltage references. @,, is the angular speed of PMSG, and @y,is the
reference of @y, Wy, is the flux of the permanent magnet.

DC voltage control outer loop d-axis current control inner loop
K
4
Vpdcref — " &
+ K s | T
VPdC S xp4
6 7
Qpref — s + I peqref+ 7
+ K pi6 + - pil
Qp S Xp6 1 peq S
Reactive power control outer loop g-axis current control inner loop

FIGURE A2 Configuration of the control system of the GSC of the PMSG, whete I, and I, are the d and g-axis components of output current from
the GSC, respectively; Vpcd and Vpcq are the references of terminal voltage; Vpd and qu are the voltages of the PCC; I/pdc is the DC voltage across the capacitor;
Qpreis the reference of the reactive power control outer 100p; Lyedrer and Lyqrer are the references of current control inner 100ps; Vygereris the reference of the
DC voltage control outer loop; is the reactive power output from the GSC. DC, direct current; PCC, point of common coupling,

g p; Kp p p pling
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