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Mechanism Analysis of Modal Resonance in
Converter-based Power Systems

Xianyu Zhou, Sigi Bu, Senior Member, IEEE

Abstract—The increasing integration of renewable energy and
power electronics has brought various oscillation issues due to
open-loop modal resonance, while the essential mechanism of
open-loop modal resonance has not been fully discovered yet. In
this connection, this paper firstly proposes the concept of
participation factor transition (PFT), revealing the existence of
PFT in open-loop modal interactions and the necessity of
untraceable PFT in modal resonance. Secondly, participation
factor transition analysis (PFT analysis) is conducted to
investigate the contribution of PFT to modal interactions. Two
categories of the PFT phenomenon, named participation factor
conservation law (PFCL) and borrowing participation factor law
(BPFL), are proposed to explain the essential mechanism of
modal interactions in power systems. Participation factor
transition index (PFTI) is proposed to determine whether PFT is
traceable and then identify the dominant state variables that
affect the modal interactions. Additionally, participation factor
transition control (PFT control) is proposed to solve the modal
resonance based on PFT analysis. Finally, the proposed
participation factor transition analysis and control (PFTAC) are
validated in two converter-based power systems, which not only
verifies the critical role of PFT in modal interactions but also
improves the small-signal stability of the power system.

Index Terms—~Participation factor conservation law (PFCL),
borrowing participation factor law (BPFL), dominant factors of
PFT, modal interactions.

|. INTRODUCTION

ITH the continuous increase of renewable energy

sources, the power system suffers from a series of

stability issues, such as modal resonance when the
converter is connected to a weak power grid [1]. To avoid
threatening the security caused by modal resonance [2], it is of
great significance to study the mechanism of modal resonance
in the converter-based power systems [3]-[5].

Numerous research efforts have used the open-loop model
to analyze the modal resonance in the power system. The
system can be modeled by using two open-loop models for
analysis, and each model represents a part of the power

This work was supported in part by the National Natural Science
Foundation of China for the Research Project under Grant 52077188, and in
part by the Hong Kong Research Grant Council for the Research Project under
Grants 15205424. (Corresponding author: Siqi Bu.)

Xianyu Zhou is with the Department of Electrical and Electronic
Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong,
China. (e-mail: 21039266R@connect.polyu.hk).

Sigi Bu is with Department of Electrical and Electronic Engineering,
Shenzhen Research Institute, Research Centre for Grid Modernisation,
International Centre of Urban Energy Nexus, Centre for Advances in
Reliability and Safety, Research Institute for Smart Energy, and Policy
Research Centre for Innovation and Technology, The Hong Kong Polytechnic
University, Kowloon, Hong Kong. (e-mail: sigi.bu@polyu.edu.hk).

system. The power system can be formed by integrating the
two sub-models, and the formation of the two subsystems is
called the closed-loop model. The modes associated with these
two open-loop models are called open-loop modes. Open-loop
modes can interact with each other to form closed-loop modes
when the two open-loop models are integrated, which is called
modal interactions. When two concerned open-loop modes are
closest to each other, modal interaction will turn to modal
resonance [6] and [7]. Therefore, understanding the interaction
mechanism between open-loop modes is essential. Different
types of modal interaction mechanisms are analyzed in [6]—
[10]. Residues are used in [8] and [9] to prove the open-loop
modal resonance when the two open-loop modes are the
closest. The modal resonance between the open-loop PMSG
mode and the open-loop power system mode is investigated in
[10] and [11] by applying damping torque analysis [12].

In addition to using the open-loop model to analyze modal
resonance, general modal resonance is proposed in [13],
extending the classification of traditional modal resonance
with open-loop modal resonance, modal instability[14], and
participation factors instability[15]. In the traditional modal
resonance, Dobson introduces that near strong modal
resonance and near weak modal resonance are caused by two
closely spaced modes. However, modal resonance being
strong or weak is a phenomenon, not a method for analyzing
modal resonance. When two open-loop modes are close to
each other and result in strong resonance, it can be regarded as
near strong modal resonance. When two open-loop modes are
close to each other while resulting in no obvious resonance, it
can be regarded as near weak modal resonance. And it only
focuses on two modes. However, modal resonance results
from the interaction of multiple modes, rather than just two
modes, as discovered in this paper. For modal
instability/participation factors instability, they mentioned
multiple modes, while the concept of “multiple modes” in this
method refers to the change of participation of state variables
in multiple modes. The approach is a tool to demonstrate
modal analysis before and after parameter perturbations and
explains the relationship between modes and participation
factors while not revealing the interaction of modes. And they
did not investigate the modal interaction caused by the
parameter perturbation, which cannot properly study the
modal resonance. In these references, a significant change of
participation factors (PFs) has been observed either under a
parameter perturbation or during the modal resonance.
However, the change of PFs has not been carefully
investigated, which may be the essential mechanism of modal
resonance and thus is worth further study.
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Existing research has acknowledged the significance of PFs.
Some new findings on PFs are uncovered in [16], presenting a
previously unknown method that reveals the complex nature
of PFs. The application of PFs is explored in the modal
voltage stability analysis of multi-infeed high-voltage direct
current (HVDC) systems, demonstrating their effectiveness in
assessing the impact of HVDC converters on voltage stability
and providing valuable insights for system design and
operation [17]. Imperialist Competitive Algorithm (ICA) and
PFs are combined to tune and determine the placement of PSS
to improve the stability of the South Sulawesi power system
[18]. However, PF in these references is mainly used to
identify the state variables that significantly affect a given
mode, and the exact relationship between relevant system
parameters and concerned mode or modal interactions cannot
be accurately quantified using PF.

Considering the above points, the mechanism of modal
interactions has been systematically investigated in this paper
by carefully studying the phenomena of participation factor
transition (PFT). The important relationship of PFT and modal
interactions is effectively revealed. The main contributions of
this paper are:

1) The concept of PFT is proposed to quantitatively prove
that the interaction of two open-loop modes is essentially
caused by PFT, which is also the essential mechanism of
modal resonance.

2) Participation factor transition analysis (PFT analysis) is
proposed to systematically investigate the detailed PFT
process in modal interactions. Two categories of PFT
phenomenon, named participation factor conservation law
(PFCL) and borrowing participation factor law (BPFL), have
been established in PFT analysis to explain the formation of
modal interaction via PFT explicitly. The proposed BPFL
indicates that the modal resonance is among multiple modes
and is caused by the untraceable PFT for the first time.
However, previous studies only focus on two concerned
modes to investigate the modal resonance and might not be
able to identify the real dominant state variables of PFT
associated with the rest of the modes.

3) Participation factor transition index (PFTI) is proposed as
a criterion to determine whether PFT is traceable and to
efficiently identify the associated key state variables of modal
interactions. In previous studies, the key state variables are
determined by the dominant PFs. However, in this paper, the
key state variables are determined by the dominant PFT,
which has been proven to be the intrinsic factor of modal
resonance.

4) Participation factor transition control (PFT control) is
proposed to fundamentally solve the modal resonance based
on PFT analysis and PFTI effectively.

The remainder of this paper is organized as follows. Section
Il proposes the concept of PFT. Section Il proposes PFT
analysis with two defined categories of PFT phenomenon.
Additionally, PFTI is proposed to identify the dominant state
variables of the modal interactions, and PFT control is
proposed to solve the modal resonance. Section IV gives two

study cases to verify PFTAC. Finally, Section V concludes the
paper.

Il. REVEALING THE KEY ROLE OF PARTICIPATION FACTOR
TRANSITION IN MODAL INTERACTIONS

A wind farm is connected to the power system as an
example. Denote one of the wind turbines as the “wind turbine
subsystem”, and the rest of the power system including other
wind turbines, as the “power system subsystem”. Appendix A
derives the open-loop state space model.

The closed-loop model is established by combining the two
open-loop subsystem models,

AX, = AAX, D
where X is the vector composed of all state variables of the
power system, and A, is the corresponding state space matrix of
the power system.

Wind turbine subsystem

| [AX, = AAX, +B,AV
Al =C,AX, + D,AV

Power system subsystem Al

{AXS = AAX; + BAl

AV =C,AX; + D;Al

Fig. 1. Closed-loop system model by combining two open-loop subsystem
models.

According to the mathematical properties of the eigenvalues,
for a real matrix A, if there are complex eigenvalues, they must
appear in conjugate pairs. Therefore, the sum of the eigenvalues
of the matrix is equal to the sum of the real parts of the
eigenvalues, and it is also equal to the sum of the diagonal
elements of the matrix A [20]. Since the real part of the
eigenvalue reflects the damping of the system, the sum of all the
eigenvalues of the system can be regarded as the total damping
of the system [21].

For an open-loop mode,
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The closed-loop mode /i is similar to the open-loop mode,
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Modal interactions are defined as the difference between the
closed-loop mode and open-loop mode[6], [7]. Subtract equation
(2) from (3) yields (4) as follows,
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Assume the following equations,
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Substituting equations (5)-(9) into equation (4),

AA = Z (Apwé +WiiViiAa ) + AR (10)
k=1

The variation of the diagonal elements is Aay . Based on the
definition of PFs, ps = 04i/0a«, PFs are relevant to Ady. The
remaining part that is neither related to the PFs nor the
diagonal elements is AF,.

Definition: PFT is the transition of state variables in the
mode. PFTy can be represented as Apidu + WiiViiAay for the
kh state variable in the i mode, which is combined by PF
variation Apy; and the diagonal elements Aay.

The definition of PFT reveals the transition of PFs from the
open-loop mode to the closed-loop mode. Based on the
definition of PFT, modal interactions (10) can be simplified
(11),

A% =) PFTq +AR

k=1

(11)

I11. PARTICIPATION FACTOR TRANSITION ANALYSIS AND
CONTROL

Based on the proof of the key role of the PFT above, two
categories of PFT are defined in PFT analysis based on the
pattern of PFT. PFTI is proposed as a tool to identify the
dominant PFs of the concerned modes.

A. Classification of PFT

In power systems, the relationship between modes in the
open-loop and closed-loop model can be divided into three
types for analyzing modal interactions: two modes are in the
same or different timescale, and the modes have no obvious
relationship with others. The transition is analyzed based on
the three types as follows.

Assume A, and /s are the open-loop eigenvalues of the wind
turbine subsystem and power system subsystem concerned,
and A, and A are their corresponding closed-loop modes.

1) Traceable Transition—PFCL

Traceable transition refers to the transition of the PFs can be
traceable from the two open-loop modes to their
corresponding closed-loop modes. In other words, when the
PFs of the main state variables for 1, decrease compared to
Ay, the PFs of the same state variables for 4 will increase the
same amount compared to As. It can be verified as follows.

When one open-loop mode does not affect the diagonal
elements of another open-loop state space matrix, there is no
change in the diagonal elements of the state space matrix, i.e.,
Aay = 0. With the damping conservation character in [22], the
whole power system is damping conservative.

Based on the concept in [23] and [24], for a system, no
matter how the operating condition is, the sum of the real parts
of all the eigenvalues of the system is a constant, equals to the
sum of the diagonal elements of the state matrix, that is, the
sum of the damping of all modes is constant. Therefore, the
change of the variables related to the off-diagonal element F;
and F, can be ignored, i.e.,

n
LAF, =0 (12)

The variable AR is only related to some variables that are in
the off-diagonal. When the parameters of the system are
determined, AR will not have any change. In other words, the
eigenvalues are always real or complex in conjugate pairs for
the real matrix. Thus, the right and left eigenvectors are
always complex in conjugate pairs, and so are other complex
values. Therefore, the sum of the imaginary part for all similar
terms is 0, which means AF can be ignored.

From (12), A4, + A4 is irrelevant to AF, + AR, and a is an
invariant constant in the closed-loop model. Therefore,
A, + Al is only related to the transition of PFs, i.e.,

real (A4, +AL) = real (Y Apodu + ) APslus)  (13)
k=1 k=1

For each mode in the modal interaction,

real(4,) =real 3 Podup) (14)
real(4) = real (3 Prsdis) (15)
real(4,) =real 3 Piodup) (16)
real(4,) =real 3, Piodup) (17)

It can be concluded that the modal interactions are mainly
caused by the PFT. The PFs transit just between the two
modes and do not need other modes to participate in the
transition to form the modal interactions. The damping
conservation phenomenon in this condition means that the
damping of the two concerned modes is conservative.

Definition: The phenomenon that PFs transit just between
two modes and the sum of PFs of the open-loop modes is
equal to the sum of PFs of the closed-loop modes is defined as
participation factor conservation law (PFCL).

The mathematical expression of PFCL can be defined as
follows,

Pp = P + Pss
phs = php + phs

(18)
(19)



where pyp is the PF of the state variable t in the open-loop
modeA,, and phsis the PF of the state variable h in the open-
loop mode As. Py, and Py are the PFs of the state variable t in
the closed-loop modes A and J; . P, and Py are the PFs of
the state variable h in the closed-loop modes A,and /; .

In order to determine whether the PFT in one mode is
traceable, a tool named PFTI is then proposed. Using (11), we
can calculate the interaction between each mode and the
concerned mode and determine which modes have the most
significant interaction with the concerned mode.

|PFTki|
max|PFT;|
where i represents the i mode and k represents the k" state
variable.

If the order of the dominant state variables arranged by

PFTI, = (20)

PFTIs is the same as that arranged by PFs, the PFT is traceable.

Otherwise, it is untraceable.

2) Untraceable Transition—BPFL

The other category of PFT is untraceable transition, which
refers to that PFT is among multiple modes, and the transition
is chaotic and has no rules among these modes, resulting in
obvious modal interactions.

a) Oscillation Modes in Same Timescale

The first subcategory that the modes borrow PFs are the
modes in the same timescale. When the influence of one open-
loop on the other open-loop is reflected in affecting the
diagonal elements of the state space matrix, based on the
analysis in the traceable transition, the sum of the damping for
the two concerned modes is not conservational in this
condition.

The above modal interactions are proposed as BPFL, which
can be defined as follows: based on PFCL, the PFs are
borrowed from other modes to compensate for the damping of
the two concerned modes. The PFT is chaotic, making finding
some rules for modal interactions hard.

Apki #0—> A/L #0

Aag 70> A4 #0
The PFT can be described as follows,

(21)
(22)

real (A4, + Ad) =real (Z PFTy, + Z PFT
k=1

k=1

: (23)
+Y PFTq)
k=1
where the subscript r represents the remaining oscillation
modes apart from the two concerned modes, which means that
the modal interactions cannot be formed just by the transition
among the two concerned modes but by multiple modes.
Similar to PFCL, for the modes in BPFL,

real(4,) =real (3", (APoducn + Podum))  (24)
real (4) =real (3 (APius) + Pisdics))) (25)
real (4,) =real " Piodcr)) (26)
real (4,) =real 3 Piodcr)) (27)

It can be concluded that the damping of the two concerned
modes cannot be conservative by transiting PF in just two
modes. They must borrow PFs from other modes to
compensate for the damping, which is a chaotic process.

Definition: The phenomenon when the concerned modes
borrow PFs from other modes or the PFs of the concerned
modes are borrowed by other modes is defined as borrowing
participation factor law (BPFL).

b) Oscillation Modes in Different Timescale

The second subcategory that the modes borrow PFs are the
modes in the different timescale. When the parameters of one
open-loop mode change, the other different timescale mode
will change its damping or frequency, which can be observed
from the trajectories of eigenvalues. The effects may
deteriorate one mode, resulting in modal resonance.

c) No Obvious Corresponding Transition Modes

Another subcategory that the modes borrow PFs to make the
damping conservative is as follows. PFT corresponds to just
one mode, i.e., no prominent open-loop modes are close to the
concerned open-loop mode to transit PFs with it. The
difference between the closed-loop and open-loop mode will
be slight.

Therefore, the classification of PFT for all the modes can be
presented in Fig. 2.

Participation factor transition

[r———— * ________ 9 o — e — # ............. 1
| Traceable transition I Untraceable transition |  Transition
. | phenomenon
B e E LTI L.
| \ 4 | | A 4 |
| PFCL Two modes | | BPFL Multiple modes |  Concerned
: : modes
B I o T . LT
I \ 4 || v v |
. I .
| Same timescale I Same timescale Different timescale | _Mode
i I | | timescale
i_ Weak modal interactions | | Strong modal interactions |

Fig. 2. Classification of participation factor transition



B. Identifying the dominant factors of PFT

Based on PFCL and BPFL, only two situations exist for two
open-loop modes in the same timescale. One situation is that
one mode transits enough PFs from the other to form modal
interactions. PFCL reveals the situation when modal interactions
can be fully covered by their own traceable PFT of the two
concerned modes. These kinds of modes would not interact with
the concerned mode. The other situation is that one mode
cannot borrow enough PFs from the same timescale mode. It
must borrow PFs from different timescale modes or those with
no corresponding transition mode. Therefore, the concerned
mode must borrow PFs to form the modal resonance, resulting
from modal interactions in multiple modes. The state variables of
the modes that belong to BPFL are selected for further analysis.

Based on BPFL, the PFT is chaotic. If the state variables
ranked front by PFTIs are not the state variables ranked front
by PFs, the mode would change its essence. It will result in an
untraceable transition, bringing about the modal resonance in
the converter-based power systems. With the proposed PFTI,
the dominant associated state variables can be determined by
sorting the PFTIs for multiple modes in terms of modal
interactions. Previous methods, however, only infer the modal
resonance phenomenon without indicating which part of the
system was affected.

C. Participation factor transition control

Based on PFTI, participation factor transition control is
proposed to tune the parameters that can be easily reached for
the critical mode [10], decreasing the untraceable PFT and
resolving the modal resonance. These parameters can be
the PLL of PMSGs, PSS of synchronous generators, etc. By
tuning these parameters, PFT control can make the order of

state variables ranked by PFTIs the same as that ranked by PFs.

Max f(A)=damping ratio of A
s.t. sort PFTIly according to PFs (d =1,---,D)

where A, represents the closed-loop mode of the critical mode.
D represents the number of dominant state variables of 4. i
contains the critical mode and the mode having strong
interaction with the critical mode.

The presented process uses two categories to identify the
dominant state variables that cause modal resonance. It is
referred to as PFT analysis. From the two categories above, it
is evident that the mandatory factor for two open-loop modes
to interact is the PFT. This revelation holds immense
importance in enhancing the stability of converter-based
power systems.

With the proposed PFT analysis and PFT control
demonstrated above, the procedure of PFTAC can be given in
Fig. 3.

(28)

IV. CASE STUDY

A. Example Power System

Fig. 4 shows the configuration of a converter-based two-area
four-machine power system, which is used as an example power
system to validate the analysis and findings made in the previous
section. A 4"-order model of the SGs is used with no power
system stabilizers (PSS) equipped. The loads at Bus 7 and Bus 9

START

Establish the closed-loop system model
AXe = AcAX,
v

Determine current stability level

A 4

I the system
stable?

PFT
control

Determine the PFT category
v

Calculate PFTIs in multiple modes
|PFTy]
max|PFT;|

PFTI, =

If PFTI,
in order

If the
transition
traceable?

Identify the dopinant state variables
Ak = PFTa + AR

k=1

Fig. 3. Proposed participation factor transition analysis and control.

are modeled as constant impedances. The detailed model and
parameters of the power system are given in [25]. Two detailed
15M-order PMSGs are connected to Bus 12 and 13, respectively.
PMSG adopts reactive power control with a constant power
factor. G3 balances the power load flow change at slack Bus 3.
Configuration and typical parameters of PMSG are listed in the
Appendix.

Model PMSG2 of wind farm 2 as an open-loop wind turbine
subsystem. The remaining part of the example power system is
regarded as an open-loop power system subsystem, containing
PMSG1. As section Il shows, the open-loop state-space model of
the converter-based two-area four-machine power system can be
established.

Wind Wind
Farm 1 Farm 2
12 13

11|3|

G3

G4

4

Fig. 4. Configuration of example two-area four-machine power system with
PMSGs.

B. PFT analysis

There are a total of three electromechanical oscillation modes
(EOMs) and four subsynchronous oscillation modes (SOMSs) in
the open-loop wind turbine subsystem, six EOMs and four
SOMs in the open-loop power system subsystem, and nine
EOMs and eight SOMs in the closed-loop system. Furthermore,
there is a mode in the right plane of the coordinate system in



the closed-loop model. The proposed PFT analysis is verified in
detail as follows.

1) Traceable Transition—PFCL

Take the g-axis current control inner loop of GSC as an
example. 4, is the open-loop mode of the g-axis current
control inner loop of PMSG2 in the wind turbine subsystem,
and A is the open-loop mode of the g-axis current control
inner loop of PMSGL in the power system subsystem. These
two modes are in the same timescale. 1, and J; are the
closed-loop modes in the closed-loop model corresponding to
A, and As. The results of PFT analysis are calculated in
TABLE 1.

TABLE |
RESULTS OF PFT ANALYSIS FOR TRACEABLE TRANSITION
real real
A 2s o A DA S ST,
i=p,s i=p, s k=L
-22.9324 -22.5030 -22.8664  -22.2543 0.2464 0.2438

+98.4350i +97.5990i +98.3122i +97.1371i

The calculation results fully comply with the PFCL, and the
modal interactions are only related to the PFT, which verifies
the definition of PFCL.

To demonstrate the PFT more clearly, the normalized PFs of
the modes are shown in Fig. 5. The red bar series represents
the PFs related to the g-axis current control inner loop of
PMSG2, and the blue bar series represents the PFs related to
the g-axis current control inner loop of PMSGL1. The notations
in the bar block are the main state variables of the modes. The
number is the participation of these state variables. The
subscripts (1) and (2) represent PMSG1 and PMSG2,
respectively.

Open-loop
wind turbine
subsystem 4,

Open-loop
power system
subsystem A,

0.520

0.513

Closed-loop 0.520
system 0.513

il Xpswy 0.013
i X 0.013
Fig. 5. Traceable transition for oscillation modes in same timescale.

According to the analysis in section I, it can be calculated
that the damping of the two open-loop subsystems is -
583.6108, and the damping of the closed-loop system is -
583.0294. This means that this system is in accordance with
the damping conservation character.

It can be seen in Fig. 5 that the state variable Icqz) CONsists
of 0.262 in A,, which decreases 0.256 compared to the
participation of the corresponding open-loop mode. While in
As, the participation of lpeqe) increases by 0.258, which is close
to its decrease in 4. In other words, the increase for the
participation of state variable lpqe) in A comes from its

H Ko 0.013
\/
L1 “pew 0013

decrease in 4,, which verifies the PFT. Similarly, the state
variable Xy consists of 0.260 in A,, which decreases by
0.252 compared to its participation in A,. This number 0.252
is also close to its participation increase in A, i.e., Aptransits
PF (Xp7(2)) to A to form modal interactions.

For the g-axis current control inner loop of the GSC in
PMSG1, the participation of lyqq in 4 is 0.518, and the
participation of Xy is 0.512. They decrease by 0.255 and
0.254, respectively in 1. These two numbers are close to their
increase in 4,, 0.257 and 0.255. That is to say, the PFs transit
traceably. The PF decrease of one mode in the closed-loop
mode is the same as the increase in the other mode, and vice
versa, i.e., the PF increase of one mode in the closed-loop
mode comes from the PF decrease of the other mode. The
orders of the PFs and the PFTIs are given in TABLE Il to
show the traceable PFT. The PF of the state variables for each
mode in the table decreases from left to right. rank represents
the order of state variables sorted by PFTI.

TABLE Il
ORDERS OF PFS AND PFTIS FOR TRACEABLE TRANSITION
i oo lpegwy  Xpra  Xorw  Xps@)  Xpsw
Ay PFETI 100% 99.98% 98.72% 98.71% 5.11% 5.08%
rank 1 2 3 4 5 6
. ooy loegy  Xpry  Xor)  Xpsy  Xpse)
A PFTI 100% 99.95% 98.73% 98.68% 5.11% 5.02%
rank 1 2 3 4 5 6

The order of the PFTIs is the same as that of the PFs, which
means that the PFT can be traceable in modal interactions. The
eigenvalue trajectory of the two closed-loop modes as the g-
axis current control inner loop parameters change is shown in
Fig. 6.

A |mag Axis
98.4F 3
A
95.4F
2
92.4F p
1 1 1 :
-22.9 -22.6 -22.3
Real Axis

Fig. 6. Trajectories of oscillation modes in traceable transition.

The analysis above verifies (18), the defined PFCL. When
the wind turbine subsystem is combined with the power
system subsystem to establish the closed-loop model, the
effects of the wind turbine subsystem on the power system
subsystem do not act on the diagonal elements in the state
space matrix corresponding to the g-axis current control inner
loop of the GSC, i.e., Aaw =0 (k represents the state variables
related to g-axis current control inner loop of the GSC).

2)  Untraceable Transition—BPFL

a) Oscillation Modes in Same Timescale

Take the DC voltage control outer loop of the GSC as an
example. A, is the open-loop mode of the DC voltage control
outer loop of PMSG2 in the wind turbine subsystem, and / is
the open-loop mode of the DC voltage control outer loop of
PMSG1 in the power system subsystem. A, and A are the
closed-loop modes corresponding to A, and As, respectively,



in the closed-loop model. The results of PFT analysis are
calculated in TABLE Ill. The normalized PFs of the modes in
this situation are shown in Fig. 7.

generators transit untraceable from the mode related to
PMSG1 to PMSG2.
It can be seen that the damping change of these two modes

TABLE Il cannot be only consisted of by their own PFT. These two
RESULTS OF PFT ANALYSIS FOR MODES IN SAME TIMESCALE mOdes must borrOW damplng ie bOfrOW PFs from Other
real Lo -
; ) . real ) modes to make the damping conservative. To reveal the
P As A s izp:SM* > > PFTy disorganized transition of the PFs, the orders of the PFs and
=b. i=p,s k=1 -
the PFTIs are calculated as shown in TABLE 1V
-0.0508  -0.1638  -0.2497  0.0038 0.0313 05784 TABLE IV
+0.8289i  +0.7524i +1.3250i +0.7349i s
. . . : ORDERS OF PFs AND PFTIS FOR MODES IN SAME TIMESCALE

R Xoae) Vo) @1 o o) 0 w4 O
A, _PFTI 21.65% 23.71% 100% 99.44% 65.48% 69.12% 44.91% 47.91%

o) - Vospy 0-429 rank 13 10 1 2 4 3 7 5

Open-loop 0.020 |0 u ' o, 0.298 Xpa)  Vpoey o1 o1 @, ) [on 04
wind turbine | o, 0.297 A _PFTI 30.58% 26.61% 85.30% 83.83% 79.84% 100% 42.35% 54.19%

subsystem 4, I 0, 0.206 Closed-loop rank 9 10 2 3 4 1 7 5
\ I, 019 system 7, The state variables with top ranking in PFTIs are not the

\ . . . . . .
Related PFs of the \ @ | 0.126 state variables with top ranking in PFs, revealing the chaotic
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Fig. 7. Untraceable transition for oscillation modes in same timescale.

The red arrow series represents the PFT from the open-loop
mode of the wind turbine subsystem to the closed-loop mode
of the wind turbine subsystem or other oscillation modes apart
from the two concerned modes. The blue arrow series
represents the PFT from the open-loop mode of the power
system subsystem to the closed-loop mode of the power
system subsystem, the closed-loop mode of the wind turbine
subsystem, or other oscillation modes apart from the two
concerned modes. The dark arrow series represents the PFT
from other open-loop oscillation modes of the power system
subsystem or the wind turbine subsystem to the closed-loop
mode of the power system subsystem or the wind turbine
subsystem.

The two open-loop modes have large PFT to form the modal
interactions, making the closed-loop modes move against each
other, resulting in the modal resonance. J; will move to the
right side of As. When the real part of A, or J is more
significant than zero, the system will become unstable. The
state variables Xa) and Vyacz) consist of 0.500 and 0.499 in
Ap, Which do not transit too much compared to the
participation of the corresponding closed-loop mode. However,
many other PFs related to the synchronous generators appear
in A,. Some PFs occupy more than half of the PFs in the
open-loop mode. For example, the PF w, in the closed-loop
mode A, is 0.298, which is more than half of the participation
of X in Ap. All the PFs related to the synchronous

Take A, as the open-loop mode of PLL for PMSG2 in the
wind turbine subsystem, which is an electromechanical mode,
and A as the open-loop mode of the g-axis current control
inner loop of GSC for PMSGL1 in the power system subsystem,
which is a subsynchronous mode. 1, and /; are the closed-
loop modes corresponding to A, and As, respectively, in the
closed-loop model. The results of PFT analysis are calculated
in TABLE V.

TABLE V
RESULTS OF PFT ANALYSIS FOR MODES IN DIFFERENT TIMESCALE
real real
~ ~ n
A As A 4 Y Ak 3 S PFT,
i=p,s i=p, s k=1
-2.2831 -22.5030 -2.3389 -22.2543
+5.9616i +97.5990i +5.9876i +97.1371i 0.1929 -0.0569

The eigenvalue trajectory of the two closed-loop modes as
the PLL control parameters change is shown in Fig. 8. When
one control parameter of the electromechanical oscillation
mode changes, there will be modal interactions between the
electromechanical oscillation mode and the subsynchronous
oscillation mode. What is more, the interaction between these
two modes will make the closed-loop electromechanical
oscillation mode move to the right plane of the coordinate
system, which deteriorates the stability of the system.
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Fig. 8. Trajectories of oscillation modes in different timescale.

Based on the PFCL and the damping conservation
phenomenon, in this situation, the modal interactions originate
not only from their own PFT, which is not enough for
consisting of their modal interactions, but also PFT from other



modes. That is to say, the PFs are borrowed from other modes
to form the modal interactions, i.e., the proposed BPFL.
¢) No Obvious Corresponding Transition Modes

Take the third and fourth synchronous generators as an
example. A is the open-loop mode of the rotor speed and angle
of the fourth synchronous generator in the power system
subsystem, and A, = -0.5162+2.0553i. /; is the closed-loop
mode corresponding to A, and 4 = -0.5396+2.2784i. The
normalized PFs of the modes are shown in Fig. 9.

Open-loop
power
system
subsystem
j’S
!/
Related PFs
of the
remaining
closed-loop
Closed-loop J, 0.336 modes {1,}
system A o, 0187
9, 0.186
, 0.152
3, 0.148

Fig. 9. PF Transition in the mode having no close modes.

There is obvious PFT between the open-loop mode and its
corresponding closed-loop mode, while there are no other
open-loop modes close to this mode, making the transition not
that obvious to observe. PF decrease in this mode means the
PFs have transited to other not close open-loop modes based
on the BPFL. It can also be comprehended as other open-loop
modes do not have enough PFs to form their modal
interactions. Therefore, they must borrow PFs from other
modes. To reveal the untraceable transition, the orders of the
PFs and the PFTIs are calculated as shown in TABLE V1.

shown in Fig. 10.

3) No Transition

Take the g-axis current control inner loop of the MSC as an
example. A, is the open-loop mode of the g-axis current
control inner loop of PMSG2 in the wind turbine subsystem,
and / is the open-loop mode of the g-axis current control
inner loop of PMSGL1 in the power system subsystem. 4, and
Js are the closed-loop modes corresponding to A, and A,
respectively, in the closed-loop model. The open-loop modes
and closed-loop modes are shown in TABLE VII. The

normalized PFs of the modes are shown in Fig. 11.
TABLE VII
Q-AXIS CURRENT CONTROL INNER LOOP MODES OF MSC

o A A Js
-2.1846+22.2055i -2.1846+22.2055i -2.1846+22.2055i -2.1846+22.2055i

Open-loop

wind turbine 0.506
subsystem 1, w2 0505
Open-loop
power
system

subsystem

Closed-loop
system

2

s

Fig. 11. No transition in PFs.

No PFs transit in the two modes, and it can be calculated that
Api =0, Aaw =0, which is consistent with PFCL. These
kinds of modes do not need to be considered in modal
interactions.

C. PFT control

The critical mode belongs to the power system subsystem. The
modes in Table VIII belong to BPFL and may have a significant
interaction with the critical mode. PFT in the table represents
the interaction amount of the corresponding mode in the
critical mode.

TABLE VI TABLE VI
ORDERS OF PFs AND PFTIS FOR MODES HAVING NO CLOSE MODES MODES BELONG TO BPFL IN THE TWO-AREA FOUR-MACHINE POWER
SYSTEM
Wy 4 w3 J3 w1 o1 [O)) I =
PFTI 0.86% 43.40% 21.38% 49.24% 30.68% 32.01% 100% 65.00% Mode A A State variable PFT
rank 25 7 13 5 11 10 1 2 1 -2.2831+5.9616i -2.3389+5.9876i Xuue Gpiy  2.2825 +0.8742i
The order of the PFTIs of the dominant state variables is 2 -2.2510+5.9250i  -2.2362+5.9396i  Xpiw Gpuy -0.0099 +0.0085i
totally different from the order of the PFs, showing an obvious j 'gfllfggffggii 'gi"ggg:sz-szggii @4 34 'g-gggg;%%‘;‘gi
e H H . . . . Wy 0y -0. .
untraceable transition. The eigenvalue trajectory of the two 5 07.6811+0.2765 97 7130+0.0203 Eww Ere-0.0885 +0.1020i

closed-loop modes as the PLL control parameters change is
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Fig. 10. PF Transition in the mode having no close modes.

From the above table, Mode 1 is the main reason for the modal
resonance. The real part of the modal interactions is positive,
resulting in the mode of the power system subsystem moving to
the right plane of the coordinate system. The orders of the PFs
and the PFTIs of Mode 1 are calculated as shown in TABLE
IX.

TABLE IX
ORDERS OF PFS AND PFTIS FOR MODE 1
O Xon) Wz 02 Xps)  Eg Eq [
PFTI 38.31% 39.76% 100% 96.34% 43.62% 19.01% 10.21% 10.13%
rank 5 4 1 2 3 6 7 8




The PFTIs are ordered differently from the order of PFs. Apply
the moth-flame optimization algorithm (MFO) in PFT control to
tune the parameters of PLL. The critical mode 0.0038 +0.7349i
will change to stable mode -0.0465 + 0.7873i. The trajectory of

these two modes in this situation is displayed in Fig. 12.
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Fig. 12. Trajectory of the modes in PFT control
In Fig. 12, the green lines represent the modal resonance, and
the brown lines represent the modal counteraction. PFT control
is used to optimize modal resonance to modal counteraction. The
arrow directions on the green and brown lines represent the
change from the open-loop modes to the closed-loop modes. The
red and blue lines represent the change of different modes. For
example, the blue line represents the change of the closed-loop
power system subsystem mode, and the arrow direction
represents the trajectory from modal resonance to modal
counteraction, revealing the process of PFT control. Once the
interaction of these two modes changes from modal resonance to
modal counteraction, the system becomes stable [26]. The PFTIs
in Table X in this condition show that the PFT of the dominant
state variables is much less than the condition of the modal
resonance. And the state variables that have the largest PFTIs
would change to the ones that dominate the modes. PFTIs of
the state variables are ordered the same as the PFs and there is
no modal resonance in this condition, which indicates that the
modal resonance is mainly caused by the untraceable PFT. It
verifies the proposed PFT control to be useful for improving the
small-signal stability of the converter-based power systems.

TABLE X

ORDERS OF PFS AND PFTIS FOR MODES IN MODAL COUNTERACTION

Xoa@) Vo)  Xpa)  Vpaewy @1 [ [ 07
A, PFTI 100% 98.52% 84.09% 82.90% 69.67% 68.77% 38.27% 28.75%

rank 1 2 3 4 5 6 7 8

. Xpa)  Vpaet)  Xpa@)  Vpdoy @1 01 w2 )
Ay PFETI 100% 99.93% 77.75% 77.50% 8.25% 8.24% 4.18% 4.01%

rank 1 2 3 4 5 6 7 8

R Oy Xpne Oy Xopny 2 G2 Xpsy o1
/i PFTI 100% 99.78% 94.11% 93.75% 10.36% 9.99% 4.11% 4.10%

rank 1 2 3 4 5 6 7 8

D. Validation in a Converter-based New England Power System

Fig. 13 presents the configuration of a converter-based New
England power system. The simplified 39-order model of the
SGs and a 1%-order of the automatic voltage regulator (AVR) are

adopted. The parameters of the example system are given in [27].

The following results can be obtained based on the proposed
participation factor transition analysis and control.
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Fig. 13. Configuration of the converter-based New England power system.

1) Network Modelling

Model the wind farm as an open-loop wind turbine subsystem
and the remaining part of the example power system as an open-
loop power system subsystem.

2) Determine Stability

In the closed-loop system, one mode related to the power
system subsystem is in the right plane of the coordinate
system, which influences the small-signal stability.

3) Determine the PFT category

Ignore the modes that belong to the categories “Traceable
Transition-PFCL” and “No transition”, for example, the
electromechanical mode related to the 8" SG and the mode
related to the d-axis current control inner loop of MSC in
PMSG. The normalized PFs of the mode related to the 8" SG
are shown in Fig. 14.
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Fig. 14. No transition category in New England power system.

4) Calculate PFT in multiple modes

The mode 4,=0.0487+ 2.8855i, influencing the small-signal
stability, is related to the rotor angle and the angular speed of
the 10t SG. The modal interactions among multiple modes are
shown in Fig. 15.

Table XI shows the modes belonging to BPFL and may have

significant interaction with the critical mode.
TABLE XI
MODES BELONG TO BPFL IN NEW ENGLAND POWER SYSTEM

Mode A i
1 -0.1218+3.2304i -0.2502+3.3472i

2 -0.3332+0.3147i -0.4229+0.0216i

State variable PFT
Xon Gpii 0.2409 - 6.4201i

State variables -
related to sGs 00017 - 0-0026i
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Fig. 15. Untraceable transition for oscillation modes.

5) Identifying the dominant factors of PFT

From the above table, the mode related to PLL and the mode
related to the state variables of SGs are the main reason for the
modal resonance. The real part of the modal interactions is
positive, resulting in the mode of the power system subsystem
moving to the right plane of the coordinate system.

Calculate the PFTIs in Table XII.
TABLE XI|
ORDERS OF PFs AND PFTIs IN MODAL RESONANCE

R Xoii Opii W10 [N Js @9

A, PFTI 100% 99.91%52.85% 52.91% 15.60% 6.79%
rank 1 2 3 4 5 10

. Ew Egs Js @10 d1o Eg'

A2 PFTI 95.96% 100% 16.83% 40.82% 39.82% 1.16%
rank 2 1 7 3 4 32

6) PFT control

Based on the PFTIs above, the parameters of the 4" SG and
PLL are the main reasons for the modal resonance. In this paper,
the parameters of PLL are optimized in PFT control. The
critical mode will change to stable mode -0.2308 + 3.1722i by
applying MFO in PFT control to tune the parameters of PLL.
The trajectory of these modes in this situation is displayed in
Fig. 16. Table XIlII shows the PFTIs in the condition of the
modal counteraction. And the state variables that have the
largest PFTIs would change to the ones that dominate the
modes. PFTIs of the state variables would be ordered the same
as the PFs. Then the proposed PFTAC is verified to be highly
useful for improving the small-signal stability of the converter-
based power systems.

TABLE Xl
ORDERS OF PFs AND PFTIS FOR MODE 2 IN MODAL COUNTERACTION
. Xpit Opui W10 J10 Js W9y
A, PFETI 100% 99.52% 53.07% 52.98% 19.76% 17.84%
rank 1 2 3 4 5 6
. Egs Eg s W10 J10 Eq
/s, PFTI 100% 35.67% 26.83% 15.58% 15.04% 3.89%

rank 1 2 3 4 5 8
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Fig. 16. Trajectory of the modes in PFT control.

To further validate the effectiveness of PFT control, time-
domain simulations are also carried out. Near strong/weak
modal resonance and the optimized modal interaction obtained
by PFT control are compared. The disturbance is set to be at
t=0.2s; a three-phase-to-earth short circuit occurs at Bus 1 and
subsequently clears after 100ms. The performance of multiple
modes is shown in Fig. 17. Compared with the near
strong/weak modal resonance, with the proposed PFT, it is
noteworthy that the critical mode is improved while other
modes belonging to BPFL also have an acceptable damping
ratio. Once the near strong modal resonance condition happens,
PFT control can be implemented to eliminate the resonance.
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Fig. 17. Performance of multiple modes wti(tsr: different approaches.

The bus voltage and active power output at PCC of PMSG
and SG10 are illustrated in Fig. 18. If PFT is not properly
controlled, near strong resonance may deteriorate the damping
of the system. With the proposed PFT control, the strong/weak
resonance will be eliminated. The time-domain responses of
PMSG and SGs indicate that the performance of the closed-
loop power system is improved.

E. Validation in a Converter-based Practical Power System

Fig. 19 presents the configuration of a converter-based
practical power system [28]. A wind farm is integrated into the
system through bus 14. The simplified 3-order model of the
SGs and a 1%-order of the automatic voltage regulator (AVR) are
adopted.
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approaches.

The following results can be obtained based on the proposed
participation factor transition analysis and control.

(O
Fig. 19. Configuration of the converter-based practical power system.

1) Network Modelling

Model the wind farm as an open-loop wind turbine subsystem
and the remaining part of the example power system as an open-
loop power system subsystem.

2) Determine Stability

In the closed-loop system, one mode related to the power
system subsystem is in the right plane of the coordinate
system, which influences the small-signal stability.

3) Determine the PFT category

Ignore the modes that belong to the categories “Traceable
Transition-PFCL” and “No transition”.

4) Calculate PFT in multiple modes

The critical mode 4,= 0.0902 + 2.8666i, influencing the
small-signal stability, is related to the PLL of PMSG. The
modal interactions among multiple modes are similar to Fig.
13.

Table XIV shows the modes belonging to BPFL and may have
significant interaction with the critical mode.

TABLE XIV
MODES BELONG TO BPFL IN NEW ENGLAND POWER SYSTEM
Mode A y) State variable PFT
1 -0.2578+3.7612i -0.4860+36367i SLAC Varables  \oos . 0562i

related to SGs
State variables
related to SGs
State variables
related to SGs

2 -0.0868+4.1314i -0.0878+4.1360i 0.1577-0.0015i

3 -0.0536+5.3870i -0.0539+5.3859i 0.1437-0.0157i
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5) Identifying the dominant factors of PFT

From the above table, the mode related to PLL and the mode
related to the state variables of SGs are the main reasons for
the modal resonance.

Calculate the PFTIs in Table XV.

TABLE XV
ORDERS OF PFS AND PFTIS IN MODAL RESONANCE

Xt Oon Xp6 Wy Jy w13 13
A1 PFTI 100% 99.23% 38.81% 11.81% 11.81% 24.93% 24.93%
rank 1 2 3 7 6 5 4
R 016 W16 W14 Ou w15 O15 @13
Ao PFTI 7.75% 7.75% 100% 100% 39.71% 39.71% 17.62%
rank 29 28 1 2 7 8 23
. 015 15 W14 O W16 J16 Eq14
A3 PFTI 100% 100% 9.62% 9.62% 18.46% 18.46% 0.29%
rank 1 2 19 18 8 7 46

Based on the PFTIs above, the parameters of the 15" SG and
PLL are the main reasons for the modal resonance. In this paper,
the parameters of PLL are optimized in PFT control. The
critical mode will change to stable mode -0.2340 + 2.5067i by
applying MFO in PFT control to tune the parameters of PLL.
The trajectory of these modes in this situation is displayed in
Fig. 20.
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Fig. 20. Trajectory of the modes.

Table XVI shows the PFTIs in the condition of the modal
counteraction. And the state variables that have the largest
PFTIs would change to the ones that dominate the modes.
PFTIs of the state variables would be ordered the same as the
PFs.

TABLE XVI
ORDERS OF PFs AND PFTIs IN MODAL RESONANCE
A Ko Opni Xp6 Wy 2 w15 15
At PFTI 100% 97.20% 71.26% 40.82% 40.82% 18.21% 18.21%
rank 1 2 3 4 5 6 7
. O16 W16 W14 O w15 J1s w13
A PFTI 100% 100% 66.16% 66.16% 52.32% 52.31% 47.35%
rank 1 2 3 4 5 6 7
X O1s w15 [om o W16 O16 Eqia
A PFTI 100% 100% 37.66% 37.66% 23.35% 23.35% 0.26%
rank 1 2 3 4 5 6 48

To further validate the effectiveness of PFT control, time-
domain simulations are also carried out. Near strong/weak
modal resonance and the optimized modal interaction obtained
by PFT control are compared. The disturbance is set to be at
t=0.2s; a three-phase-to-earth short circuit occurs at Bus 1 and
subsequently clears after 20ms. The performance of multiple
modes is shown in Fig. 21. Compared with the near
strong/weak modal resonance, with the proposed PFT, the



critical mode is improved while other modes belonging to
BPFL also have an acceptable damping ratio.
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The bus voltage and active power output at PCC of PMSG
and SG16 are illustrated in Fig. 22. With the proposed PFT
control, the strong/weak resonance is eliminated. The time-
domain responses indicate that the performance of the closed-
loop power system is improved. Then the proposed PFTAC is
verified to be highly useful for improving the small-signal
stability of the converter-based power systems.

Active Power output of PMSG L1 PCC Voltage of PMSG
52 Near weak modal resonance Nea}" \yeak modal resonance
——Optimized modal interaction —— Optimized modal interaction
5 —Near strong modal resonance || 1 — Near strong modal resonance
= =
2 & PV RAA A
F48 209
= =
4.6
0.8
4.4
15 20 25 30 0 10 20 30
t(s) t(s)
45 Active Power output of SG16 Bus Voltage of SG16
Near weak modal resonance Near weak modal resonance
—— Optimized modal interaction 1.02 —Optimized modal interaction
_ —Near strong modal resonance . — Near strong modal resonance
= =
g s |
a0 N\ AR AR £ 1f ||
& S
0.98
35
0 10 20 30 0 10 20 30

t(s) t(s)
Fig. 22. Performance comparison of PMSG and SG16 with different
approaches.

V. CONCLUSION

The extensive utilization of renewable energy resources in
power systems has brought different timescale oscillation
issues. This paper proposes a PFTAC method to solve the
oscillation issues of the converter-based power system. The
main conclusions are summarized as follows.

This paper proposes PFT to quantitatively prove the
interaction among open-loop modes is caused by PFT, which
is also the essential mechanism of modal resonance. Two
distinct categories of PFT phenomena are further defined in
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PFT analysis to illustrate the relationship between modal
interactions and PFT, unfolding the criticality of PFT among
multiple modes in modal interactions for the first time.

PFTI is proposed to select the untraceable modes and then
identify the associated state variables of modal interactions.
PFT control is further proposed to solve the modal resonance
based on the results of PFT analysis and PFTI. The
effectiveness of PFTAC is successfully demonstrated through
validation in the converter-based power systems, verifying
that the modal resonance is caused by the state variables with
dominant PFT among multiple modes rather than the
dominant PFs of the two concerned modes. These findings
contribute value to our understanding of PFs in converter-
based power system dynamics and offer insights into
mitigating small-signal stability issues associated with
renewable energy sources.

Appendix

A. Two-open-loop Linearized Model of the Converter-based
Power System

The wind turbine subsystem refers to a direct-drive wind
turbine. Select the small-signal increment of the wind turbine
output current Al and terminal voltage AV as the interface
variable between the wind turbine and the power system
subsystem. Let X, be the column vector composed of all state
variables of the wind turbine. The open-loop state-space
model of the wind turbine subsystem can be obtained,

Al =C,AX, + D,AV

where A, is the corresponding state space matrix of the wind
turbine subsystem. Bp, C, and D, are the corresponding
coefficient matrices of the wind turbine subsystem.

In terms of PMSG, Xy = [Wpsd Wpsq @pr Xp1 Xp2 Xp3 Alped Alpeq
AVpdc Xpa Xps Xp6 Xp7 Xpit Gpi]™. wpst and wpsq are the direct and
quadrature axis flux linkage of the stator winding. wyr is the
angular speed of generator mass. X1, Xp2 and Xy are state
variables in different control loops of MSC. Ipcqgand lpeq are the
d and g-axis components of output current from the GSC,
respectively. Vyqc is the DC voltage across the capacitor. Xp,
Xps, Xps @nd X,7 are state variables in different control loops of
GSC. xpi is the state variable related to the control loop of PLL.
Gpn is the tracked phase, which is taken as the direction of the
d-axis of the d-q coordinates of the GSC. AV = [AVy, AVy] is
the voltage variation of PCC, and Al=[Aly, Aly]” is the current
injection variation from PMSG at PCC under the standard x-y
coordinate system.

Let X be the column vector composed of all state variables
of the power system subsystem. The open-loop state-space
model of the power system subsystem can be obtained,

{AXS = AAX; + B:Al

(A1)

AV =C,AX; + DAl (A2)
where As is the corresponding state space matrix of the power
system subsystem. Bs, Cs and Ds are the corresponding
coefficient matrices of the power system subsystem.

For the case study, Xs = [Xe, Xp1]", Xe = [Xe1, X2, Xes,
Xea]™, Xai, i1 =1, 2, 3, 4 denotes the vector of all the state



variables of the i" SG. X¢=[Jd w Eq” Etd]".  is the rotor angle
of the SG. w is the angular speed of the SG. Eq’ is the g-axis
transient electromotive force. Eg is the output voltage of AVR.
Xp1 is the vector of all the state variables of the other PMSG,
and the state variables are the same as the wind turbine
subsystem.

B. The Control Strategy of the Converter for PMSG

The machine-side converter of PMSG adopts vector control,
and its control strategy is shown in Fig. Al.

I .
Rotor speed I g-axis current

control outer loop | control inner loop
| @prY/pm
+ —
[PT 0
C‘Tpr ! losq @prXpalpsa
Ipsdref 1+ —
™0
- +
| Tosa - @prXpalpsq
| d-axis current
| control inner loop

Fig. Al. Configuration of the control system of the MSC of the PMSG
where Kpi1, Kpiz and Kpiz are the gains of integral controllers,
and Kpp1, Kp2 and Kyez are the gains of the proportional
controller. X,q and Xpq are the d and g axis reactance for stator
windings, respectively. lo«s and lpsq are the current of PMSG,
lpsdrer @Nd lpsqrer are their relevant references, and Vpsarer and
Vpsaref are corresponding terminal voltage references. wy is the
angular speed of PMSG, and wprrer is the reference of wpr. wpm
is the flux of the permanent magnet.

The control strategy of the grid-side converter is shown in
Fig. A2.

@prret + Vpsqref
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!
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outer loop | control inner loop
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control outer loop |
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Fig. A2. Configuration of the control system of the GSC of the PMSG

where Iy and lpcq are the d and g-axis components of output
current from the GSC, respectively; Vioea and Voo are the
references of terminal voltage; Vpa and Vg are the voltage of
the PCC; Vpqc is the DC voltage across the capacitor; Qpref iS
the reference of reactive power control outer loop; lpcrer and
Ipcqrer are the references of current control inner 100ps; Vpderet IS
the reference of DC voltage control outer loop; Q, is the

reactive power output from the GSC

C. Parameters of the Case Study

Parameters of the modified converter-based two-area four-
machine power system are shown in the tables below.

TABLE Al
BAsIC PARAMETERS OF PMSG (p.u.)
Rps Xpd Xpg Xpt G Ypm
0 0.2 0.2 0.02 30 1
TABLE All
Pl GAINS OF MSC, GSC, AND PLL CONTROLLERS FOR PMSG
Kg}zl KPPZ KPD3 Kpp4 KPP5 KPDS Kprﬂ Kpnll
5 2 1 2 0.5 1 0.5 4.4
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Kpiz Kpiz Kpis Kpia Kopis Kpis Kpiz Kpill

20 200 100 20 100 10 100 39.27
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