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ARTICLE INFO ABSTRACT

Keywords: It has been found that same type of multiple wind turbine generators (WTGs), either PMSGs or DFIGs, in
WTGs a grid-connected wind farm may collectively cause growing oscillations. This paper investigates the risk of
Dynamics interaction oscillations induced collectively by both the DFIGs and PMSGs in a wind power collecting system (WPCS).
Wind power c‘olleFting‘system Analysis is carried out to indicate that if the PMSGs and the DFIGs happen to have components, such as the
Collective oscillation risk phase-locked loops (PLLs) or converter control loops, bandwidths of which fall in the same range such that their
dynamics are similar, it is possible that multiple DFIGs and PMSGs may jointly induce growing oscillations.
Three study cases are presented to validate and demonstrate the analysis and conclusions made in the paper
about dynamics interactions between (1) The PLLs equipped by multiple DFIGs and PMSGs; (2) The PLLs of
a group of the DFIGs and the DC voltage control loops of another cluster of the PMSGs. The DFIGs and the
PMSGs collectively cause growing oscillations, though the dynamics of the DFIGs and PMSGs are completely

different. The oscillation risk increases when more DFIGs or/and PMSGs are connected in the WPCS.

1. Introduction
1.1. Literature review

As large-scale wind power continues to integrate into the grid, the
risk of oscillatory instability it brings about increases [1-4]. To examine
the potential for oscillatory instability induced by grid-connected wind
turbine generators (WTG), the impedance model-based method (IMA)
has been widely adopted [5-8]. The IMA usually decomposes a power
system containing grid-connected WTGs into a source impedance and
a load impedance. Afterwards, the generalized Nyquist criterion is ap-
plied to the interconnected model of the source and the load impedance
model to determine the system stability [9-12]. To understand the
mechanism behind why a WTG may cause oscillatory instability, the
two-input two-output interconnected model of the source and load
impedance has to be simplified under certain assumptions to a single-
input single-output (SISO) interconnected model. Subsequently, anal-
ysis can conclude that if the WTG exhibits as negative resistance,
the oscillatory instability occurs. This general analysis of oscillatory
instability mechanism by use of the IMA has been successfully applied
to a single grid-connected WTG system with many useful conclusions
obtained [13-17].
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The open-loop mode analysis (OMA) employs modal analysis tech-
niques to evaluate the risk of oscillatory instability. It divides the
grid-connected power system with WTGs into two interconnected sub-
systems and attributes the oscillatory instability to resonance in the
open-loop model. It can reveal the mechanism of oscillatory instability
caused by two grid-connected WTGs from the perspective of modal
resonance. That is an open-loop oscillation mode of one WTG is near
to an open-loop oscillation mode of another WTG on the complex
plane [18-23]. Hence, the OMA explains why dynamic interactions
between two WTGs may bring about the oscillatory instability in the
power system.

In [24-26], the oscillatory instability of a grid-connected wind farm
with the same type of WTGs, either PMSGs or DFIGs, is examined. The
examination reveals that if the WTGs are of similar dynamics, they
collectively may cause oscillatory instability and the risk of oscillatory
instability increases when more WTGs of the same type, either PMSGs
or DFIGs with similar dynamics, are connected in the wind farm. The
phenomenon of this collective impact was reported in [24] initially.
In [25,26], general analysis is carried out to reveal that the small-
signal stability of a grid-connected wind farm is constrained by not
only the load level and the converter control system settings of the
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WTGs, as well as the status of the wind farm’s grid connection, but
also by the number of WTGs of the same type with similar dynamics.
The analytical conclusions obtained in [24-26] are meaningful, as in
practice the WTGs in a wind farm may be of the same type supplied
by a same manufacturer. The dynamics of the WTGs may be possibly
similar. Hence, special attention should be paid to the risk of oscillatory
instability collectively caused by multiple the same type of the WTGs
with similar dynamic, both during the planning phase and in the
operational stage of grid-connected wind farm.

1.2. Contributions and the organization of the paper

In a grid-connected wind power collecting system (WPCS) compris-
ing multiple wind farms, the WTGs usually are of different types, either
PMSGs or DFIGs. As being reviewed above, studies so far have indicated
that if a grid-connected WTG exhibits as negative resistance, or open-
loop modal resonance between two grid-connected WTGs happens, or
the WTGs in a grid-connected wind farm are of the same type and
similar dynamics, those WTGs are possibly the trouble makers to induce
growing oscillations in the WPCS. We may wonder if there are any
other possibility that the WTGs in the WPCS may introduce the risk
of oscillations and that we need to pay special attention to? If the
answer is yes, then why? This paper attempts to investigate the answers
to the questions and reports the following important finding of the
investigation:

In the WPCS, it is possible that bandwidths of certain dynamic
components of the DFIGs and those of the PMSGs may happen to fall
in the same range, thought the DFIGs and the PMSGs are different type
of the WTGs and their dynamics as a whole are completely different.
For example, the bandwidths of the PLLs of a group of the DFIGs and
the PLLs of a cluster of the PMSGs may be of the similar bandwidths.
This is because the requirements of the speed and accuracy of voltage
phase tracking for the PLLs of the DFIGs and the PMSGs are similar.
Subsequently, dynamics of the components with similar bandwidth are
similar. Analysis carried out in the paper indicates and elaborates that
in this case, different types of the WTGs, i.e., the DFIGs and PMSGs,
may collectively induce growing oscillations in the WPCS. The trouble
makers are the components with similar dynamics of the DFIGs and the
PMSGs. Risk of oscillations increases when more such different type of
the WTGs are connected.

Main contributions of the paper are as follows:

Conclusions obtained in [24-26] about the collective impact of
the same types of the WTGs with similar dynamics in a wind farm
connected to the grid, either the PMSGs and the DFIGs, are extended to
the case of different types of the WTGs, both the PMSGs and the DFIGs,
in the WPCS comprising multiple grid-connected wind farms. The
extension calls upon special attentions paid on the risk of oscillatory
instability associated with the collective impact of different types of the
WTGs. In the practical operation, if it is found that when more WTGs,
both the PMSGs and the DFIGs, are connected, growing oscillations
occur, it is highly possible that the growing oscillations are caused
by the collective impact of both the PMSGs and the DFIGs, as being
reported and analyzed in the paper. Subsequently, further in-depth
examination is needed to check if those PMSGs and DFIGs are of the
components with similar dynamics. Afterwards, necessary parameters
adjustment of the components is needed to dismiss the risky collective
impact. At the stage of planning the WPCS, guidance is provided to
avoid the PMSGs and the DFIGs to be of the components with similar
dynamics. Otherwise, the scale of the WPCS will be constrained by
the risk of oscillatory instability caused by the collective impact of the
PMSGs and the DFIGs.

Organization of the paper is as follows. In the next section, firstly
mathematical model of the WPCS with both the PMSGs and the DFIGs
is established. Secondly, analysis is carried out to indicate that if the
PMSGs and the DFIGs are of the components with identical dynamics,
it is possible that the PMSGs and the DFIGs may collectively induce
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Fig. 1. Configuration of a WPCS.

growing oscillations in the WPCS. Thirdly, analysis is extended to the
case that the dynamics of the components are similar instead of iden-
tical to explain why the collective impact of the PMSGs and the DFIGs
may be dangerous. For the simplicity of mathematically presenting the
analysis, the PLLs are used as the representatives of the components
causing the collective impact. Another case of the collective impact
of the DC voltage control loops of the PMSGs and the PLLs of the
DFIGs, which happen to have the same bandwidth, is also analyzed. In
Section 3 of the paper, three study cases are presented to validate and
demonstrate the analysis and conclusions made. Final section of the
paper summarizes the main conclusions made in the paper. Practical
significance of the study carried out in the paper to guide the operation
and planning of the WPCS is discussed.

2. Collective impact of the PMSGs and the DFIGs
2.1. Full-order model of a WPCS with the PMSGs and the DFIGs

Fig. 1 illustrates the configuration of a WPCS, consisting of M wind
farms. The total number of the WTGs is N. The state-space model for
the kth WTG is [27]:

d _
{ TAX =AM EBAV, o

Al = C,AX, + DAV,

where AX, represents the state variable vector of the k th WTG. A, =
(AL, Al" and AV = [AV, AV,]T, Vi + iV, and Iy + j1,
represent respectively the terminal voltage and output current of the
kth WTG in the standard x-y coordinate system. The network voltage
equations can be expressed after linearization as:

Al =Y ,,, AV (2)

where AI = [AIT AIT - AI%)T, Y,,, represents the network admit-
tance matrix, AV = [AV] AV - AV

The model of the WPCS can be derived from Egs. (1) and (2) to
be [28,29]:

2 4x = Aax €)
dt

where AX = [AXT AX]--AXT 1T, A = diag[A,] + diag[B, ]I —
Y ldiag[D,])"'diag[C,], where diag[+] represents a block diagonal ma-
trix.

In the following first two subsections, analysis is carried out to
indicate that both the PMSGs and the DFIGs in the WPCS may col-
lectively induce growing oscillations if any components of the PMSGs
and the DFIGs are of the similar dynamics. In order to clearly present
the mathematical derivations in the analysis, the PLLs are selected as
a kind of representatives of the components. Hence, in the following
Section 2.2, a theoretical case of the PLLs with identical dynamics is
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Fig. 3. Control structure diagram of the SRF-PLL.

examined firstly in order to simplify the presentation of the derivations.
Whilst in Section 2.3, the practical case of the PLLs with similar
dynamics is studied.

The analysis conducted in Section 2.3 is similarly applicable if the
components are the different types of parts of the PMSGs and the DFIGs
instead of the PLLs. Hence, Section 2.4 presents the case that the DC
voltage control outer loops of the PMSGs and the PLLs equipped by
the DFIGs in a WPCS are the components of the PMSGs and the DFIGs
with the similar dynamics, which may induce growing oscillations due
to their collective impact.

2.2. Risk of oscillatory instability brought about collectively by the PMSGs
and the DFIGs — their PLLs are of identical dynamics

A PLL tracks the grid-point voltage phase of a WTG to ensure that
the grid-point voltage and the d-axis position of the WTG coincide,
thereby enabling the decoupled control of active and reactive power,
as depicted in Fig. 2. Here, V) 20, represents the grid-point voltage of
the kth WTG, 6, is the phase of the grid-point voltage of the kth WTG
in the x-y coordinate system, and 6,,, is the phase of the grid-point
voltage tracked by the PLL.

There are various types of PLLs. In this paper, the most common
type of the PLL, the synchronous reference frame PLL (SRF-PLL), is
used. The structure of the SRF-PLL is illustrated in Fig. 3 [30]. The
dynamic relationship between the input 6, and the output 6, of the
kth PLL is given by the following equation:

26, = P ()46, )
where P, (s) represents the PLL’s transfer function.
P,(s) can be expressed as:
VkOFk(s)(Kkps + Ky;)

2 %)
5%+ VkOFk(s)Kkps + VioFi($)Ky;

P (s) =

where K, and Kj; are PI gains of the kth PLL respectively, V} is
the magnitude of grid-point voltage of the kth WTG, O denotes the
steady-state value of a variable, F,(s) represents a low-pass filter.

When there are L dynamically similar PLLs equipped by the PMSGs
and/or the DFIGs within the WPCS:

P/(s)~ Py(s)~ - P (s),)L< N (6)
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Fig. 4. Division of the WPCS with L similar PLLs.

We can divide the WPCS into two subsystems: one composed of
similar PLLs denoted as subsystem P(s), and the other consisted of
the remaining system referred to as subsystem W(s). Here, P(s) =
diag[P,(s)],k = 1,2,..., L. Consequently, for these two subsystems, we
have:

40 = W (s)46, (@]

46, = P(s)40 ®)

where 46, = [40,,; A0y, -+ A0y ,,17, A0 = [46, 46, - 40, ]".

Fig. 4 illustrates the division of L similar PLLs and the remaining
system. Here, H,(s),k = 1,2--- L represents the transfer function of
the remaining part of the kth WTG, excluding the PLL. Y,,, denotes
the network admittance matrix of the WPCS after linearization, and
W(s),l = L+1, L+2--- N denotes the transfer function of the remaining
WTGs in the system.

Let 4; = & + jw; be an oscillation mode of the WPCS, then:

Det{1 - diag[ P,(A)IW (4)} =0 ©

where I is a unit matrix; Det { -} refers to the determinant of a matrix.
Letn;,j=1,2,...,L be the eigenvalues of W (4,). Hence, there exists
a matrix T that satisfies the following relationship:

TW ()T~ = diagn;] (10)
Consider a theoretical case that L PLLs are dynamically identical,

satisfying:

Pi(s)=Py(s) =P (s),L<N an

Using the Lth PLL as the averaged model to represent all the other
PLLs, we have:

46, = diag| Py (s)]46 12)

In the PLL, a low-pass filter is commonly employed to eliminate
high-frequency harmonics exceeding 300 Hz. We can assume F,(s) = 1,
then from Fig. 3 we have:

Vio(Kpps + Kypp)
$2+ VoK ps + VoK,

Multiplying both sides of (9) on the left by T and on the right by
T-!, we have:

P (s)= 13

Det{I — diag[P(4;))diag[n;]} = 0 a4
Then, there exists a n; that satisfies the following equation:

1= P G =0.j=12...N 15)
Combining Egs. (13) and (15), we have:

A2 —(n; = DVyoKy A — (1, = DV oKy, =0 (16)
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Therefore, we can obtain:

1 .
A= E[[L()KL,;(”IJ' - l)ij\/LLOZKLp2('1j -1y +4VioKp(n; — D]
17)

From Eq. (17), it is evident that the risk of oscillatory instability
introduced by L identical dynamic PLLs is influenced by two key
factors. The first factor is the PI gain of the PLL, and the second factor
is the dynamic interaction between L PLLs and the rest of the WPCS,
denoted as n;. Under the combined influence of these two factors,
situations may arise that the oscillation mode, 4; = &+ jw;, is located in
the right-had half of the complex plane, causing multiple L PLLs with

identical dynamics to collectively induce oscillatory instability.

2.3. Risk of oscillatory instability brought about collectively by the PMSGs
and the DFIGs — their PLLs are of similar dynamics

When dynamics of L PLLs are similar rather than identical, we
use the transfer function P,(s) of the nth PLL as the average model,
replacing P; (s) in the derivations in the previous subsection. Then, for
the remaining PLLs with similar dynamics, we have:

AP(s) = P,(s)— P(s);k=1,2,..., L 18)

where AP (s),k = 1,2,..., L represents the deviation between the kth
PLL and the averaged model P,(s) used. Therefore, for the kth PLL, the
output deviation 46,, can be expressed as:

A0, = AOyp — A0y (19)

where 46,,,,, represents the grid-point voltage phase tracked by the kth
PLL when using the averaged model, and for the kth PLL:

20,1 = P,(5)46, (20)
So, by combining Eq. (4) with Eq. (20), we can obtain:

40;, = AP(s)40,, 21
Therefore, we have:

A0, = diag[AP,(s)]40 (22)

where 40, = [46,, A46,, - 46,,]". Subsequently,we can obtain::

40 = W(s)(40,, — 40,) = W(s)40,, — W (s)diag[AP(s)]40 (23)

where 46,, = [40,,,;; A0y, Aean,,]T. Hence, we have:

40 = {I + W (s)diag[AP,(5)]} ™' W (5)46,, 24)

For an oscillation mode of the WPCS, 1; = &+ j@®;, by using Egs. (22)
and (24), we have:
Det {I — diag[P,(A)IW (1)} =0 (25)

where W (1) = {I + W(J,)diag[AP,(1)]}"' W (4,).
Let 7;,j = 1,2,...,L be the eigenvalues of W(Z[). Similar to the
derivation from (10) to (17), we can obtain:

i = %[V”OK,,p(ﬁj -1 ij\/V2 K2, (7i; = 1) +4V,0k, (7, — 1)] (26)

n0~"np
Obviously, it can be seen that in the worst case, L dynamically
similar PLLs may induce oscillations in the WPCS when /; = & + j@, is
in the right-hand half of complex plane.

2.4. Risk of oscillatory instability brought about collectively by the PMSGs
and the DFIGs — the DC voltage control outer loops of the PMSGs and the
PLLs equipped by the DFIGs are of similar dynamics

Fig. 5 illustrates the configuration of the grid side converter (GSC)
for the kth PMSG in the WPCS. The linearized DC voltage equation can
be described by the following equation:

_ (4P, — AP,,) 27)

AV, =
ke CViacos
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Fig. 7. Structure of the 1st example WPCS with 3 PMSGs and 3 DFIGs.

where C represents the capacitance, V,, represents the DC voltage
across the capacitor, P, and P, is the active power delivered by the
rotor side converter (RSC) and GSC.

From Fig. 5 and Eq. (27), it can have:

Kkups + Kkui

any = 2 (AP, — AP) = O, (5)AP, (28)

kde Video$
Denoting G, (s) as the part of the kth PMSG excluding the dynamics

described by the DC voltage control outer loops in Eq. (28). Consider
the case that dynamics of L; DC voltage control outer loops of L,
PMSGs and L, PLLs of L, DFIGs in the WPCS are similar (L, + L, = L)
when their bandwidth is similar. Fig. 6 illustrates the division of the
WPCS similar to Fig. 4, where the DC voltage control outer loops of L,
PMSGs and the PLLs of L, DFIGs are subsystem P(s) and the rest of the
WPCS is subsystem W (s).

Based on Fig. 6, analysis similar to that presented in the above
subsection can be carried out to indicate that it is possible that the DC
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voltage control outer loops of L; PMSGs and the PLLs of L, DFIGs may
collectively introduce the risk of oscillatory instability of the WPCS.

3. Study cases — collective impact of the PMSGs and the DFIGs
3.1. Study case 1 — the 1st example WPCS

Structure of a WPCS comprised of 3 PMSGs and 3 DFIGs is depicted
in Fig. 7. Dynamics of 3 PMSGs and 3 DFIGs are different. However,
parameters of their PLLs are same and hence their PLLs are of the
similar dynamics. The key parameters of the PMSGs and the DFIGs as
well as the network are given in Table A.1. of Appendix.

Tests were conducted to evaluate and demonstrate the analysis
made in the previous section about the risk of oscillatory instability
brought about collectively by both the PMSGs and the DFIGs in the
example WPCS. In the tests, only DFIG, and DFIG, were initially
connected in the example WPCS. Afterwards, PMSG,, PMSG,, DFIG;
and PMSG; were connected one by one (i.e., number of grid-connected
WTGs, N, increased from N = 2 to N = 6). When one more WTG
was connected, both the load flow condition of the example WPCS
and the dynamics interactions between the WTGs changed. Those two
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factors (load flow condition and dynamic interactions) affected the
oscillatory stability of the example WPCS. Since the analysis in the
previous section is about the risk of oscillatory instability introduced
by the dynamic interactions between the WTGs, in the tests the impact
on the oscillatory stability of the change of load flow condition should
be removed in order to achieve correct and reasonable evaluation
and demonstration. Therefore, a particular design for the tests was
implemented in the tests as follows.

Initially, the example WPCS were connected with DFIG, and DFIG,
in addition to 4 constant power sources. Those 4 constant power
sources were connected at the locations where PMSG,, PMSG,, DFIG;
and PMSG; were connected respectively. The values of power output
from a constant power source were as same as those of the WTG
connected at the same location. Afterwards, the constant power sources
were replaced one by one by PMSG,, PMSG,, DFIG; and PMSG; sepa-
rately. Hence, when PMSG,, PMSG,, DFIG; and PMSG; were connected
in the example WPCS, the load flow condition of the WPCS was
unchanged and only the dynamics interactions among the WTGs varied.
Subsequently, the tests ensure that any risk of oscillatory when N
increased is caused only by the variation of dynamic interactions among
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the WTGs. In the paper, this particular design for the tests that the WTG
replace constant power source has been implemented in all the tests
presented latter.

Based on Eq. (26), following function can be established:

[VOK,,p(n 1)+j\/V2K2 i— 1) + 4V, gk, G — 1] (29)

Eq. (29) defines the correspondence between the dynamic interac-
tion 7 between components with similar dynamic characteristics (in
Study Case 1, the PLL) and the remaining part of the WPCS, as well
as the oscillation mode a of the WPCS. For the 1st example WPCS,
when different number (N) of the WTGs, were connected, the unstable
region about 7 was varied. Those unstable regions were calculated and
are displayed in Fig. 8. In addition, when more WTGs (N increased)
were connected (i.e., replacing the constant power sources), value of 7,
denoted as 7j;, associated with the dominant oscillation mode of the 1st
example WPCS (4 with poorest damping) varied. Positions of 7j; when
N increased are also displayed in Fig. 8.

Fig. 8 shows that when more WTGs were connected, the unstable
regions about expanded. (For clarity, the results are shown in two
separate subplots, and note that the scales of the two diagrams are
different.) Subsequently, fell within the unstable regions when N was
greater than 4. This is when the dominant oscillation mode was in the
right-half of complex plane and the collective impact of the PMSGs and
the DFIGs led to the oscillatory instability of the 1st example WPCS.

Fig. 9 illustrates the positions of the dominant oscillation modes
after the WTGs were sequentially connected to the system. It can be
seen that as more WTGs were connected, the dominant oscillation mode
of the PLLs gradually shifted towards the right-hand side of the complex
plane. When DFIG; was connected to the system, the dominant mode
moved into right-half plane of the complex plane, indicating system
instability. Furthermore, when PMSG; was connected, the dominant
mode of the PLLs moved further to the right. Hence, Fig. 9 confirms
the results presented in Fig. 8.

Fig. 10 shows the participation factors for the dominant oscillation
modes, confirming that the dominant oscillation modes were related to
the PLLs of both the PMSGs and the DFIGs such that it was the collective
impact of the PLLs of the DFIGs and PMSGs causing the oscillatory
instability of the 1st example WPCS.

Fig. 11 presents the nonlinear simulation results. At 0.5s, the system
experienced a disturbance, causing a 5% decrease in the output power
of PMSG,, which lasted for 0.05 s. The non-linear simulation model
is built in MATLAB/Simulink and includes the wind turbine units, the
transmission network, and the external power system. The external
power system is represented by a 4th-order synchronous generator, and
the PMSGs and the DFIGs within the system are modeled using 15th-
order models. Detailed modeling methods can be found in [26,31]. The
oscillation frequency observed in Fig. 11 (about 25 Hz) matches that
of the dominant oscillation mode identified in Fig. 9, calculated from
its imaginary part as Imag/2x. This consistency between the nonlinear
simulation and the eigenvalue analysis confirms that the oscillation is
governed by the identified dominant mode.

In practice, parameters of PLLs may not be identical. To evaluate
the collective impact of the PMSGs and the DFIGs when parameters of
their PLLs are not the same, following tests were conducted.

The integral gain of the PLL for PMSG, served as the base value.
The integral gain of the PLLs of other WTGs varied consecutively from
that of PMSG, by a deviation factor d. Fig. 12 illustrates the unstable
region about /i and the position of 7; when all WTGs were connected
(i.e., N = 6) and d respectively was 2.5% and 7.5%. From Fig. 12, it can
be seen that when d was 2.5%, 7; falls within the unstable region about
7. Hence, even though the parameters of the PLLs were slightly varied,
the collective impact of the PLLs of the DFIGs and PMSGs still caused
the oscillatory instability of the 1st example WPCS. However, when d
was 7.5%, 7j; was outside the unstable region about 7 such that the
collective impact did not lead to system instability. This test indicates
that to increase the difference of values of the parameters of the PLLs
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Fig. 17. Unstable region about 7 of the 2nd example WPCS when the number of WFs being connected, M, increased.
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Fig. 18. Positions of dominant oscillation modes of the 2nd example WPCS for different x; when the number of WFs being connected, M, increased.

can reduce the instability risk brought about by the collective impact.
It means that the harmful collective impact was indeed from the similar
dynamics of the PLLs equipped by the DFIGs and PMSGs.

Fig. 13 presents the positions of dominant oscillation modes when
integral gain values of the PLLs were varied. In Fig. 13(a), the deviation
factor d is 2.5%; in Fig. 13(b), the deviation factor d is 7.5%. Fig. 14
shows the participation factors of the dominant oscillation modes. Fig.
15 is the non-linear simulation. They confirm the results presented in
Fig. 12.

Following observations can be made from the above test results of
the 1st example WPCS:

(1) When more WTGs, either PMSGs or DFIGs, were connected, the
risk of oscillatory instability increased.

(2) The instability risk was associated with all the WTGs, i.e., the
PMSGs and the DFIGs.

(3) The harmful collective impact was indeed due to the similar
dynamics of the PLLs equipped by the DFIGs and PMSGs.

3.2. Study case 2 — the 2nd example WPCS

The 2nd example WPCS, illustrated by Fig. 16, consists of 3 wind
farms (WFs). 20 WTGs are classified into 8 groups as they are from
8 different manufacturers. Parameters of the WTGs are significantly
different from a group to another. Following two cases are presented in
this subsection: (a) Parameters of the PLLs equipped by 20 WTGs are
similar, assuming that the manufacturers intend to achieve the similar
phase tracking performance of the PLLs. (b) Parameters of the PLLs of
the WTGs in 8 different groups are considerably different. The main
parameters of 20 WTGs are given in Table A.2. of Appendix. Tests were
carried out to evaluate the collective impact of the WTGs by connecting
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the WFs to the system in the following sequence: WF;, WF,, WF;. The
way to connect the WFs was similar to that described in the tests of
study case 1 for the 1st example WPCS, i.e., by replacing the constant
power sources with the WTGs.

Fig. 17 presents the computational results of the unstable regions
about 77 and the positions of fijs when number of the WFs, M, connected
to the system varied. It can be seen that when the WTGs in WF;
were connected, 7j; fell within the unstable regions about 7 in case (a),
indicating the collective impact of the PLLs with the similar dynamics
of the PMSGs and the DFIGs causing system instability. However, in
case (b) when the dynamics of the PLLs in 8 different groups were
considerably different, 7, was outside the unstable regions about 7,
indicating that the system maintained being stable though 3 WFs were
all connected. Note that when M was 3, the unstable regions about 7
were expanded considerably as the scales of real and imaginary axis
were 10 times of those when M =1 and M = 2.

Fig. 18 shows the positions of dominant oscillation modes of the 2nd
example WPCS on the complex plane as the number of WFs connected,
M, changes. Fig. 19 presents the participation factor results for the
dominant oscillation mode in case (a) when M varied. Fig. 20 gives
the results of non-linear simulation with M = 3. At 0.5 s, the system
was disturbed, causing a 5% increase in the output power of PMSG,,
which lasted for 0.05 s before returning to normal. They confirm the
results shown in Fig. 17 that even parameters of the same type of
WTGs, either PMSGs or DFIGs, are different, they can still induce
growing oscillations if their PLLs are of the similar dynamics (case (a)).
However, if the number of the PLLs with similar dynamics decreases,
the risk of oscillatory instability decreases (case (b)).

In order to assess the impact of grid strength on the risk of os-
cillatory instability introduced by the collective impact, the following
tests were conducted. When the parameters of PLLs are different, the
transmission line reactance x; (where the transmission line impedance
z; = rp+x;) is further increased to 0.2 p.u. and 0.3 p.u., resulting in a
further reduction in grid strength.
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Fig. 21 illustrates the unstable region about # and the positions of
il under different x; values, when number of the WFs, M, connected
to the system varied. It can be observed that although the differences
in PLL parameters reduce the collective impact, when x; increases to
0.3 p.u. after connecting WFs, #; still falls within the unstable region.
Meanwhile, the increase in x; also significantly enlarges the unstable
region of 7.

Fig. 22 shows the positions of the dominant oscillation modes under
different x; when the number of WFs being connected. In Fig. 22(a),
x; = 02 p.au; in Fig. 22(b), x; = 0.3 p.u.. Fig. 23 presents the
participation factor results for the dominant oscillation modes. Fig. 24
displays the outcomes of a non-linear simulation conducted with M =
3. They confirm the results in Fig. 21, showing that an increase in
transmission line reactance, which corresponds to a decrease in grid
strength, can increase the risk of oscillatory instability, even though
the PLL dynamics of the PMSGs and the DFIGs exhibit significant
differences.

3.3. Study case 3 — the 3rd example WPCS

In the previous study cases, test results are about the collective
impact of the PMSGs and the DFIGs when their PLLs are of similar
dynamics. This subsection presents test results on the collective impact
of the WTGs, when the DC voltage control bandwidth of the PMSGs
are similar to the bandwidth of the PLLs in the DFIGs, such that the
DC voltage control in the PMSGs and the PLLs in the DFIGs are of the
similar dynamics. Theoretical analysis for this case has been presented
in Section 2.4 of previous section.

Fig. 25 shows the configuration of the 3rd example WPCS, consist-
ing of 10 PMSGs and 10 DFIGs. Parameters of 10 PMSGs are same
and those of 10 DFIGs are also same. It happens that the bandwidth
of the DC voltage control loops of the PMSGs is as same as that of
the PLLs of the DFIGs. Hence, though dynamics of the PMSGs are
significantly different with those of the DFIGs, the DC voltage control
of the PMSGs is of the similar dynamics with the PLLs of the DFIGs. The
key parameters for the 3rd example of the WPCS are listed in Table A.3.
of Appendix.

The arrangement to evaluate the collective impact of the PMSGs
and the DFIGs is as same as that in the previous study cases, i.e., the
PMSGs and the DFIGs were connected to the 3rd WPCS one by one
by replacing constant power sources. The sequence of connecting the
WTGs is connection of a PMSG after a DFIG and so on. Initially, DFIG,
and PMSG, were connected. Then DFIG, was connected followed by the
connection of PMSG, until 10 DFIGs and 10 PMSGs were all connected.

Fig. 26 shows the unstable region about 77 when the number of
WTGs, N, increased from 8 to 20. (For clarity, the results are shown
in two separate subplots.) The positions of 7; are also indicated in Fig.
26. It can be seen that when N is greater than 16, the corresponding
ij; falls into the unstable region about 7. Subsequently, the collective
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impact of the PMSGs and the DFIGs led to the oscillatory instability of
the 3rd example WPCS.

Fig. 27 gives the computational results of dominant oscillation mode
when N increased. It validates that the collective impact of the PMSGs

and the DFIGs caused the oscillatory instability when the number of the
WTGs increased. Fig. 28 presents of computational outcomes for the
participation factors of the dominant oscillation modes when N varied.
It can be seen that the dominant oscillation modes are intimately
associated with the DC voltage control loops of the PMSGs and the PLLs
of the DFIGs. Hence, it confirms that the similar dynamics of the DC
voltage control of the PMSGs and the PLLs of the DFIGs are the root
cause of the collective impact of the PMSGs and the DFIGs.

The results of the non-linear simulation, presented in Fig. 29, pro-
vide confirmation. At 0.5 s, the system was disturbed, causing a 5%
decrease in the output power of DFIG;, which lasted for 0.05 s before
returning to normal.

To evaluate the collective impact when the bandwidths of the DC
voltage control of the PMSGs and the PLLs of the DFIGs differ, the
following tests were conducted.

The integral gain of DC voltage control loop of PMSG, and that of
the PLL of DFIG, were used as the base value. The integral gain of
DC voltage control loops of other PMSGs was increased by a deviation
factor, d, consecutively. The integral gain of the PLLs of other DFIGs
was decreased consecutively by d. d was set to be 5% and 25%,
respectively. Subsequently, bandwidths of the DC voltage control and
the PLLs were varied in the tests.

Fig. 30 shows the unstable region about 7 and the positions of 7;
when N was 20. It can be observed that when the bandwidth difference
was small (d = 5%), the ii; was still in the unstable region. The collec-
tive impact of the PMSGs and the DFIGs caused oscillatory instability of
the 3rd example WPCS. However, when bandwidth difference was large
(d = 25%), 7 ; was outside the unstable region. The harmful collective
impact of the PMSGs and the DFIGs was avoided.

Fig. 31 shows the positions of the dominant oscillation modes when
N increased and bandwidths varied. In Fig. 31(a), the deviation factor
d is 5%; in Fig. 31(b), the deviation factor d is 25%. Fig. 32 presents
the participation factor results for the dominant oscillation modes. They
confirm that similar dynamics for the DC voltage control loops of the
PMSGs, as well as for the PLLs of the DFIGs, as measured by their
bandwidths, are the root cause of harmful collective impact of the
WTGs. The non-linear simulation results confirm this, as given in Fig.
33.

4. Conclusions

Previous studies have revealed that in a grid-connected wind farm,
the same type of WTGs, either PMSGs or DFIGs, with similar dynamics
may collectively bring about the risk of sustained oscillations. This
collective impact exhibits as increasing risk of oscillations when more
WTGs with similar dynamics are connected.

A wind power collecting system (WPCS) is comprised of multiple
wind farms with the PMSGs and the DFIGs, dynamics of which are
totally different. This paper investigates the oscillation instability col-
lectively caused by both the PMSGs and the DFIGs, in the WPCS. By
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using the PLLs as a representative type of components, the investigation
analyzes why the PMSGs and the DFIGs, which are of the components
with similar dynamics, may collectively cause the oscillatory instability
of the WPCS. The analysis in the paper is extended to another rep-
resentative case that the dynamics of the DC voltage control of the
PMSGs are similar to the dynamics of the PLLs of the DFIGs. In this
representative case, the PMSGs and the DFIGs may also collectively
cause the oscillatory instability of the WPCS.

From the procedure of theoretical analysis presented in the paper, it
is clear that the analysis can be extended to the following general case:
if the dynamics of some components of the PMSGs are similar with the
dynamics of some components of the DFIGs, the PMSGs and the DFIGs
may collectively cause oscillatory instability of the WPCS. Hence, the
study in the paper has made considerable advance from the previous
studies about the collective impact in the following two aspects: (1) The
collective impact of different types of the WTGs, both the PMSGs and
the DFIGs, may also be dangerous; (2) The root cause of this dangerous
collective impact is the components with similar dynamics, that are the
parts of the PMSGs and the DFIGs.

Three case studies are provided to illustrate and assess the analysis
and conclusions drawn in the paper. They clearly indicate that: (1)
When the dynamics of the PLLs equipped by the PMSGs and the
DFIGs are similar, the PMSGs and the DFIGs can collectively cause
the growing oscillations; (2) If the dynamics of the DC voltage control
in PMSGs resemble those of the PLLs in DFIGs, the PMSGs and the
DFIGs can collectively cause the growing oscillations; (3) The risk of
oscillations caused collectively by the PMSGs and the DFIGs increases
when more PMSGs and DFIGs are connected in the WPCS; (4) When
the similarity of dynamics of the components decreases, the risk of
oscillations caused collectively by the PMSGs and the DFIGs decreases.
(5) When the grid strength decreases, the risk of oscillations collectively
caused by the PMSGs and the DFIGs increases.

Study presented in the paper is of practical significance to guide the
operation and the planning of the WPCS as follows.
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(1) In the operation of a practical WPCS, if it is found that growing
oscillations occur when more WTGs are connected, it is possible that
the oscillations may be caused by the collective impact of the WTGs.
Further examination is needed to check whether the oscillations are
closely related to the heavy loading of wind power. If they are not and
there are components of the WTGs with similar dynamics, it can be
certain that the components with similar dynamics are the root cause
of growing oscillation. Tuning the parameters of those components to
diversify their dynamics can reduce the risk of the oscillations.

(2) Dangerous collective impact may constrain the scale of a WPCS
under planning. Normally, typical loading conditions, parameters and
configurations of the WTGs are adopted in planning the WPCS. Ac-
cording to the analysis and conclusions made in the paper, the same

11

types of the WTGs adopting the same loading conditions, parameters
and configurations are the most dangerous scenario when the risk of
oscillations caused by the collective impact is high. Planning advice
should be given that the WPCS should consider to install the WTGs
from different manufacturers, who should consider to diversify the
setting of the converter control system parameters (including the PLLs)
for the WTGs. This can reduce the risk of oscillations caused by the
collective impact as being identified in planning the WPCS. In addition,
a weaker grid can further aggravate the oscillation risk caused by the
collective impact, and therefore the grid strength should also be taken
into account in the planning stage.
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Table A.1

The main parameters in 1st example WPCS (p.u.).
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lines z; =0.001 + 0.2, z;_3 = 0.001 + j0.12, z,_ = 0.0008 + j0.0128
DFIGs K, pri1-3 =237, K, prp13 =82,Cp_3 = 13.29, P01 3 = 0.08
PMSGs K, pri13 =237, K prpi3 = 82,Cp1_5 = 30, Prgyjper 3 = 0.08

Table A.2
The main parameters in 2nd example WPCS (p.u.).

lines

2, = 0.0025 + j0.165, z,_; = 0.0007 + j0.015, z,_g = 0.0007 + j0.013,

Z7_9 = 0.0007 + j0.0132, z;4_1, = 0.0005 + j0.0105, z,5_;5 = 0.0005 + j0.0115,
Z6.17 = 0.0009 + j0.018, 2,5 1o = 0.0005 + j0.0112, 2395, = 0.0004 + j0.008,
2323 = 0.0006 + j0.0123.

DFIGs

Puctive1—3 = 0.028, Pypyipeq—g = 0.035, Ppeyyper,
(@ KpiPLLI—IU =8, KLPLLI—I() =28.
®) K, prri-10 =7.90,9.07,8.45,8.52,8.57,9.49,9.32,8.01,7.83, 8.43.

K; prpi-10 = 32.43,28.35,37.15,36.08, 29.50, 32.52, 40.49, 34.58, 44.19,31.52.

s =0.022, P,

> Lactive9,1

0 =0.04

PMSGs

(@) KpiPLL]—]ll =38, KLPLLI—I() =28.

() K, prii-10 = 8:52,9.04,8.51,8.42,9.41,8.72,8.87,9.37,9.25,8.63.

i

K, prri-10 = 30.01,34.02,41.38,42.64,26.64,32.98,36.20, 35.10, 38.94, 39.18.

Table A.3

The main parameters in 3rd example WPCS (p.u.).

lines z; = 0.001 + j0.0825, z,_,, = 0.001 + ;0.015.
DFIGs Kp,PLL]—m =4, KLPLLP]O =34, Pyiper—10 = 0.1.
PMSGs Cplfll) =17, Pueriver—10 = 0.1, KpﬁSC,UchO =0.15, Kﬁsquduqo = 600.
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