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Abstract. Recently, near-fundamental-frequencyoscillations (NFFOs) have been
observed in practical wind power integrated systems via MMC-HVDC (WISM).
However, a practicalWISM is often high-order, causing the oscillation risk assess-
ment to be computationally heavy. Therefore, in this paper, an efficient stability
criterion is proposed, which gives the critical stability conditions considering the
impact of number of generators and network topology. ThenNFFO risk of aWISM
under different numbers of generators and network topologies can be quickly
judged. The stability criterion can be obtained via the Nyquist-based stability
analysis on a single generator integrated system via MMC-HVDC and hence is
simple in application. In addition, derivations of the stability criterion also give an
analytical explanation to the NFFO risk induced by the integration of wind power.
Finally, effectiveness of the proposed method and conclusions drawn is verified
based on a typical WISM.
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system via MMC-HVDC · Stability criterion · Oscillation risk assessment

1 Introduction

MMC-HVDC transmission has been widely used in the integration of wind power, due
to its advantages of high efficiency, scalable structure and so on [1]. However, dynamic
interaction between the MMC and wind power generators (WPGs) can adversely affect
the stability of the system [2]. Recently, oscillations with a frequency of 40 to 60Hz
were observed in a practical wind power integrated system via MMC-HVDC (WISM),
which seriously affects the consumption of wind power [3, 4]. This new-type oscillation
is called near-fundamental-frequency oscillation (NFFO) as its frequency is close to
the fundamental value, i.e., 50Hz [4]. Thus, for the stable operation of the WISM, it is
important and necessary to conduct oscillation risk evaluation.
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The impedance-based analysis (IA) and the mode analysis (MA) are widely used
in the oscillation stability analyses of the WISM. In the IA, a WISM can be divided
into two subsystems, i.e., the wind power generation subsystem and the MMC-HVDC
subsystem.Then the stability analyses canbe conductedbasedon thegeneralizedNyquist
criterion (GNC) or the Bode diagram [5–7]. Besides, with each equipment modelled as
an impedance, a WISM can be seen as an impedance network [7] and the oscillation
risk evaluation can be achieved via frequency-domain mode analysis [8, 9]. The MA
is carried out based on the linearized state-space model. By calculating the eigenvalues
and eigenvectors of the state-space matrix, oscillation modes and the corresponding
mode shapes or participation factors can be obtained. Then the WISM is stable if and
only if there is no oscillation mode on the right half of complex plane [10–12]. Both
the IA and MA can give quantitative analyzing results of the oscillation stability of a
WISM.However, in a practicalWISM, there can be a large number ofWPGs, causing the
linearized model to be high-order and the stability analyses to be computational heavy.
Besides, since oscillation stability is affected by the operating point (OP) [13], once the
OP is changed, the stability analysis should be reconduct, which further increases the
computational burden.

Focusingon the gapmentioned above, this paper proposes an efficient criterion for the
NFFO risk evaluation ofWISM. To do so, the equivalent decoupling is conducted on the
impedance model of a WISM at first. And aWISMwith N WPGs can be decoupled into
N subsystems, each of which is composed of a single grid-connected WPG. Secondly,
basedon theGNC, critical stability condition for each subsystem is be derived.According
to this, an efficient criterion for the quick evaluation of NFFO risk considering various
OPs is obtained. Finally, effectiveness of the criterion proposed is validated via case
studies.

2 Modelling of the WISM

Typical topology of a WISM is shown in Fig. 1. In oscillation stability studies, a WPG
can be represented by an admittance [5–12], and hence, it can have

ΔIwi = Gwi(s)ΔVwi (1)

where Iwi = [Iwix Iwiy]T and Vwi = [Vwix Vwiy]T are respectively the output current
vector and terminal voltage vector of the ith WPG; Gwi(s) is the admittance model of
the ith WPG; i = 1, 2, …, N, N is the total number of WPGs.

Similarly, for the MMC-HVDC part, there is

ΔVmmc = Zmmc(s)ΔImmc (2)

where Immc = [Immcx Immcy]T, Vmmc = [Vmmcx Vmmcy]T and Zmmc(s) are respectively
the output current vector, terminal voltage vector and impedance model of the MMC.

By using the node impedance matrix, network equation for the WISM is

ΔV = Znet(s)ΔI + ΔVMm (3)
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Fig. 1. A typical WISM

where V = [V1
T V2

T … VN
T]T, I = [I1T I2T … INT]T, VMm = [Vmmc

T

Vmmc
T … Vmmc

T]T; Znet(s) = [zij(s)]|i, j = 1, 2, …, N is the node impedance matrix,
[zij(s)]|i, j = 1, 2, …, N denotes a block matrix with the element on the ith row and jth

column to be zij(s), zij(s) is a 2 × 2 polynomial matrix.
With charging capacitances of the lines ignored, there is

ΔImmc = −
∑N

i=1
ΔIi (4)

By combining (1), (3) and (4), admittance model of the wind power generation part
can be obtained as ΔImmc = Gw(s)ΔVmmc. Then the NFFO stability analysis can be
carried out based on the GNC. However, since there can be a large number of WPGs in
the WISM, establishment of the admittance model Gw(s) can be computationally heavy,
especially when various OPs are considered. To reduce the computation burden of the
risk evaluation, an efficient criterion for the NFFO will be proposed.

3 A Stability Criterion for NFFO Risk Evaluation

3.1 Derivation of the Stability Criterion

According to [14, 15], with the resistances of the lines ignored, the node impedance

matrix in (3) can be expressed as Znet(s) = Xnet ⊗ E(s), with E(s) =
[

s
ω0

−1

1 s
ω0

]
. Then

under the assumption that admittance models of the WPGs are approximately identical,
the wind power generation part can be decoupled into N subsystem as,

ΔIyi = Gw(s)�Vyi ΔVyi = λiE(s)ΔIyi + usiΔVmmc (5)

where λi are the eigenvalues of the matrix Xnet; usi = ∑n
j=1 uji, ui = [u1i u2i … uNi]T are

the eigenvectors of Xnet; IY = [Iy1T Iy2T … IyNT]T and VY = [Vy1
T Vy2

T … VyN
T]T

are the newly induced variable vectors to describe the dynamics of the WISM; Iy =
U2

TI, Vy = U2
TV, U2 = U ⊗ E2, U = [u1 u2 … uN ], E2 is a 2 × 2 unity matrix; i =

1, 2, …, N.
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Since models of the WPGs are approximately identical, the subscript i in the admit-
tance model Gwi(s) is ignored. Besides, since the dynamics of the WPGs are nearly
identical, all the WPGs can participate in the oscillation, which is the worst circum-
stance. In addition, with the equivalent decomposition in (5) induced, dynamic response
of the wind power generation part can be expressed as [16],

ΔImmc = −usNΔIyN (6)

According to (5) and (6),

ΔImmc = −usNGw(s)ΔVyN ΔVyN = usN [− λN
u2sN

�E(s)ΔImmc + ΔVmmc] (7)

Besides, from [14-15], usN = √
N and λN

u2sN
= xL +

∑N
i=1

N∑
j=1

xij

N , where xL is the

reactance of the transmission line and xij is the self or mutual reactance of the WPGs
considering the power collecting network [15]. Thus, let X t = λN

u2sN
, which can quantify

the average electrical distance between the WPGs and the MMC-HVDC.
Then based on (2) and (7), with the equivalent decoupling induced, the WISM can

be represented by a feedback system as shown by Fig. 2, where ZmmcL(s) = Zmmc(s) –
X tE(s). According to the GNC, stability of the system can be analysis based on the
impedance ratio matrix NGw(s)ZmmcL(s). Thus, if cross point of the Nyquist curves of
the impedance ratio matrix Gw(s)ZmmcL(s) with the negative real axis is (-a, 0) with a
> 0. The feedback system in Fig. 2 is stable if and only if Na < 1. Thus, a criterion for
the oscillation stability of the WISM can be obtained as,

N <
1

a
(8)

usNGw(s)

usNZmmcL(s)
mmcIyNV

Fig. 2. Configuration of the feedback system1.

The criterion given in (8) can judge the oscillation stability of the WISM under
considering the impact of the number of generators. Besides, in line with (2) and (7),
the WISM can also be expressed as a feedback system as shown by Fig. 3, where
Gwm(s) = [ 1

N Zw(s) + Zmmc(s)]−1, Zw(s) = Gw
−1(s) and V tY is a newly induced

voltage to describe the dynamics of the system. Similarly, if cross point of the Nyquist
curves of the impedance ratio matrix -Gwm(s)E(s) with the negative real axis is (-b, 0)
with b > 0, then the system is stable if and only if,

Xt <
1

b
(9)

Based on the stability criterion in (8) and (9), with the increase of the number of
WPGs or reactance of the network, NFFO stability of a WISM deteriorates.
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Fig. 3. Configuration of the feedback system2.

3.2 NFFO Risk Assessment Based on the Stability Criterion

In Sect. 3.1, a stability criterion is derived for the oscillation risk assessment. As for
the NFFO, in line with the actual events, the oscillation generally occurs when the
active power output of the WPGs increases to a certain level and hence, the delivery
capacity of the MMC-HVDC is limited. The stability criterion in (8) and (9) can be used
for the oscillation risk assessment considering different number of WPGs and network
topologies. Since the NFFO is closely related to the high active power transmission, in
the oscillation risk assessment, we can assume that all the WPGs operate at rated state,
which is the worst condition. Then via power flow calculation, steady-state operating
points for WPG and the MMC-HVDC can be obtained and the impedance/admittance
modelGw(s) andZmmc(s) can be established. Therefore, based on (8) and (9), the stability
limit 1/a or 1/b can be obtained. Besides, the stability criterion can also be used for the
oscillation risk assessment under other power transmission levels, for example, when
the power outputs of the WPGs are 90% of the rated value. The procedure for the risk
assessment is the same as that under the rated state and will not be repeated here.

4 Case Studies

In this section, effectiveness of the criterion proposed in Sect. 3 was verified based on an
exampleWISM as shown by Fig. 1. At initial state, there are forty DFIGs in the example
system and X t = 0.1p.u.. Rated capacity of the DFIG is 0.1p.u. with the base value to
be 100 MVA.

First, impact of the number of DFIGs was analyzed. Impedance/admittance models
of the DFIG and the MMC-HVDC were built under the condition that the WPGs were
operating at the rated state. Then Nyquist curves of the eigenvalues of the impedance
ratio matrix -Gw(s)ZmmcL(s) were plotted, and the results are shown in Fig. 4(a). Then
from (8), when number of the DFIGs (N) exceeds forty-seven, the example system will
losses oscillation stability.

Second, oscillation stability of the example WISM was studied considering the
impact of network topology. To do so,Nyquist curves of the eigenvalues of the impedance
ratio matrix Gwm(s)E(s) were plotted when there were fifty DIFGs, and the results are
shown in Fig. 4(b). Then from (9), when X t is lower than 0.095 p.u., the example WISM
is stable.
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Fig. 4. The Nyquist curves, (a) Impact of N, (b) Impact of X t.

Finally, effectiveness of the results of oscillation stability based on the criterion
shown in (8) and (9) was verified via nonlinear simulation. At 0.5s of the simulation,
the AC-side terminal voltage of the MMC decreased by 5% and recovered at 0.6 s. The
results are shown in Fig. 5. It can be seen that, the results of the nonlinear simulation
are consistent with that obtained via the stability criterion and hence, effectiveness of
the stability criterion is verified. Besides, with the increase of the number of generators
or reactance of the network, NFFO stability of the system deteriorates.
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Fig. 5. Nonlinear simulation results.

5 Conclusions

A stability criterion for the study of NFFO is derived in this paper based on the equivalent
decoupling and GNC. Main contributions of this paper can be summarized as follows.

The stability criterion proposed gives the critical condition for the NFFO stability
of a WISM considering the impact of the number of WPGs and the network topology.
Based on this, NFFO risk under different number of WPGs and network topologies can
be efficiently assessed.
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The stability criterion gives an analytical explanation to the NFFO induced by the
integration of WPGs. With the increase of the number of WPGs or reactance of the
network, NFFO stability of a WISM deteriorates.
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