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Abstract

Harmonic instability events between modular multilevel converter (MMC) and ac systems have been widely reported
in recent years. To damp harmonic resonance, this paper proposes an adaptive narrowband damping control that
automatically programs, adds, and adjusts the damping around the oscillation frequency when an oscillation is detected.
First, the paper presents a low-pass filter design for MMC control loops that pushes all negative damping of the
MMC impedance down to the medium-frequency range (< ~ 1000 Hz). Then, an adaptive damping control that uses
online oscillation detection is proposed, which can automatically configure the narrowband damper to provide positive
damping to the MMC around the detected oscillation frequency. In contrast to existing narrowband damping methods,
the proposed adaptive narrowband damper dynamically adjusts the damping gain and the width of the damping range
based on continuous monitoring of system resonance conditions (e.g., adjust damping gain to zero when the system
resonance disappears). Electromagnetic transient simulation results validate the efficacy of the proposed method in

two typical MMC-based power systems.

1 Introduction

In recent years, harmonic instability events (beyond the
second harmonic frequency) have been widely reported in
several modular multilevel converter (MMC)-based high-
voltage de (HVDC) systems, including both land-based [1]
and offshore sides [2]. These harmonic instability events
are rooted in the fact that the system resonance fre-
quency falls within the negative damping region of the
impedance response of MMC induced by time delays [3].
To mitigate such harmonic oscillations, several methods
have been extensively studied in the literature. Among all
of these methods, active methods are particularly attrac-
tive since they offer a controllable frequency range and
degree of damping added to MMC impedance, while avoid-
ing costs of power loss and additional installation space
associated with passive methods. (especially for offshore
applications).

Active methods generally fall into two categories, wide-
band methods [1, 4] and narrowband methods [4, 5].
Depending on whether the damping function is connected
in parallel or in series with the controller, wideband
methods can be further classified into wideband filtering
and wideband damping. In the former, low-pass filters
with a few 100s of bandwidth or even lower are usu-
ally inserted into the current and voltage control loops
of the MMC, effectively eliminating negative damping of
the MMC impedance within the stopband of low-pass
filters. In current MMC projects, this is widely used to
prevent harmonic oscillations; however, the delay-related

phase lag subjected by the filter, when combined with the
inherent phase shift of the filter in its passband and transi-
tion band, can significantly increase the negative damping
of MMC impedance and worsen any resonance in the
frequency range of passband of low-pass filter. Another
impact is that an extremely low bandwidth of low-pass
filter may deteriorate the controller stability and desired
dynamics. In addition, wideband damping can be intro-
duced by feeding the ac current and voltage measurement
to the damping control function and directly adding the
output to the modulation signals. Several damping func-
tions have been proposed in the literature to minimize the
negative damping region of power converters [4, 5], while
only the method in [4] that incorporates a passivity-based
controller can make the MMC impedance completely pas-
sive from the second harmonic frequency and the damping
effect is not affected by the amount of delay; however,
because the passivity-based controller uses both current
and voltage feedforward and its broadband characteris-
tic, it inevitably deteriorates the ride-through capability
of the MMC controllers.

Similar to wideband methods, narrowband methods can
also be divided into narrowband filtering using notch fil-
ters [6] and narrowband damping [7] utilizing band-pass
filters. Narrowband filtering is generally not recommended
because the time delay effect coupled with notch filter’s
inherent phase shift can cause more negative damping
around its stopband. On the other hand, narrowband
damping uses a band-pass filter along with a damping



function [7], which can add positive damping to the MMC
impedance within a selected narrow frequency range and
compensate for the time delay effect via a phase-leading
unit. This method does not affect the characteristic of the
MMC outside the selected damping range, thus avoiding
the problems associated with other methods mentioned
above. However, because harmonic oscillations cannot be
predicted offline and their frequency can change with
varying system configurations, a narrowband damping
function needs to be employed in conjunction with online
oscillation detection, which is referred to as adaptive nar-
rowband damping [7, 8]; however, several issues related
to adaptive narrowband damping control remain unre-
solved in the existing literature: 1) The existing design
of the damper gain aims to ensure that the impedance
of the MMC at the resonance frequency does not change
before and after applying the damper. Although such a
design avoids the resonance frequency shift caused by
the damper, when the negative damping of the MMC
impedance is large, it might significantly change the
impedance magnitude of the MMC outside the damping
range. As a consequence, it can develop a new resonance
between the MMC and the ac system. 2) The existing
literature does not provide a guideline for selecting the
bandwidth of the narrow damper, nor does it discuss
the impact that the improper selection of the bandwidth
might have on the damping performance and system sta-
bility. 3) The main focus of the adaptivity of the existing
adaptive narrowband damping control is on the capability
to activate the damper in response to the detected reso-
nance frequency; however, the methods for adjusting the
damper’s gain and bandwidth according to specific system
resonance conditions, as well as the automatic deacti-
vation of the damper when thes resonance conditions
disappear, have not been explored.

An important feature of harmonic oscillations is that
multiple harmonic oscillations can occur simultaneously,
and their frequencies vary with changes in the system
configuration, posing additional challenges for both exist-
ing wideband and narrowband methods. Considering the
low-pass filter is effective at removing negative damp-
ing of MMC impedance above its cutoff frequencies, first,
this paper discusses how low-pass filter can be designed
to limit the negative damping of the MMC impedance
within the medium-frequency range without affecting the
controller dynamics. By doing so, the issue of multiple
harmonic oscillations is converted to a single harmonic
oscillation within the medium-frequency range. Then,
this work proposes an adaptive narrowband damper that
can, via the adaptive tuning unit, dynamically adjusts
its damping gain and damping width according to the
damping requirement of the system and the intensity
of current or voltage oscillations. In addition, the nar-
rowband damping function, if the resonance condition is
no longer present, can also be automatically deactivated
based on the proposed adaptive tuning method.
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Fig. 1. Diagram of system under study

2 MMCs and System Description
2.1 System Description and Impedance Model of MMC's

Fig. 1 presents a simplified schematic of an MMC-based
system, which also indicates how the proposed adap-
tive narrowband damping control should be introduced.
Note that it includes an adaptive control unit that adap-
tively activates/deactivates and adjusts the narrowband
damping control function (denoted as Hgy(s)) based on
continuous monitoring of the system’s resonance condi-
tions. The MMC in Fig.1 can be operated as either a
grid-following MMC or a grid-forming MMC, depending
on whether the MMC regulates its ac output current or
voltage. The ac network in this context can be a passive
grid (e.g., series-compensated grid, overhead lines) or an
'active" system dominated by power converters (e.g., off-
shore wind plant). The electrical and control parameters
for the MMC are tabulated in Tables 1 and 2.

Because this paper focuses on the harmonic stability,
several key points should be emphasized when modeling
MMC impedance:

o The transfer functions relating the ac-side perturba-
tions at f, to the ac-side responses at f, —2f; and

Table1 Electrical Parameters for MMCs

Parameter Symbol Value Unit
Rated active power Py 900 MW
Rated ac-side voltage Un 300 kV RMS ph-ph

Rated dc-side voltage Ve +320 kV
Arm reactor impedance Ry + jLs 0.1+ j0.05 Q

Submodules per arm Ny 200 N/A
Submodule capacitance Com 4.66 mF
Time delay e~sTa 450 s

Table 2 Control Specifications for MMCs
Control Mode K, K; K,

dc voltage control 0.0065 0.2 NA

ac current control 22.2 27915.5 7.85
Circulating current control 22.2 13957.7 31.42
Active/reactive power control 1.5 300 N/A
Phase-locked loop 1.48 x 107*  0.0093 N/A

ac voltage control 0.5 544  N/A




Table3 G;(s) and G,(s) in Different Control Modes as:
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with the superscript d meaning the damped MMC

to the dc-side responses at f, — f1 include multiple
low-pass filtering stages, which are formed by the
admittance of the arm inductor and the impedance of
the submodule capacitors.

« The dynamics of the circulating current suppressing
control and the energy balancing control are highly
dependent on the dynamics of the sum of the submod-
ule capacitor voltages, which are typically slow.

« Due to the second-order low-pass structure of a phase-
locked loop’s closed-loop transfer function, a phase-
locked loop response to small-signal disturbances in the
harmonic frequency range is relatively small.

« AC droop control affects the grid-forming MMC’s
dynamics around only the fundamental frequency [9].

Given these points, dc voltage control, circulating cur-
rent suppressing control, energy balancing control, phase-
locked loop, and droop control can be ignored when
modeling MMC impedance within the harmonic frequency
range; therefore, the simplified impedance models of MMC
are given by:

sL+e*TaGi(s)  N,(s) 1

%O = TG, (5) ~ D) Y0

(1)

where sL is half of the MMC arm inductance; and G;(s)
and G,(s) describe the current- and voltage-related con-
trol effects, which come in different forms based on the
control modes adopted by the MMC, as shown in Table
3. In Table 3, H;(s — jw1), Hp(s — jw1), Hy(s — jw;), and
K. represent the inner current controller, outer power con-
troller, outer ac voltage controller, and current decoupling
gain in the dg-reference frame, respectively. F;,.,.(s) and
Fier(s) are the low-pass filters used in the current and
voltage measurements.

2.2 Damping Control and Its Effect on MMC

As shown in Fig. 1, the narrowband damping control
uses ac voltage as its input and adds the output directly
to the modulation signal. The effects of it can be modeled
by replacing G, (s) in (1) by G, (s) + Hq(s), and the admit-
tance of MMC with such narrowband damper is given

impedance, and subscript r meaning the virtual admit-
tance. As indicated by (2), the voltage feed-forward-based
damping scheme can be regarded as employing a parallel
virtual admittance Y;.(s) to reshape the MMC admit-
tance, Y, (s), to improve system stability. In addition, the
impedance shape of Y,.(s) is determined by the selection
and design of the filtering function incorporated in Hy(s).

3 Proposed Adaptive Damping Method
3.1 Fized Low-Pass Filtering and Design

As pointed out in [3], MMC can form multiple res-
onances with the ac system it connects to within the
harmonic frequency range, which may cause multiple har-
monic oscillations simultaneously. Although multi-tuned
narrowband damping control [3] might be a solution, the
change in the system resonance condition can significantly
shift the frequencies of multiple resonances and make the
damping control design more complicated, thereby limit-
ing its application to adaptive damping control. Thus, it is
necessary to transform the multiple oscillation issue into
a single oscillation issue in order to make the adaptive
narrowband damping control more targeted and efficient.

Within the harmonic frequency range, the ac system
that the MMC connects to has two important character-
istics in terms of its impedance:

« Impedance of a passive grid typically exhibits at most
one parallel and one series resonance below ~ 1000
Hz (referred to as the medium-frequency range). It
is therefore possible for an MMC to form at most
one series resonance with a passive grid within the
medium-frequency range.

o There can be two parallel resonances in an impedance
of an “active” grid containing power electronics-based
converters (e.g., photovoltaic converters or turbine con-
verters), one due to the integrator of the current
controller of converter and one due to the shunt filter
capacitor; therefore, the MMC can form no more than
two unstable resonances with an “active” grid within
the medium-frequency range, but with a proper cur-
rent control design, the amount of unstable resonance
can be limited to one.

Based on these characteristics of the ac system
impedance within the medium-frequency range, a second-
order low-pass filter is adopted in this work to push the
termination frequency of the MMC impedance’s nega-
tive damping into the medium-frequency range, and a



narrow-band damper is then used to address the harmonic
oscillation issues within the medium-frequency range. The
low-pass filter is given by

(2mfi)”
s2 4+ /2 (27Tf§’v) s+ (27Tf§’v)2

(3)

F}%Il)ter(s) =

where f. is the filter’s cutoff frequency, and superscript
i, v indicates the low-pass filter in the ac current or the ac
voltage control loop, respectively.

Because the low-pass filter reduces the phase margin of
the loop gain of controller, the bandwidth of the low-pass
filter, Fiter(s), must be carefully selected, otherwise the
low-pass filter could result in instability of the controller.
Assume that the predesigned crossover frequency of the
loop gain is f,,and the phase shift generated by Fije, at
fe can be calculated by:

6,(f)1,, = tan"" ( ()

fc : fcb )
Q- [(fo)?* = (f)?]
For practical consideration, it is advisable to maintain
a worst-case phase margin at approximately 30°. As a
result, the minimum cutoff frequency of Fy;jer(s) can be
calculated as follows:

1 fc : fcb
tan (Q NFACENAE

where f,, and ¢,, are the predesigned bandwidth and
the phase margin of the loop gain, respectively. As an
example, if the ac current control is designed to provide
a bandwidth of 300 Hz and a phase margin of 60° before
applying the filter, the chosen cutoff frequency, f., should
not be less than 841 Hz.

It should be noted that, in contrast to the existing
literature that uses low-pass filters to damp harmonic
oscillations, this work does not attempt to eliminate nega-
tive damping as much as possible above second harmonic
frquency by using low-pass filters with an extremely small
cutoff frequency. As a result, it makes the low-pass filters
less detrimental to the desired controller dynamics. Also
note that the design of low-pass filters presume that the
controller is already designed based on the desired dynam-
ics; therefore, if the phase margin is already less than 30°,
the low-pass filter should be disabled, or the loop gain
should be redesigned to provide a larger phase margin.

) > 6,300 (5)

8.2 Narrowband Damping Control and Fized Damper
Design

The damping function, Hy(s) in (2), can take differ-
ent forms depending on the damping requirements. To
introduce positive damping at the resonance frequency via
damping function, the damper gain should be designed
such that the damper behaves like a resistor. However,
the damping function itself is also subjected to the time
delay effect, which leads to two important considerations:

o The damping gain becomes negative in the fre-
quency range, [(n+0.25)/Ty, (n+0.75)/T,), where
n € N. This can reduce the system phase margin and
result in instability within such frequency range. There-
fore, the added damping function must be limited in
a specified frequency range by combining it with a
bandpass filter.

o The added positive damping can also be reduced or
turn into negative damping at the target frequency due
to delay-induced phase shift. Hence, a delay compen-
sation is required to ensure that the damper emulates
a virtual resistor and provides expected amount of
damping within the bandwidth of the bandpass filter.

Based on these considerations, the damping function used
in this work is designed as:

27 fy

Hy(s) = Kq¢’' Hoep(s) = Kge??
als) = Kae" Heey () = Kae” o o

where H,.f(s) represents a complex-coeflicient bandpass
filter [10]; f,. represents the center frequency of H.f(s) in
(6)), which is selected as the resonance frequency; fj, signi-
fies the bandwidth of H..s(s); and K is the damper gain.
The term e’ compensates for the phase lag to which the
narrowband damper is subjected at its center frequency,
fr, which makes the narrowband damper act as a resistor
at f,. (refer to [3] for more details). Note that H..r(s) can
also be replaced by other types of band-pass filters [11].

3.2.1 Design of Ky: Ky is determined by the level of
damping required by the system; however, the improper
selection of K, can cause a shift in the system resonance
frequency, f.. If it moves the resonance frequency out-
side the damping range defined by f;,, the damped MMC
could develop unstable oscillations with the system at
the new resonance frequency. Because the existing liter-
ature does not provide a proper method for selecting fy,
to avoid the shifted resonance frequency falling outside
the damping range, it is recommended that the design
of K, ensures that the real part of the MMC impedance
remains the same before and after applying the damper
[3, 5]. In other words, the resonance frequency remains
unchanged, and the level of damping of the system res-
onance will be compensated to be positive, effectively
suppressing the oscillations associated with the resonance
at f,. This design of K is expressed as follows:

P - X0 AC i)
Ty (2 ,) [N, (727 )

(7)

—JjwrTy

where x = 2,0 = LG Y, (427 f.), and N,(j2x f,.) can
be referred to as in (1). This design method is hereafter

referred to as the “fized-gain design”.

3.2.2 Selection of f,: When the negative damping of the
undamped MMC is significant at f,., especially when the
MMC is equipped with a low-pass filter described in



Section 3.1, designing K, according to (7) might intro-
duce a significant change in the magnitude of the MMC
impedance around f,.. If coupled with an improper selec-
tion of f;, this could develop a new magnitude intersection
in close proximity to f. and cause an unstable oscillation.

To better explain this problem, a system with dc
voltage-controlled MMC connected to a long overhead
transmission line (OTL) is used for illustration, in which
the MMC’s parameters can be found in Table 1 and Tab.
To avoid multiple oscillations simultaneously, a low-pass
filter of 1092 Hz is placed in the current measurement.
The impedance response of MMC with the filter, denoted
as Z}f(s), is compared to the impedance of the OTL,
Zy(s), in Fig.2. As can be seen, the “filtered” MMC
impedance forms an unstable resonance with the grid at
704 Hz. To damp it, the narrowband damper with Kj
designed by substituting = 2 into (7) is employed and
the bandwidth, f,, is varied between 10 Hz, 25 Hz, and
40 Hz. The damped impedance responses are denoted
as ZI(s), ZI1*(s) and Z]*(s), and are plotted against
Z1(s) and Z,(s) in Fig. 2. As illustrated, all three designs
of narrowband dampers can effectively suppress unstable
oscillations at 704 Hz by reducing the phase difference
between Z/(s) and Z,(s) at 704 Hz to below 180°. How-
ever, the magnitude responese of ZI%(s) and ZJ*(s)
again intersect with Z,(s) at 687 Hz and 682 Hz with
phase differences of 189° and 178°, respectively. These new
intersections are attributed to the insufficient attenuation
rate in the passband of the band-pass filter. Specifi-
cally, a damper introduces a certain amount of inductive
impedance below f, and capacitive impedance above f;.
If the compensation for negative damping is significant
at f,, the narrowband damper creates a sharp resonant
peak and a resonant dip in the magnitude response of the
damped MMC around f,. This peaking and dipping makes
the MMC more likely to interact with the ac system,
increasing the risk of forming a new resonance between
the damped MMC and the ac system.

80 46 New Intersection T Z(s) _Z,C(n(-\')
S Zs) —Z1%)
. 60 44%\ 2
M
3z 42
W 40 - ~
2 -
20 Resonfint Dips 40
100 e =i ——
& 50 50
2 178° 189°
a
-50 -0 704
100 Sl 2z
“ 100 500 1000 5000 650 675 700 725 750
(@) (b)

Fig. 2 Effects of narrowband dampers with the fixed
damper design on system resonance

According to Fig. 2, the phase difference between
ZJ"(s) and Z](s) at 687 Hz is 189°, indicating that a
narrowband damper with f, of 10 Hz simply shifts the
unstable resonance condition to another frequency and is
not enough to make the MMC stable. A solution to this
could involve increasing f;,, which allows the narrowband
damper to cover a wider frequency range, including that
new resonance frequency. As shown in Fig. 2, the nar-
rowband damper with f, of 25 Hz shifts the resonance
from 704 Hz to 682 Hz, where the phase difference is 178°,
which is sufficient to avoid unstable resonance at 682 Hz.
On the other hand, the narrowband damper with f;, of 40
Hz avoids introducing a new intersection between Z/%(s)
and Z,(s) around f,., and therefore it will not excite new
oscillations as well.

3.8 Adaptive Narrowband Damper

As indicated in Section 3.2.2, a narrowband damper
with a fixed design of K; and f; requires an evaluation
of its effect on system stability to avoid unintended con-
sequences. In practical applications, it can be difficult to
access the grid impedance, making narrowband dampers
with a fixed damper design difficult to use; therefore, this
subsection proposes a method for dynamically tuning the
values of K, and f;, according to the intensity of the MMC
voltage oscillations at f,., which is hereafter referred to
as the “adaptive tuning method.” Moreover, the proposed
method can also automatically deactivate the narrowband
damper when the resonance condition is no longer present
by adjusting K4 and f;, to zero.

This method is illustrated in Fig. 3, in which Fig. 3a
describes the relationship between the adaptive tuning
unit and the narrowband damping function, Hy(s); while
Fig. 3b and Fig. 3¢ depict the block diagrams of the
proposed method that adaptively tunes Ky and f,. The
oscillation detection block (see Fig. 3a) incorporates an
interpolated discrete Fourier transform-based resonance
identification algorithm presented in [12], which provides
the amplitude of the voltage oscillation at the identified

yebe T »--K ; Tuning K": 0 mabe
Y o Oscillation|’sx(/;) - /e . Kqel®2mf, d_
v Detection »}- /, Tuning Jo |5 —j2nfe + 2nfy
(@
o e o |
0 =l [ N g ? x
Voin (b)
. -
(©

Fig. 3 (a) Overall structure of adaptive narrowband
damping control; (b) block diagram of adaptive tuning
on Ky; (c) block diagram of adaptive tuning on f;,



resonance frequency, f. (denoted as V,,(f,)). Note that
the voltage measurement, v, is sampled over a period,
T., before sending it to the oscillation detection block (see
Fig. 3a), indicating that the adaptation of K, and f is
updated per T.

As shown in Fig. 3a and Fig. 3b, V,;,(f,) is compared to
a preset threshold, V,,;,, only when its amplitude exceeds
Vinaz- The difference between Vy;, and V,,,;,, is then fed into
a proportional-integral (PI) compensator, which defines x
and f,. x is then used to calculate K, based on (7).

Setup of the parameters in adaptive tuning block are
now presented:

1) Viae: In the oscillation detection block, the algo-
rithm used to identify the oscillation frequency requires a
comparison between the spectral peak and a preset thresh-
old value. The selection of V,,,, should coincide with the
preset threshold value.

2) Vipin: The main objective of the narrowband damper
is to mitigate an unstable oscillation at the resonance
frequency f,; however, the magnitude of the frequency
component at f, might not be suppressed to below its
steady-state harmonic level, and therefore V,,;, should
be chosen at the same level or slightly higher than the
background harmonic level defined by the grid code.

3) Lyyin: The initial value of L,,;, is set to 0. As a
result, the PI compensator ceases to function once V,
is mitigated below V,,;,, which results in the output of
the PI compensator maintaining its level. Once the PI
compensator’s output has been maintained for a certain
period, L,,;, is adjusted to negative infinity, which allows
the input of the PI compensator to be a negative value.
This negative input causes the output of the PI compen-
sator to decrease, which will eventually decrease z and f,
until it reaches 0.

4) Tiim: The value of x;;, can be set to 2 to prevent
the PI compensator from excessively amplifying the dif-
ference between Vi, (f.) and Vi, especially when the
difference is substantial due to a rapidly growing oscilla-
tion. Otherwise the excessive amplification could cause the
narrowband damper to insert a large virtual impedance
around f,, resulting in a significant change in the magni-
tude of the MMC impedance and leading to undesirable
consequences. Note that after the output of the PI com-
pensator saturates at xy,, further adjustments to the
narrowband damper would rely solely on the adaptive
tuning of f.

5) fiim: In Fig. 3b, if the PI compensator maintain its
output at a value smaller than 2, the narrowband damper
will move the system resonance downward. As discussed
in Section 3.2, a proper selection of f, should cover the
shifted resonance frequency; however, assigning an exces-
sively large value to f; would contradict the main aim of
the narrowband damper, which is to limit the damping
effect within a narrow range. Considering that a three-
point interpolated discrete Fourier transform [12] is used
to estimate the oscillation frequency, a reasonable choice

Table4 Design of Low-pass Filter and Adaptive Damper

Parameter Symbol Value
Cutoff frequency of F};,.,(s) f 1092 Hz
Cutoff frequency of F§y,.,.(s) fr 400 Hz
Relay switch-on point Vinaz 3% ff/‘gN
Relay switch-off point Vinin 2% ff/‘g“'
Lower limit of saturation dynamic block Loin 0 — —00
Saturation value of z Tiim 2
Saturation value of f;, Srim 100 Hz

of fi, could be twice the frequency resolution of the discrete
Fourier transform.

4 Case studies

To demonstrate the effect of the proposed adap-
tive narrowband damping control on suppressing har-
monic oscillations in MMC-based applications, this section
presents two case studies with numerical simulation results
obtained with MATLAB/SIMULINK. The MMC con-
verter and controller designs were previously presented in
Table 1 and Table 2; these will be used in each case study.
The design of the low-pass filters in the main control loops
and of the adaptive narrowband damper are listed in Table
4.

4.1 Harmonic Oscillations Between MMC and Long
Overhead Transmission Line

The first case involves a P&Q-controlled MMC con-
nected to a 345-kV long OTL in parallel with a strong grid.
Initially, the strong line is open, so the MMC is connected
only to the long OTL. To avoid the MMC forming multiple
unstable resonances with the long OTL, the simulation is
conducted by starting the MMC with the employment of
low-pass filter Ff,.,.(s) in the ac current control loop. For
demonstration purposes, initially, only a 50-us time delay
attributed to the zero-order hold circuit of the sampling is
included at the beginning of the simulation, and a further
400-pus time delay is added to the MMC at ¢t = 0.5 seconds.
Upon detection of the oscillation, when both PI compen-
sators sustain their output for 0.4 seconds, the saturation
dynamic block’s lower limit, L,,,, is changed from 0 to
—o0. To demonstrate that the proposed adaptive damping
method can automatically deactivate the narrow damper
when the system resonance condition disappears, the ac
system to which the MMC connects is switched from the
OTL to that of the strong grid at ¢ = 3 seconds.

The simulated responses of this system are presented in
Fig. 4. At t = 0.5 seconds, due to the added 400-us time
delay, the MMC forms an unstable resonance with the long
OTL, which drives a growing harmonic oscillation at 709
Hz. The oscillation is measured within three fundamental
cycles, and the adaptive tuning unit activates the narrow-
band damper, as indicated by the increase of K; and f; in
Fig. 4 b and 4b. The adaptive tuning unit automatically
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Fig. 4 a) Simulated time-domain responses of MMC cur-
rent; Output of adaptive tuning unit: b) K, and c) f; d)
the spectral peak in fast Fourier transform spectrum from
oscillation detection block

regulates and maintains K, and f, to the level that is suf-
ficient to bring the amplitude of the frequency component
at 709 Hz to be below V,,;,, as shown in Fig. 4 d. Note
that in Fig. 40, the step change of K, is due to the output
of the PI compensator, which is responsible for adjusting
the value of x, and it is limited to between 0 and 2. At ¢
= 0.5 seconds, L,,;, is changed from 0 to —oo; thus, the
adaptive tuning tuning can dynamically reduce K, and
fo- Due to the employment of the narrowband damper,
there are no oscillatory components present in the sys-
tem, and the adaptive damping unit starts to gradually
reduce the value of K;; however, because the resonance
condition has not disappeared, once either one K, or f,
are reduced to a level that makes the narrowband damper
insufficient to damp the resonance at 709 Hz, the reso-
nance again starts to drive a growing oscillation at 709
Hz. This dynamic process will repeat until ¢ = 3 seconds,
when the resonance condition at 709 Hz disappears due
to the ac system switching from the OTL to the strong
grid, allowing the adaptive tuning unit to reduce K, to
zero. In other words, the narrowband damper at 709 Hz
is deactivated.

4.2 Harmonic Oscillation Between MMC and Offshore
Cable Network

The second case is designed to test the effectiveness
of the adaptive narrowband damper in mitigating oscilla-
tions involving the offshore MMC and the cable network.
Due to the bandwidth of the ac voltage control being
between 1 and 10 Hz, the low-pass filter in the voltage
measurement can be designed with a smaller bandwidth
than the filter in the current measurement. In this case,
the bandwidth is set to 400 Hz, effectively eliminating
the negative damping of the MMC impedance above 460
Hz. This also prevents the MMC from developing multiple
oscillations with the cable network within the medium-
frequency range during the cable energization. The cable
network operates at 66-kV and consists of five 6-mile par-
allel strings, and it is connected to the offshore MMC
through a 66/300-kV step-up transformer. The five strings
are connected to the MMC starting at ¢ = 0.1 seconds,
with one string being connected every 0.1 seconds.

Fig. 5 shows the simulated responses of the MMC volt-
age and the adaptive tuning results of K, and f,. Because
the low-pass filter is applied to the voltage measurement
from the beginning of the simulation, the system operates
stably without resonance when the first four strings are
energized. When the fifth string is connected at ¢t = 0.6
seconds, the MMC forms an unstable resonance with the
cable network at 452 Hz, as shown in Fig. 5b between 0.5
and 0.6 seconds. The resonance is detected within three
fundamental cycles, and the adaptive tuning unit starts to
adjust the damper gain and bandwidth, as indicated by
the change in K, and f;, shown in Fig. 5¢ and Fig. 5d.

Note that because the PI compensator responsible for
adjusting the value of x is not saturated, the added nar-
rowband damper will move the resonance frequency down-
ward; however, the automatic adjustment of f, ensures
that the damping range provided by the narrowband
damper covers the shifted resonance. The first time that
the adaptive tuning unit sustains the values of K, and f; is
at t =~ 1.1 seconds, as indicated by the flat line in Fig. 5¢
and Fig. 5d; however, as shown in Fig. 5b, the damper
designed with this selection of K; and f, merely shifts
the system resonance condition from 452 Hz to another
resonance associated with a slowly growing oscillation.
Therefore, at t =~ 1.55 seconds, the adaptive tuning unit
further adjusts the values of K, and f,. This process con-
tinues until both K,; and f; are sustained at a level that
eliminates the oscillation from the MMC output voltage,
as shown in Fig. 5b between 2.9 and 3 seconds.

5 Conclusion

This work introduces an adaptive narrowband damp-
ing method for suppressing MMC harmonic oscillations.
The method involves two parts, low-pass filters in cur-
rent and voltage measurements, and an adaptive narrow-
band damper based on ac voltage feed-forward. Unlike
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Fig. 5 Simulated time-domain response of MMC: a) over-
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the existing literature, low-pass filters are designed to
limit the negative damping of the MMC impedance to
stay within the medium-frequency range, rather than
to remove as much of it as possible from the MMC
impedance above the second-order harmonic frequency.
The oscillation within the medium-frequency range is then
mitigated by the proposed adaptive narrowband damper
that can automatically activate, deactivate, and adjust
the damper design according to continuous monitoring
of the system resonance conditions. Detailed electromag-
netic transient simulations validated the effectiveness of
the proposed method in improving the harmonic stability
of MMC-based systems.
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