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Abstract—Harmonic instability and associated oscillation
events have become one of the main concerns in MMC-based
HVdc systems. These oscillations can appear in the range
from a few hundred hertz to several Kilohertz, and the root
cause is identified as delay-induced negative damping of MMC
impedance appearing at the system resonance frequency. This
paper introduces a wideband impedance reshaping method
through MMC control to eliminate such negative damping for
both grid-following (GFL) and grid-forming (GFM) MMCs,
which makes the MMC impedance completely passive from
the second harmonic frequency upward, thus preventing all
harmonic oscillations. First, simplified impedance models of
MMCs are derived for the harmonic stability analysis and the
impedance reshaping control design. Next, a passivity-based
impedance reshaping method is presented, as well as practical
considerations for its implementation. In addition, to maintain
the MMC’s disturbance ride-through capability, an adaptive
activation scheme is developed, which enables the wideband
impedance reshaping control only in the presence of harmonic
oscillation events. The effectiveness of the proposed method is
validated by frequency domain analysis and by electromagnetic
transient (EMT) simulations of two typical MMC-based power
systems.

Index Terms—MMC, impedance-based stability, passivity, ac-
tive damping, adaptive control

I. INTRODUCTION

ODULAR multilevel converter (MMC)-based high

voltage dc (HVdc) transmission systems have been
broadly developed in the past decade, aiming to improve
the efficiency and reliability in transferring large amounts of
electricity. Similar to type-Ill/type-IV turbines [1], MMCs are
prone to oscillation issues when connected to ac systems.
Oscillations of MMC in the low-frequency range (i.e., near-
synchronous range) have been widely observed and studied
for more than a decade, as reported in [2], [3] and [4]. In
the last few years, a new type of oscillation event, beyond
the low-frequency range, has been widely reported in several
MMC-based HVdc projects. Examples of this new oscillation
event include: 1) a ~ 1700 Hz oscillation on both sides of the
INELFE HVdc link in France [5]; 2) a 1271 Hz oscillation be-
tween the Lu’xi side MMC and a long overhead transmission
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line (OTL) in China [6]; 3) a 1810 Hz oscillation at the Hu’bei
side MMC and a 695 Hz oscillation at the Chong’qing side
MMC in the Yu’e back-to-back HVdc project in China [7];
and 4) a 320 Hz and 2000 ~ 2500 oscillations between the
offshore MMC and wind farm in Ru’dong in China [8], [9].
The frequencies of these oscillations are all above the second
harmonic frequency, and the root cause of the oscillation has
been attributed to the system resonance that falls into the
negative damping region of the MMC impedance induced by
time delay [10], [11]. Therefore, it is necessary to develop a
method to eliminate such delay-induced negative damping of
MMCs. According to the passivity-based controller design pre-
sented in [10], oscillation of a converter can be prevented by
reshaping the converter impedance to have a non-negative real-
part at system resonance frequencies. This can be achieved in
different ways when applied to MMC: 1) tuning the parameters
of existing control functions [12]; 2) applying a cascading low-
pass filter [6], [7] or a notch filter [13], [14] with existing
control functions to counteract the time delay effect in certain
frequency range; and 3) employing supplementary control
schemes to compensate for negative damping [15], [16]. All
these methods incorporate active control functions, which are
susceptible to time delay impact as existing controls. As a
result, except for narrowband methods in [13]-[15], all other
methods share a common challenge: the time delay effect
is difficult to compensate for over a wide frequency range,
and it will inevitably add phase lag to reshaping functions
(i.e.,damping control function). This delay-related phase shift,
when coupled with the inherent phase shift of the wideband
control function (e.g., phase shift of a low-pass filter in its
transition band and passband), can easily lead to an increase
of the negative damping of MMC in certain frequency ranges.
In addition, these wideband functions may interfere with
existing control functions, potentially deteriorating transient
performance and controller stability of MMC. To address the
issues mentioned above, the wideband impedance reshaping
method outlined in [17] deactivates the feedback structure
of the existing control loop and reconstructs the reference
tracking functionality by inserting a specially designed transfer
function into the forward path of the existing control loop.
By shaping the MMC impedance as a pure inductance, this
technique ensures that the resulting MMC impedance has a
nonnegative real part across a frequency range from 200 Hz
to the Nyquist frequency. However, except for still leaving a
small amount of negative damping in hundred hertz range,
such method also causes a reduced dynamics under voltage
disturbance, which deteriorates the MMC'’s disturbance ride-
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through capabilities. In addition, modifying vendor-speci c
control designs is usually complex, even impossible, and could
lead to other unexpected operational issues.
In contrast to the wideband approach, the narrowband meth-
ods proposed in [13] and [15] can selectively and narrowly
eliminate negative damping around the intended frequencies,
without affecting the dynamics and stability of existing con-
trols. However, implementing narrowband damping control
demands complicated design considerations to ne-tune the
damping gain and the width of damping band, especially
when targeting multiple oscillation frequencies simultane-
ously. Moreover, to guarantee effectiveness of damping, the
narrowband methods require the use of online algorithms that
identify oscillation frequencies and adjust damping functions
according to changes in system resonance conditions. Any
inaccuracies in the estimation of the oscillation frequency and
the adjustment of damping functions can lead to unintended
consequences at and near the intended frequency, potentially
introducing new instability problems (as elaborated in [18]).
To overcome the challenges of existing impedance reshap-
ing methods, this work introduces a passivity-based wideband
impedance reshaping control method, named “wideband passi-
vation'. This method can effectively eliminate delay-induced
negative damping of the GFL-/GFM-MMC impedance from
the second harmonic frequency upwards, with its ef cacy
remaining independent of the amount of delay. It functions
by adding a supplementary damping control loop in parallel
with existing controls, thereby preserving the desired tran-
sient performance and stability of existing controllers. To
maintain the MMC's disturbance ride-through capability, an
online oscillation detection-based adaptive control scheme is
also proposed in this article. This provides a plug-and-play
solution, ensuring that the proposed wideband passivation loop
is activated only when oscillatory events are detected.
The remainder of the paper s organized as follows, SR8 L, () G0l e O M S e Teng e, i
tion Il describes a typical structure of an MMC-based pow dg-reference frame. ’ g
system and derives the simpli ed impedance model for grid-
following (GFL) and grid-forming (GFM) MMCs, which can
be used for harmonic stability analysis, as well as the desigandition. The MMC in Fig.1 can be operated as either a
of the wideband passivation method in the sequel. Section GBFL-MMC or a GFM-MMC, depending on whether the MMC
presents a passivity-based design principle for developirggulates its ac output current or voltage. The ac network in
wideband passivation loops for GFL-MMC and GFM-MMCthis context can be a passive grid (e.g., series-compensated
details on practical implementation are given as well. Segrid, overhead lines) or an “active' system dominated by power
tion IV proposes an adaptive strategy to reshape the impedanosverters (e.g., offshore wind farm).
through the proposed wideband passivation. Section V veri esIn a typical MMC-HVdc system, the GFL-MMC usually
the effectiveness of the proposed wideband passivation mettogeerates in dc-bus voltage control mode with a unity power
by performing frequency domain impedance scans and cdaetor, while the GFM-MMC works in single-loop ac voltage
ducting EMT simulations of two typical MMC-based systemszontrol mode. This work thus adopts MMC in these two

Section VI concludes this paper. control modes to demonstrate the passivity-based design of
the wideband passivation control. Nevertheless, the proposed
II. MMC AND SYSTEM DESCRIPTION wideband passiviation control is also applicable to MMCs,

o even two-level VSCs, operating in other control modes. The
A. Overall System Description parameters for the electrical system and the MMC controllers
Figure 1 presents a simpli ed schematic of a MMC-basedre tabulated in Tables | and II.
system, which also indicates how the proposed wideband
passivation loop should be introduced. Note that, it includes Bn Simpli ed Impedance Model of MMCs
online oscillation dectection unit that adaptively activates the According to the small-signhal impedance model proposed
passivation loop based on the monitoring of system stability [19], the small signal dynamics of MMC can be described
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TABLE | low bandwidth [11]).
ELECTRICAL PARAMETERS OFMMC' S POWER STAGE [15] 2) Circulating current suppressing control (CCSC) and en-
ergy balancing control [23] are highly dependent on the

Parameter Symbol Value Unit dynamics of the sum of capacitor voltagg, .

MMC rated power Pn 900 MW 3) The response of Phase-locked loop (PLL) to the medium
MMC rated ac voltage Uy 300 kV RMS ph-ph and high-frequency signals is considerably small due to
MMC rated dc voltage  Voen 320 kv the 2"9-order low-pass structure of PLLs closed-loop

Arm reactor Larm >0 mH transfer function
submodules per arm N 200 N/A ’ .
submodule capacitance Cyn 4.6 mE 4) Power controls and droop control can be ignored due to
time delay e ST 200 s their low bandwidth [24]
Given these points, DVC, CCSC, and PLL can be ignored
TABLE Il when modelinghs(s) in (2).

CONTROL PARAMETERS FORGFL/GFM-MMC [15 . .
[15] When the MMC works in GFL mode, the ac current is

regulated by the current control shown in Fig. 1(b), where

Controller Ky Kj Kg . .
Hi (s) is the transfer function of the Pl compensator for current
dc voltage C°”“°|' 0.0065 02  NA control. K4 is current decoupling gain. Sindg€® is 0 for
__ac current contro 222 279155 7.85 1s(s), ms(s) generated by ac current control is given by
circulating current control 22.2 13957.7 31.42
phase-locke loop 1:48 10 4 0.0093 N/A ™ _ 1 : SToA
S)= ———=Hi(s j! 1)e *> (s 3
ac voltage control 05 54.4 N/A s(8) NV i(s 1ta) s(8) ®)
as follows: where e ST¢ represents the lumped time delay effect, and

j! 1 captures the fundamental frequency shift introduced by

_ A
Pou = Ze(Msly + 1y oc) (1) dotransformation. Substituting (3) in (2) and rearranging it

Z0s=2 =05+ Ml + Vo Ms

yields
where thds, ¢, 1y, s and¢ ., denote the small-signal vec- ¥s(s) o . .
tors of MMC output current, output voltage, upper arm current,Zp:eFL (S) = (s) Steat e TEIHI(s 110 Kl
modulation index, and sum capacitor voltages of the upper (4)

arm, respectivelyl,, M andV ., indicates corresponding i i .
steady-state complé)nentss i the (EIL'JopIitz matrix fofmandz, WhereLeq is half of the arm inductance. Similarly, when the
represent the impedance matrix of the arm inductor and t C works in GFM modg, the ac volt.age is regulated by
module capacitor at small-signal frequencies. It is notewortfy Itage control shown in Fig. 1(c), in whid, (s) represents
that the propagation of small-signal perturbations in MM&'e PI compensator for voltage control. As a resti(s)
output voltage (denoted a(fp)) to sum capacitor voltages 9€"€rated by ac voltage control is given as

of SMs is primarily attenuated by: 1) arm reactors's admit- _ 1 O STa
tance; and 2) SMs' capacitor impedance. Consequently, as hs(s) = NVCOH"(s it a)e e 0s(9)) ©®)
smaII-S|_gnal perturbation fr_equenty apprqaches the SecondCombining (5) and (2), the resulting simpli ed impedance of
harmonic frequency and higher frequencies, the response M-MMC can be expressed as

¥y (s) to ¥s(f,) become negligible [20]. This allows for the

ignorance of¢*., from (1). In addition, frequency coupling Zpcrm (S) = SLeq _ (6)
effects only affect the impedance shape of MMC and the ' 1+e sTeHy(s ! 1)
corresponding system stability below the second harmonic ||| PassIVITY-BASED DESIGN OF | MPEDANCE
frequency [21], [22]. Hence, (1) is simpli ed to PASSIVATION CONTROL

L MF=HF A - .

S azrm £(s) 05(s) + choms(s) ) A. Passivity-based Stability Analysis

The term “passive” has been used in the literature to de-
whereLam represents arm inductandd, is the number of scribe the transfer function of an impedance (denotegi(a})
SMs per arm andv? is the rated dc voltage of each SMor admittance (denoted a&(s)) with non-negative real part,
capacitor, which is desired to be the same across all SMsajid this property has been referred to as “passivity”. A passive
the SMs sorting algorithm is performed appropriately. As thisystem is a guaranteed stable system since when the system
paper focuses on reshaping MMC impedance from the secggdiisturbed and moves away from the equilibrium point, it
harmonic frequency above, where most of the control effegin return to the equilibrium point through the dissipation of
on MMC's impedance shape diminishes, several key poinggergy [25]. However, it is rather hard to guarantee the passiv-
are made: ity of MMC impedance across all frequencies. As a result, to
1) Similar to¥,, the ac-side perturbation's propagatiorenhance the stability of an MMC in a speci ¢ frequency range,
to small-signal responses in dc-side voltage is rsbne can reshape MMC impedance to be passive in that range.
attenuated by the arm inductor and SM capacitorBpr example, in this work, the MMC impedance is expected
followed by the dc voltage controller (DVC) (Note: dcto exhibit a passive characteristic above the second harmonic
voltage controller are typically designed with relativelyfrequency to avoid any harmonic resonances.
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The mathematical expression for a passigs) at fre- 1) yi(s) Cancel Gj(s), yv(s) Cancel G,(s): The most
quency f is Refz(j2f )g 0, which is equivalent to straightforward scheme is using(s) to cancel current com-
=2 \z(2f) =2 . Based on the passivity-basedensatoiG;(s) and usingy, (s) to cancel voltage compensator

stability analysis [26], the stability of an interconnected systef®, (s), which yieldsyi(s) = Gi(s) andy,(s) = Gy(S).
with MMC and ac network at frequendy can be guaranteed However, such a method also makes MMC lack of the
in two scenarios: feedback control mechanism especially for the regulation of
When ac network is composed &LC elements (i.e., fundamental components, thus has the same downside as open-
Zy4(j2f ) is passive), the system is stable when MM@op control. A way to resolve this is to reconstruct the
impedance (denoted &,(j 2f )) is passive. reference-tracking capability of current or voltage control by
When ac network contains power converters with activadding a transfer function to the forward path of the current
control functions andZ4(j2f ) might have a negative or voltage controller, which is detailed in [17]. However, this
real part, the system is stable wheg(j 2f )+ Z,(j2f ) reconstruction process requires an approximation of the ac
is passive. current or voltage controller, which may affect the transient
For both scenarios, to prevent instability events of MM@esponses of the controller. Therefore, in this work, the pas-
atf, the MMC impedance should be designed as passivesatation of the GFL-MMC via current feedforward and that
f. One may ask in the second scenario, what if the MMaf the GFM-MMC via the voltage feedforward are not further
impedance Z,) is passive but the net impedancgy(s) + €laborated.
Z,(s)) is still negative. In such a condition, the system might 2) Yi(s) CancelG,(s), yv(s) CancelG;(s): To reshape
need additional damping provided either from MMC side [18h€ output impedance of MMC to be a passive inductor while
or from grid side (e.g., apply the passivation method proposBtRintain the transient performance of the existing current or

in this work to power converters within the grid). voltage control, a possible method is usipg(s) to equiv-
alently cancelG;(s) and usingy;(s) to equivalently cancel
B. General Idea Gy(s). By doing so, the time delay effect introduced to the

Based on (4) and (6), without losing generality, the MMAIMC impedance through the current and voltage compensator

impedance can be expressed in a genera| form given by is eliminated while the existing control function is retained.
The detailed process to nd the form (i.e, transfer function)

T .
SLeq + € *7Gi(9) (7) of yi(s) andyy(s) will be presented in the sequel.

Zp(s)= 1+e STeGy (3)

where G;(s) represents the current feedback controller arfd. Passivity-based Design of Wideband Impedance Reshaping
Gy(s) represents the voltage feedback or grid-voltage fee@ontrol for GFL-MMC

forward controller. When MMC works in open-loop control 1) Expression of the Passivation TerrBased on (4) and
mode [27],rhs(s) in (2) becomed). As a consequencé,(s) (8), the passivized GFL-MMC impedance can be expressed as
in (7) degrades to a simple equivalent lter reacihreg, no Lo+ e sTaly. . K
matter in the GFL or GFM mode, which is fully passive PO (9)= SLeq [Hi(s j'1) jKd] )
throughout the frequency range from the second harmonic 1+e sTayy(s)

frequency above. In such a condition, MMC is less risky for The voltage feedforward termg (s) for the passivation of
oscillation, especially when connected by passive networkfe GFL-MMC can be obtained by solving
such as overhead transmission (OTL) and underground cables. SLegt € STo[Hi(s 1) jKa] _
However, since open-loop-controlled MMC lacks a feedbackzP SrL ()= €q 'T it1) JKq = sleq
mechanism to adjust the output current and voltage according 1+e sToyy(s)

to changing system operating conditions or disturbances (e.g, (10)

ac-side voltage sag), such a control method cannot be usgdtiplying both sides of (10) with[1 + e STay,(s)] and

in practical systems. In order to retain Closed-loop control @éarrange it, one can nd out the expression Wf(s) as
MMCs but maintain theZ,(s) = SLeg, it is necessary to use follows:

additional feedforward control functions to cancel out existing 1 Ko K. 1 K g
control loops, i.e. cancel o;(s) and G, (s). y(s) = = Tm Lfn = I (11)
It is known that the use of current feedforward introduces a S €q eaS [ €da

term to the numerator of the MMC impedance, while the use sthere K, Kjj and K4 are the proportional gain, integral
voltage feedforward introduces a term to the denominator [1§jin anddg-frame decoupling gain of the ac current controller
thus the passivized impedance of an GFL-MMC and GFMa dgreference frame, respectively.; is the fundamental
MMC are expressed as frequency in rad/s. Based on Fig.1 and (11), the block diagram
representation of the proposed passivation loop is depicted in
SLeg * eTSTdGi(S)+ eTSTdyi(S) (8) Fig. 2, whereVs(s) is the measured output voltage of the
1+e sliGy(s)+ e STeyy(s) MMC, Mq(s) is the modulation signal generated by the wide-
with the superscripPD meaning “passivized”, whileyi(s) band passivation loop. It should be noted that current control
and vy, (s) representing the transfer functions of the curreman also be achieved by using the Proportional-Resonant (PR)
feedforward and voltage feedforward controllers responsibtentroller, and to implement it one only needs to replaGe’™
for the impedance reshaping purpose, respectively. in Fig. 2 by the PR compensator's structure.

ZgP(s) =
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Fig. 4. Practical three-phase representation of the proposed wideband passvi-
Fig. 2. Equivalent single-phase representation of the proposed widebatidn loop for GFL-MMC
passviation loop for GFL-MMC

ensured by setting a large value fof initially and gradually
decreasing it, then sustaining it at 1 Hz.

Remark 2 The reciprocal of (9) can be divided into
1=ZprL (s) and e SToyy(S)=ZpcrL (S). 17ZpcrL (S) ex-
hibits a positively damped inductive phase between 100 Hz
and the cutoff frequency of the ac current control, while

As can be seen in Fig. 2, the passivation loop requires twosTey, (s)=Z,.cr. (S) shows a capacitive phase characteris-
integration parts, denoted &7, and GR,. GR; should be tic. Therefore, when they are added together, the passivized
implemented irdg-reference frame to include the effect of thémpedance of MMC shows an inductive characteristic. If
frequency shift (i.,e.s j! 1) and the reference angle of the' j! ;'in y,(s) is treated as an additional degree of freedom,
dq transformation should be provided by the PLL, whB&, it can be set to 0 to achieve the effect of providing additional
can be directly implemented in the phase domain. The transfgssitive damping to the GFL-MMC below the current control
function Ggec can be regarded as the voltage decouplingandwidth. Note that, this modi cation does not deteriorate
gain, thus can be implemented in or dq reference frame. the passivation effect at frequencies higher than the current
However, there are other modi cations on the passivation log@ntrol bandwidth, as the difference betwedsn j2f ;) and
based on practical considerations, as will be discussed nexs.becomes negligible above the current control bandwidth.

2) Practical Consideration on the IntegrationThe pure
integrator cannot be directly realized in practical application 3) Notch Filter: Considering that the proposed passivation
for two primary reasons: 1) if the integration process initiatdgop has a broadband impact on the MMC impedance, it might
when the input voltage signals at certain frequency (not oriigipact the current and voltage response at the fundamental
the signal of interest) are not at their peak, a dc-offset wilequency (e.g., the wideband passivation loop introduces
manifest in the output of passivation loop, which in tur@dditional grid-voltage feedforward). Therefore, a notch Iter
appears in the output voltage of MMC. Note that, the level ¢% needed to eliminate the impact of the wideband passivation
the dc-offset is determined by the time instant the passivatiiop at the fundamental frequency. The expression for the
loop is conducted; 2) integrator can amplify noise and driRotch lter is given by

Fig. 3. Approximation of integrator in Fig. 2

over time due to its accumulating nature. This phenomenon 2+12

. . — 1
coupled with a small dc-offset in voltage measurement can Ghoteh (S) = P15+ 17 (12)
easily lead to saturation of the integrator and even instability et

of MMC [11]. where! . is the width of the rejected band &noich (S) and

Considering the feedback mechanism helps to correct a'ny is the fundamental frequency, both in rad/s. To guarantee
deviations of control input (e.g., like a dc-offset) and alters tH8€ notching effect also when fundamental frequency drift is
integrator's response to avoid saturation, two pure integratdfsbetweenf; 1 Hz, !¢ is selected ag in this work.
with negative feedback loop, as shown in Fig. 3 are used to
replaceGR ; andGR, in Fig. 2. The transfer function @R ,
andGR, arel=(s+j2f 1) andl=(s+j2f ), wheref

4) Actual Representation of,(s): The actual representa-
tion of y, (s) for the wideband passivation loop of GFL-MMC

andf ., can be regarded as the cutoff frequencyGsf, and is given by

GR, . _ Koi @ Ki 1 Ky
Remark 1 It is noteworthy that a smaller selection of the(S) = Gnoten (S)s+ i' 2 Leg * LegS+ ! a1 J Leg

cutoff frequency ofl=(s + j2f ) yields a better approxi- (13)

mation of the integrator, and thus provides a more effective

wideband reshaping effect on the MMC impedance. However,Based on (13) and all the discussion mentioned-above, the
the wideband passivation loop becomes more susceptibleot@rall block diagram of the proposgd wideband passivation
dc offset in the MMC voltage measurement, and dc offs&iop is shown in Fig. 4 with subscript "and = ' indicating
rejection duration becomes longer, which may affect thategration and approximation, respectively. It should be noted
stability of MMC. In this work,f.; andf ., are designed to be that as the rejection band is selected to be very narrow around
1 Hz. However, thanks to the feedback con guration shown ithe fundamental frequency, thus it has negligible effect on
Fig. 3: 1) the selection df;; andf, can be made adaptive toimpedance of MMC from the second harmonic frequency
the damping performance of MMC; 2) smooth startup can ladove.
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Fig. 5. Equivalent single-phase representation of the proposed widebamg. 6. Practical three-phase representation of the proposed wideband passvi-
passviation loop for GFM-MMC ation loop for GFM-MMC

D. Passivity-based Design of Wideband Impedance Reshap#hift can even be chosen slightly larger thian to enhance
Control for GFM-MMC the passivation effect near the second harmonic frequency.
1) Expression of Passivation Tern'sim”arly, based on 3) Practical Consideration on the Derivative TermAs can
(6) and (8), the passivized GFM-MMC impedance can W seen from (16)yi(s) contains a pure derivative ters
expressed as which is approximated by a modi ed washout Iter [28] in
this work, as shown in (17), for several reasons: 1) it helps
Z58rm (8) = _ (14) mitigate the ampli cation of measurement noises in current;
P 1+e sTaHy(s j!q) 2) implementing a true derivative term later in a digital system
The current feedforward ternys(s) for the passivation of the can be challenging due to discretization errors and the need
GFM-MMC can be obtained by solving the following equatiofior high sampling rates; 3) a modi ed washout lter can be
easily implemented in feedback form.

= skeg (15 Gwashout (S) = %S:'c (17)
4) Actual Representation gf(s): It should be noted that
the notch lIter is not necessary in the implementatioryds)
_ Kiv Leg as the washout lter can inherently block the feedforward of
Yi(9)=s Kpylegt s jli (16) the fundamental frequency component of MMC current. On
where K~ and K. are the . . . fhe basis of the above discussion, the actual representation of
pv iv proportional gain and integra

gain of the ac voltage compensator, respectively.is the yi(s) is given as

fundamental frequency in rad/s. Based on Fig. 1 and (16), (s) = S KoL+ KivLeg
the block diagram representation of the proposed passivation y 1+s=l,  P% " s ji,
loop for GFM-MMC is depicted in Fig. 5, wherés(s) is
the measured output current of the MMC, aMly(s) is

; . . w
the modulation signal generated by the proposed wideb ﬁich provides exibility to adaptively regulate. according

passivation loop. It should be noted that voltage control can the damping requirement of the system and allows smooth
achieved by PR compensator as well, and to implement it ORSnduction of the wideband passivation loop

only needs to replaceG,” in Fig. 5 by the PR compensator's
structure. Implementing; (s) makes use of a derivative term
Ggev and an integral term=(s j! ;) in dg-reference frame.
The reference angle(t) for the dq transformation is given ) i _
directly by2 f 4t, wheref 4 is the fundamental frequency xed A- Rationale for Using Adaptive Control

by GFM-MMC. Fig. 7 illustrates the block diagram of the current control

2) Practical Consideration on the Integratiorthe consid- with the proposed wideband passivation controligi(s),

eration discussed in Sec. llI-C regarding the practical considlased on which, the output current of GFL-MMC can be
eration of integrator's implementation are worth reevaluatingxpressed by

for the implementation ofj; (s). Firstly, the approximation of Gi(s)e T

SLeq +e ST Yi (S)

SI-eq"' e STin (S)
1+e sTaHy(s j!4)

multiplying both sides of (15) witfl + e STeH,(s j! 1)],
one can nd out the expression gf(s) as follows.

Z;'));gFM (s)=

(18)

while its block diagram is depicted in Fig. 6. The modi ed
shout Iter is implemented using a feedback structure,

IV. ADAPTIVE PASSIVATION BASED ON ONLINE
OSCILLATION DETECTION

1+ y,(s)e ST

integrator by the low-pass structure shown in Fig. 3 (a) is al$g(s) = - i5(s) = Vs(S)
applicable to the implementation gf(s). On the other hand, |G‘(S)e s{zd + SLe‘} |G‘(S)e ?;j * SL‘ﬁ

one might wonder if it is feasible to substitutes for 1=(s Hal (s) Yol ()

j' 1) and then cancel it witts, thereby achieving a simple (19)

gain feedforward without using integrators. For the frequenc
above roughly 500 Hz, this approximation is acceptable. In t
range between 100 and 500 Hz, the GFM-MMC impedan
Zy(s) is a negatively damped inductive impedance, while

s=(s |! 1) reveals a capacitive characteristic. Eliminating

the term1=(s j! 1) would impact the effectiveness of the

proposed passivation loop in this range, especially when the

frequency approaches the second harmonic frequency. As a

result, it is recommended to retain the frequency shift term in

the implementation ofi=(s j! ;). Note that the frequency Fig. 7. Block diagram of closed-loop current control wita(s) included

ereH (s) is the closed-loop transfer function of the ac cur-
[&ntis(s) to the desired current referenie while YocrL (9)
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¥(S) is added to the numerator of "5, , indicating that
the current response of GFL-MMC would be affected by the
passivation loog, (s) during voltage disturbance. For a better
understanding of this, Fig. 8(a) shows the current response
(is(s)) of MMC when the grid voltagev(s)) dips att = 2s,
with the current control referendg remains unchanged. As
can be seen, the current response of the GFL-MMC with
¥ (S) exhibits a longer transient process after voltage dip when
compared to the case of MMC withow, (s). As a result,
although the passivation loop does not generally affect the
MMC's transient performance, its continuous activation is not
advisable. An alternative is the implementation of an adaptive
control strategy based on online oscillation detection, which
activates the passivation loop only when oscillations above
Fig. 8. (a) Simulated current responses of GFL-MMC wii{(s) (solid-red) the_ second harrr_lomc frequenc_y are detected. It is important to
and withoutyy (s) (solid-blue); (b) simulated voltage responses of GEMpoint out that, since the passivation loop reshapes the MMC
MMC with y; (s) (solid-blue) and withoug (s) (solid-red) impedance to be passive from the second-harmonic frequency
I(;;llbove, there is no necessity to adjust it even when system

is the admittance of GFL-MMC with proposed passivatio . . .
resonance frequencies change due to alterations in ac network

loop. Thanks to the parallel structure betwge(s) andG; (s), . ) .
the y,(s) has no impact orH (s), thus GFL-MMC retains con gurations and_sy_stem operating cond|t|ons._ .
its reference-tracking capability both before and after the It. IS yvorth mentioning thatf in terms of d_am_plng harmonic
wideband passivation loop is inserted. Similarly, the referenggc.'“at'ohs’ the proposed wideband passivation loop can re-
tracking capability of the ac voltage control can be retained fopain act|vate.d from the moment the M MC starts and throu_gh-
GFM-MMC wheny; (s) is used to passivize its impedance. | utits operation. However, the adaptwe control ;')re\(ents wide-
is duly noted that the proposed impedance passivation met %gd passivation loops from impacting the MMC's disturbance

stands out because of two unique advantages over the meth] -through ability during ”Om."a' steady-state operat|o_n. l.t
proposed in [17]: should also be noted that the wideband impedance passivation

] ) method in [17] also impacts the current response GFL-MMC
SinceH(s) is not affected after the employment of thg nger voltage disturbance. However, it is not possible to
wideband passivation loop, the method avoids possihigegrate an adaptive control scheme into this method to avoid
unwanted impacts arising from the approximation infe impact of passivation, because the modi cations must be

volved in reconstructing the transfer function in the feedyage to the ac current control structure before the MMC can
forward path (Note that, the unwanted impacts includegg operated.

but not limited to: 1) the inability to passivize MMC
impedance between the second harmonic frequency @dCon guration of Adaptive Wideband Passivation

the current control bandwidth; 2) the slightly degraded |, contrast to adaptive narrowband damping methods that
reference tracking capability.). o requires accurate estimation of oscillation frequency [13],
By avoiding structural modi cations to existing controls|;g] adaptive wideband passivation requires less precision in
and avoiding the need to apply it in advance, this agptection due to its broadband impedance reshaping effect.
proach facilitates the implementation of adaptive contrélhe online oscillation detection process, illustrated in Fig.
strategies that will be elaborated on in the next sectiony(a), involvesn, buffers, each holdingN samples. These
To evaluate reference-tracking capability, simulations sfamples are then smoothed by the Hanning window. The
GFL(GFM)-MMC against an ideal voltage (current) sourcepacing Nnep) and overlappingNoveriap ) Samples between
can be performed to verify current (voltage) responses, ieach window are con gured to optimize the detection speed,
volving: 1) activating and disabling the passivation loggs) as discussed in [18]. Fast Fourier transform (FFT) is applied
(w1 (s)); 2) varying the current (voltage) control reference antb each window to obtain the spectrum of the measurement. A
comparing the corresponding response. Figure 8(a) illustratheeshold set a1% of the fundamental component is used to
the transient responses of the GFL-MMC's current, whereject the noises. The decomposition of sequence components,
the active power steps frorh pu to 0:5 pu att = 1 s and performed in the frequency domain, mitigates the impact of
returns tol pu att = 1:5 s. Similarly, Fig. 8(b) displays phase imbalance in oscillations.
the voltage response of GFM-MMC, in which thaxis Fig. 9(b) shows the owchart of the algorithm for identify-
voltage reference changes frompu to 0:6 pu att = 0:5 ing unstable oscillations using the denoised FFT spectrum. The
s and reverts td pu att = 0:85 s, while theg-axis voltage algorithm extracts and compares the most signi cant spectral
reference varies fromd pu to 0:5 pu att = 1 s and returns components within each window against a predetermined
to O pu att = 1:3 s. As depicted in Fig. 8, the transienthreshold,Min (5% of the fundamental component). If the
performance of current (voltage) control for GFL(GFM)-MMCamplitude of the extracted components in the latest window,
is maintained, indicating its advantages over existing widebaddnoted asAi(fx), are all larger tharMin, the algorithm
active damping methods. However, as can be seen from (183ri es whether these components are consistent in frequency
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of the wideband passivation loop is not limited to a particular
frequency (see Fig. 10). Once harmonic oscillation is detected,
from the second harmonic frequency upward, the wideband
passivation loop will completely eliminate the negative damp-
ing of MMC impedance and associated harmonic instability.
As a result, the precision of oscillation frequency detection is
not critical. It only requires that the presence of oscillations
can be detected in order to activate the wideband passivation
loop, without needing to know the exact oscillation frequency.
In addition, since the effective frequency range is across
entire range above the second harmonic frequency, once the
wideband passivation loop is conducted, no new harmonic
oscillations will occur regardless of how the system resonance
conditions change. Hence, the proposed wideband impedance
passivation loop minimizes its sensitivity under both aspects.

V. VALIDATION AND PERFORMANCEEVALUATION

This section presents frequency-domain analysis and time-
domain numerical simulation results in MATLAB/Simulink to
verify the wideband impedance passivation method developed
in this work, and to demonstrate its applications to adaptive

Fig. 9. (a) overall oscillation detection process; (b) owchart depicting thgontrOI of GFL-MMC and GFM-MMC through two case

algorithm for identi cation of oscillation frequency studies. The two case studies involve GFL-MMC connected to
long overhead transmission line and GFM-MMC connected
y an offshore wind farm. The MMC and controller parameters

used in this section are the same as those tabulated in Tables

and if their amplitude are in a growing manner. If so, th
detection block will output the frequendy,,, which can also
be used to activate the wideband passivation loop. Land Il

To minimize interference from power system transients, L . L
Note that in this section, the passivation loop of GFL-MMC

N, Nhop @andNgyeriap  Should be carefully chosen. According . . ) . )
o IEEOIE Std 101"59%')201%9], most pawer system transientIS€SYy (S) expressed by (13), in which the ideal integrator is

below 5 kHz vanish within 50 ms. Therefore, the minimuricPlaced by a low-pass lter with a bandwidth of 1 Hz. If a
number of buffersn, . , is set at3 to prevent false iden- pure integrator is used, it will quickly saturate and destabilize

ti cation system transients (e.g., MMC startup transient) [Qe MMC. In contrast, in _the valldatlo_n of the pgsswanon
delay-induced oscillations. The window lenghth, ensures the oop of GF.M'MM(.:’ Vi (s) given by. (16).'5 usgd, which doe;
capture of a full oscillation cycle and is purposely selectddP! cause msFabl!lty |n.th.e ngmencal simulation. However., n
to be an integer multiple of the fundamental period to avo%ractlcal appllt':atlons', I 'S,St'" recommended to use a high-
fundamental frequency bleeding due to aliasing. In this worR2ss Iter for s_|mul_at|on,_w¢h the (_:h0|ce of _bandmdth based
N is determined a$s=f,, balancing detection accuracy and" the approximation principles discussed in [30].

speed, wherefg and f; are the sampling frequency anda, Impedance Veri cation

fundamental frequency, respectively. Spacing samplgs, To verify the passivation effect of the proposed method

are se_lected _to save co_mputation memory and reduce fatﬁeGFL-MMC impedance, Fig. 10(a) compares the analytical
detection, while overlapping samplByeriap Can be selectedi pedance responses of GFL-MMC with and without the

to enhance detection speed. However, both have to be caref (J%ésivation loop described in (13), in which the frequency

and P roperly selected 'to avoid mistaken detectlon: For €Xallkan results of each impedance response are also included for
ple, if (NbNoverlap =fs) is smaller than 0.1 ms, an impulsive, iation. As can be seen, the impedance of GFL-MMC is
_tran_sien'_[ would be identi ed as a growing oscillation d“ringeshaped to be pure inductive (.80 phase response) with
Its rise time. no negative damping fronr100 Hz up. On the other hand,
. ] ~ purposely removal of the frequency shift term Gf ; (s)

C. Robustness of Adaptive Wideband Impedance Passivatiggy implementation oBR, (s) directly in the phase domain

For any damping control based on online oscillation deeduce the passivation effect in the frequency range below
tection, there are two important aspects for evaluating its r800 Hz, which keeps the phase response of MMC completely
bustness: 1) damping performance under inaccurate oscillatimiow 90 . In addition, the wideband passivation log(s)
frequency detection; 2) damping effect on system stabilitgvels up the magnitude dipping betwe2®0 to 300 Hz from
when the system resonance conditions change (e.g., freque2@yB to 30 dB, which makes the MMC less likely to interact
change of resonances, disappearance of resonance, emergeitbhegrid impedance, thereby further improving the system
of new resonances). stability below 500 Hz. Similarly, to verify the passivation

Unlike adaptive narrowband damping [14], [18], whicteffect of the proposed method on GFM-MMC impedance, Fig.
targets a speci c frequency, the impedance reshaping effd€i(b) compares the impedance responses of GFM-MMC with
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damping of the MMC impedance below the Nyquist frequency.
However, it introduces negative damping between 6725 Hz
and 8327 Hz, as pointed out by the black circle in Fig. 11. In
practice, such a small amount of negative damping in these two
cases could be compensated by the parasitic resistance of the
passive network (e.g., transformer and overhead line/cable),
thus less likely causing harmonic instability [10], [11].

In general, the passivized impedance responses of MMC
(shown in Fig. 10) coupled with the transient performance
evaluation of MMC (shown in Fig. 8), it is evident that
the proposed wideband passivation can completely eliminate
the negative damping of GFL-/GFM-MMC at and above the
second harmonic frequency, without impacting the reference-
tracking capability of existing controls.

Fig. 10. Comparison of impedance response of: (a) GFL-MMC w/(s)
(blue) and GFL-MMC wiyy (s) (yellow); (b) GFM-MMC wioy;(s) (blue) B Case 1: Wideband Passivation of GFL-MMC Impedance

and GFM-MMC w/y; (s) (yellow); and their numerical scans (markers). . ) . .
The rst case study is designed to validate the adaptive
wideband passivation of GFL-MMC when it is connected to

and without the passivation loop described in (16). It can 5 !0ng overhead transmission line (OTL), as shown in Fig.
seen that the GFM-MMC impedance, by employings), is 12 where the OTL is modeled by the frequency-dependent
reshaped to be a passive reactance above the second harmfBAge! [31] in both analytical model and numerical simulation,
frequency. As can also be seen from Fig. 10, the analyticdile its parameter is tabulated in Table Il (along with the
responses closely match the frequency scan results in pBifshore submarine cable parameters used in next case study).

cases, which further validate the effectiveness of the propodelgure 13 plots the impedance response of GFL-MMC without

method. and with the proposed passivation logp(s), denoted as
PD ; ;

To further analyze the impact of the approximation of the irfp:eFL_(S) andZpge, (S), against the OTL impedanag(s),

W@erezp;GFL (s) forms ve series resonance withy(s). The

tegrator and derivative terms on the performance of widebal p fall i h X
passivation. Fig. 11(a) plots the real partZifce. (s) against resonances _31552 2249 and 3371 Hz fall into the neganve_
’ real-part region o p,ceL (S), where the system phase margin

ZPD_ (s) passivized by, (s) andy (s), respectively; while ,
perL (8) P yv(S) andys(s), resp 4 (PM) are 2:3, 04 and55 , respectively. As a result,

Fig. 11(b) plots the real part @ycru (S) againsZ;2ey (S) _ i
- o R there will be two oscillations at552Hz and2249Hz when
i I
passivized by (s)) andyi (s) (replacing pure derivative term GFL-MMC connects to the OTL. The proposed passivation

by high-pass Iter with bandwidth o020 kHz, respectively. 0o . )
. . ' \ T p ¥ (s) totally removes the negative damping of GFL-
It is evident thatyy (s) andy;(s), the two ideal passivation MMC, and makes passivized MMC impedance form ve series

loops, can completely eliminate the negative real part of ﬂ?&sonances with OTL impedance 212, 1549 2449 3372

MM% ImC;j)edal_wce tfrotrrr: lg(l):LHl\;Mago.ve. L(jsmg,(sg Iadds40 305Hz, respectively. The PM at each resonance frequency is:
positive damping 1o the i impedance below 8,194, 272,55 and7:72 , indicating that the system

Hz, which ehances the passivity of MMC compared to th@ stable. It should be noted that, in the practical system, MMC

one usingyy (s). However, due to the approximation of thearm, passive Iter component and transformer at the point of

pure integrator,y (s) introduces a small negative dE"‘rm)ir](~:1:ommon coupling (PCC), and the ac grid behind the OTL can

to the MMC |mped_ancg between 450 H_z ahd 800 Hz. Ip o o improve the phase margin by their parasitic resistances
contrast, the approximation of the pure derivative term by a 11, [32]

kHz high-pass lter can still completely eliminate the negativ To further validate the effectiveness of wideband passivation
in mitigating medium- and high-frequency oscillations, as well

Fig. 12. GFL-MMC connected by 345kV/160-km overhead transmission.

TABLE Il
PARAMETER OF AC TRANSMISSION

. . . i Parameter Series Resistance Series Inductance Shunt Capacitance
Fig. 11. Real part of impedance response of: (a) GFL-MMCs, in whicbf

low-pass Iters inyy (s) is 1 Hz; (b) GFM-MMCs, in whichf ¢ of high-pass ~ Overhead Line 185 10 ® /km 1 10 ®H/km 111 10 ° F/km
lter in 4 (s) is 40 kHz. Offshore Cable 30 10 ® /km 175 10 * Hkm 340 10 ° F/km
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