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Abstract—Grid-forming modular multilevel converters (GFM-
MMCs) have emerged as a promising technology for enhancing
small-signal stability of power systems, particularly under weak
grid conditions. Virtual admittance control has been employed
for current limiting in GFM-MMCs. However, a potential chal-
lenge is that virtual admittance control could adversely affect its
small-signal stability performance under weak grid condition. In
this article, through the utilization of accurate impedance mod-
eling, the control links of the virtual admittance control-based
GFM-MMC are represented as virtual resistors, inductors, and
capacitors. This circuit-theoretic perspective offers insights into
the negative resistance characteristic that contributes to small-
signal instability. Subsequently, the mechanism of small-signal
instability and a method for enhancing stability are investigated
using the established circuit model. Finally, the validation of the
proposed method is demonstrated through simulations conducted
using MATLAB/Simulink and the experimental platform of RT-
LAB. These results confirm that the proposed method effectively
enhances the stability of GFM-based MMC with virtual admittance
control under weak grid condition, without compromising their
dynamic performance.

Index Terms—Equivalent circuit, grid-forming (GFM), modular
multilevel converter (MMC), negative resistance, small-signal
stability, virtual admittance control.

ABBREVIATIONS
MMC Modular multilevel converter.
HVDC High-voltage dc.
SG synchronous generator.
HSS harmonic state space.
GFL Grid-following.
GFM Grid-forming.
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Virtual synchronous generator.
Point of common coupling.
Short-circuit ratio.

Low-pass filters.

High-pass filter.

Band-pass filters.

Band-stop filters.

DC voltage.

Upper and lower arm currents.

AC-side voltage and current.

Arm inductance and resistance.

Arm equivalent submodule capacitance.
Modulation functions for the upper and lower
arms.

Arm equivalent capacitor voltages of the upper
and lower arms.

Fourier coefficient matrices of state variables
and input variables in terms of their respective
harmonic components.

Coefficient matrices, A r and B 7 are Toeplitz
matrices.

Diagonal matrix contains all the perturbation
frequencies.

Three-phase circulating current, the sum of
capacitor voltages in upper and lower arms,
ac-side current, respectively.

Transfer function from the ac-side three-phase
currents to differential-mode voltages.
Transfer function from the ac-side three-phase
voltages to differential-mode voltages.
Transfer function from the circulating current
to common-mode voltage.

Complex phasors of the resulting perturbation
voltage and current at frequency w .

Active power and reactive power droop coef-
ficients.

Virtual inertia.

PI controller of current inner loop control and
CCSC.

Proportional coefficient of the automatic volt-
age regulator.
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H,, AC voltage middle loop control.

H, Virtual admittance control.

Kpacs Kiac PI controller of H,.

R,, L, Virtual resistance and inductance.

Kiq Decoupling coefficients for the current inner
loop.

K.cq Decoupling coefficients for the CCSC.

kyf Coefficient of the voltage feed-forward path.

Tq4 Control delay.

Vsdref, Vsqref
Vccdreﬁ Vccqref
Vsabc, Vccabc

dg-axis components of the fundamental and
second-order modulation reference voltages.
Three-phase modulation voltages for the fun-
damental and second-order components.

H,7,D,7, Topelitz matrices for ac voltage middle loop

Ggr, Heer or virtual admittance control, droop control,
control delay, and CCSC.

H;r Topelitz matrices for the current inner loop
control.

AVaig Differential-mode voltage matrix.

Zg Grid impedance.

T.,.T, harmonic expansions of the Park transforma-
tion matrix and inverse Park transformation
matrix.

1 Identity matrix.

Tyap Harmonic expansion of the park transforma-
tion matrix.

Ty, Tinve Harmonic expansions of the double-frequency

Park and inverse Park transformation matrices.

I. INTRODUCTION

ODULAR multilevel converters (MMCs) with advan-
M tages such as lower switching frequency, good control-
lability, and higher waveform quality, are increasingly applied
in high-voltage dc (HVDC) transmission systems [1], [2]. Cur-
rently, MMCs are conventionally controlled as current sources
and operated in a grid-following (GFL) manner, with synchro-
nization realized by a phase-locked loop (PLL) [2]. GFL-based
MMCs have been widely used for injecting the power into
the main grid in practical engineering. However, GFL-based
inverters possess several limitations, including their inability to
operate in standalone mode, stability issues encountered under
weak grid conditions and faulty conditions, as well as their
negative impact on system inertia [3]. These limitations raise
concerns regarding the reliability and security of the future
power system, which is predominantly composed of power
electronic converters.

To address these challenges, the existing control approach of
power converters necessitates a shift from following the grid
voltage to actively forming the grid voltage. From this perspec-
tive, grid-forming (GFM) technology emerges as a promising so-
lution, enabling power converters to function as voltage sources
and replicate certain characteristics of synchronous generators,
particularly the emulation of the swing equation [4]. GFM-based
power converters can provide a viable solution for enhancing
system stability and virtual inertia in wider interconnected power
networks with a high penetration of power electronics-based
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generation in modern HVDC transmission systems [5], [6],
essentially enabling operation in weak grid conditions [7].

However, the overcurrent protection of GFM-based power
converters necessitates particular attention due to their voltage
source characteristics. GFM-based power converters are only
capable of withstanding a few percent of overloading and two or
three times their rated current within several milliseconds [4]. To
overcome this critical issue and ensure the safety of the system,
current limitation techniques have to be implemented. Installing
additional current limiting devices (such as solid-state or su-
perconducting fault current limiter [8], [9], bidirectional semi-
conductor switch [10] and current limiting reactors [11], [12])
for a massive number of GFM-based MMCs will significantly
increase economic costs due to the expensive switching compo-
nents. Hence, GFM-based power converters must be protected
against short-circuits solely through appropriate current-limiting
control strategies, while maintaining the synchronization and the
connectivity to the power grids [13].

Several methods have been employed to limit the fault current
during large disturbances in GFM-based power converters. One
way is to switch the GFM to the GFL in case of grid faults
[14]. However, this solution requires the PLL to maintain syn-
chronization between the converter and the power grid during
fault ride through process, which may induce instability issues in
weak grids [14], [15]. Another current limiting method involves
saturating the current reference [16], [ 17] in converters equipped
with cascaded inner voltage and current control loops, wherein
the generated current reference becomes saturated in the event of
overcurrent. However, the utilization of simple current reference
saturation limiting may lead to the instability if the voltage
regulator loses control after the current reference saturates [18].
The third strategy for current limiting relies on virtual impedance
/admittance control, enabling the adjustment of the parameters
of the virtual impedance or admittance whenever the current
surpasses its nominal level [18], [19]. In comparison to the
second method, the third method offers the advantage of ad-
dressing overcurrent issues while maintaining the voltage source
behavior behind impedance, thereby facilitating the expansion
of the stability margin [4]. Furthermore, virtual impedance or
virtual admittance control can be easily integrated into various
control structures. It is also capable of addressing a wide range
of complex operating conditions and can be flexibly adjusted to
meet specific requirements [18], [19], [20].

Existing research has predominantly focused on investigating
and analyzing the current limitation’s capabilities by incorporat-
ing virtual impedance/admittance control for current limitation
[5], [21]. Additionally, the power coupling issue, which pri-
marily stems from the inductively dominated line impedance,
can be mitigated by utilizing the virtual impedance/admittance
control to reshape the equivalent total impedance [22], [23].
Virtual impedance/admittance control possesses the capability
to limit fault currents and mitigate the degree of power coupling.
However, the virtual resistance and virtual inductance have a
contradictory effect on the small-signal stability and the current
limitation’s capabilities [4]. The negative resistance may be still
introduced within 200 Hz in the GFM-based MMC with virtual
impedance/admittance control [24], [25]. Instability can still
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Fig. 1. Basic topology of the MMC.

arise as a result of the negative resistance being triggered within
specific frequency ranges [26]. The interaction between reactive
power control and virtual impedance/admittance control may
also deteriorate system stability [26].

Recently, the majority of studies have focused on analyzing
two-level converters [27], [28], while overlooking the multi-
harmonic characteristics and nonlinearities introduced by the
converter dynamics of MMCs. The conventional state-space
method, based on eigenvalue analysis, requires small-signal
modeling of the entire MMC system [29]. It assesses stability by
evaluating the damping ratios of system eigenvalues to identify
key factors influencing stability but it cannot reveal the negative
resistance’s mechanism. Pan et al. [26] and Nahalparvari et al.
[30] both focus on the impedance modeling and instability anal-
ysis of GFM-MMC:s, but fails to reveal the physical essence of
negative resistance introduced by virtual impedance/admittance
control. Accurate impedance modeling is the foundation for
negative resistance analysis. In this article, the harmonic state
space (HSS) methodology [31], [32] has been employed for the
initial derivation of theoretical ac-side impedance models for
GFM-MMCs. These models have been subsequently validated
through frequency scanning simulations. On this basis, control
links and factors with minimal impact on negative resistance
characteristics have been neglected. The reactive power control,
virtual admittance control, and current inner loop control of
MMCs are represented as equivalent circuit elements, including
virtual resistors, inductors, capacitors, and controlled voltage
sources [33], [34], thereby facilitating the understanding of the
nature of negative resistance from a circuit-theoretic perspective.
Furthermore, the small-signal instability mechanism of virtual
admittance control-based GFM-MMCs under weak grid condi-
tions is investigated using the established circuit model. Subse-
quently, a small-signal stability enhancing approach is proposed
based on the instability mechanism analysis. Ultimately, the
validation of the proposed small-signal stability enhancement
method is demonstrated through simulations utilizing MAT-
LAB/Simulink and the experimental platform of RT-LAB.

Compared to the state-of-the-art in the literature, the key
contributions of this article are outlined as follows:
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1) Novel Circuit-Theoretic Representation: Based on the
accurate ac-side impedance modeling, the control links
of the virtual admittance control-based GFM-MMC are
visualized as RLC circuit including the virtual resistors,
inductors, and capacitors. It provides a comprehensive
circuit-theoretic representation of the system’s control
dynamics from a circuit-theoretic perspective.

2) Insight into Negative Resistance Mechanism: The circuit-
theoretic perspective elucidates the negative resistance
nature introduced by the interaction between virtual ad-
mittance control and current inner loop control, offering
a clear understanding of the underlying mechanisms that
contribute to small-signal instability.

3) Innovative Active Damping Strategy: Based on the mech-
anism of small-signal instability, an active damping strat-
egy is proposed that effectively balances small-signal
stability and overcurrent suppression. This is achieved
by incorporating low-pass filters into the voltage feedfor-
ward and active damping into the cross-decoupling terms,
respectively, ensuring robust performance during fault
ride-through scenarios without compromising dynamic
response.

The rest of this article is organized as follows. In Section II,
the ac-side impedance model of MMC is established and subse-
quently verified. In Section I11, the control links of MMC are por-
trayed as virtual impedance from a circuit-theoretic perspective.
In Sections IV and V, the instable mechanism of GFM-based
MMC with virtual admittance control is elaborated, and a small-
signal stability enhancement method is proposed. In Section VI,
the simulation and experimental results are presented. Finally,
Section VII concludes this article.

II. AC-SIDE IMPEDANCE MODELING OF MMC
A. Topology and Control of MMC

In this article, the average-value model of the MMC is
adopted, assuming equal capacitor voltages across submodule
capacitors. The equivalent circuit of one leg of MMC is depicted
in Fig. 1. V4. denotes the dc voltage. i, and i;, are the upper
and lower arm currents, respectively. V. and I, are the ac-side
voltage and current, respectively. Additionally, Ly, and Ry
are the arm inductance and resistance, respectively, Carm rep-
resents the arm equivalent submodule capacitance, n,, and ny,
are the modulation functions for the upper and lower arms. v,
and v are the arm equivalent capacitor voltages of the upper
and lower arms, respectively. The subscript x = a, b, ¢ indicates
three-phase configuration.

The control diagram of the MMC is depicted in Fig. 2, which
encompassing the active power outer control, ac voltage middle
loop control or virtual admittance control, ac current inner
loop, and second-order circulating current suppressing control
(CCSC).

In Fig. 2, subscripts d and g denote the components in the
dq axis rotating coordinate system and subscripts a, b, and
¢ represent the components in the abc stationary coordinate
system. D, and D, represent the active power and reactive
power droop coefficients, respectively. The active power outer
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Fig. 2. Control diagram of MMC.

control is virtual synchronous generator (VSG) control if the
virtual inertia J,, is considered. The active power outer control
is droop control if J, is not considered. In this article, the droop
control is adopted. The active power outer loop with the droop
coefficient is integrated to obtain the Park transformation angle.
Hj, and H . represent the current inner loop control and CCSC,
respectively. H; = K,;+Kj;/s. K, represents the proportional
coefficient of the automatic voltage regulator. H, represents
the transfer functions of the PI controllers for the ac voltage
middle loop control or virtual admittance control, expressed as
H, in (1) and H 2 in (2) respectively. Ky, and K, represent
the PI parameters, respectively. R, and L, represent the virtual
resistance and inductance, respectively,

Kiac .
Hy1 = Kpae + ——, Hy1 is AC voltage control (D
s
H L H,5 is virtual admitt trol. (2)
v2 = — , H,,5 is virtual admittance control.
2 R, + sL, 2

K;q and K .4 are the decoupling coefficients for the current
inner loop and CCSC, respectively. K;qg = KgecwoLarm/2. kyf
denotes the coefficient of the voltage feed-forward path, and 74
represents the control delay. Vigrer, Vigret, Vecdrer, and Veggrer
are the dg-axis components of the fundamental and second-order
modulation reference voltages, respectively. Vsape and Vecape
represent the three-phase modulation voltages for the funda-
mental and second-order components, respectively.

B. Impedance Modeling and Validation

The MMC exhibits complex internal dynamics due to its
multiharmonic interactions (e.g., circulating currents, capacitor
voltage ripple, and sideband harmonics). Traditional state-space
modeling, which assumes a single-frequency operating point,
fails to capture these cross-frequency couplings, leading to
inaccuracies in stability assessment, particularly under weak
grid conditions. In contrast, the HSS method explicitly models
harmonic components and their interactions by representing
state variables and control dynamics in a Fourier-series-based
state-space framework. According to [31], by considering the
internal dynamics of MMC, the small-signal HSS model of
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MMC can be obtained as
sXt=(Ar —Qr) X7+ BrUr (3)

where X 7 and U 7 represent the Fourier coefficient matrices that
express the state variables and input variables in terms of their
respective harmonic components. X, Ur are given in (4) and
(5), respectively. icomabes U cuabes Uclabes Lgabe TEPrEsent three-
phase circulating current, the sum of capacitor voltages in upper
and lower arms, ac-side current, respectively. V represents the
disturbance component. The prefix A represents small-signal
components

X1 = [Adcomabe, Abeuabe; Actabe, Ddgabe]
Atcomabe = diag[Aicoma, Alcomb, Atcome)sys
[Atcoma (—hw1) -+, Alcoma (dc) , -+,
Nicoma (hwi)]”

Aucuabc = dlag [Aucuaa Aucuba Aucuc}gxg

Aucuw = [Aucuw (_hwl) y T 7Aucuw (dC) y T

Atcoma =

Atz (heon)]"
A'ufcla.bc - diag[Auclay Aucllﬂ Auclc]3><3

Auclw - [Auclz (_hwl) P 7Auclz (dC) y Ty

Auclm (hwl)]T
Aigabc = diag[Aiga, Aigb; Aigc]
Nigy =

3x3

[Adge (—hwi), -+, Adgg (de),-- -,

Nigg (han)]” @ = a,b,c “)
Ur = [O2141,02h11, O2ni1, O2iy1, Oopia s Oopga

T
O2h+1a 02}L+17 O2h+13 UTa7 UTba UTC]

Ura =10, Vr,-+ 05541y, Urp
. T
(2h+1)
L T
Ure = [0, Vee/i7 o 0] . )
(2h+1)

It is noted that the diagonal matrix Q 7 contains all the pertur-
bation frequencies that are defined in (6), which means that this
model considers all the frequency coupling effects

QT = dlag [WTa WTa WT7 WT» WT7 WT7 WTa WT7
W, W, Wr, Wr]

WT = dlag [-] (CUT - hwo),"' aija"' 7j(wT —|—th)} .
(6)

According to the HSS theory, the Topelitz matrix of a linear
controller is a diagonal matrix, and the transfer function of the
linear controller can be frequency shifted along the diagonal
line. Considering the first four harmonics [31], [32], the Topelitz
matrixH ;rfor the current inner loop control is expressed as
(7).Meanwhile, the Topelitz matricesH ,7,D g1,G grandH .. pfor



GAO et al.: SMALL-SIGNAL STABILITY ANALYSIS AND ENHANCEMENT OF VIRTUAL ADMITTANCE CONTROL-BASED GRID-FORMING MMC

the ac voltage middle loop or virtual admittance control, droop
control, control delay, and CCSC are given as

Hir = [ Hi
T 0 @nt1yx(2n41)

Hjy=diag[H(s—jhwi), - ,Hi(s), -~ , Hr(s+jhw)]

O (2h11)x(2n+1)
Hyp

(7
H (0]
H,r = v (2h+1)x(2h+1)}
T [O(2h+1)><(2h+1) H,
H,=diag [H,(s—jhw1), -+, Hy(8), -+, Hy(s+jhwi)]
3)
D (0]
Do — q (2h+1)><(2h+1):|
ar |:O(2h+1)x(2h+1) D,
Dq:diag [Dq(s_jhwl)v e aDq(s)v e 7Dq(s+jhwl)]
)]
Ga O 2n11)x(2n+1
G = (2h+1)x(2h+1)
ar |:O(2h+1)><(2h+1) Ga
Gdzdiag [Gd(s—jhwl), s ,Gd(s), ey
Ga(s+jhw)],Gg=e T4 (10)
H (0]
Heor = cc (2h+1)><(2h+1):|
r [0(2h+1)x(2h+1) H.
H..=diag[H..(s—jhwi), -, Hee(s), -, Hee(s+jhwr)] .
(11)

For the active power droop control, the small-signal form of
active power is expressed as (12). The quantity with a subscript
of “0” represents the steady-state value of voltage and current

AV, Al
AP = [Ing ngO} [AVZ] + [ngO ngo] {Nﬂ . (12)

Then, the expression of A# is derived as

A91<AP).
s \ Dp +sJ)p

For the reactive power droop control, the small-signal form
of the reactive power expression is as shown in

13)

_ AVyq Algq

AQ = [_ngO Igdo} {AVQJ + [ngO _ngO] {A[gq :
Then, the reference of the d-axis voltage AV 4.t can be

derived as (15) and AV, = ,/V? + V92q. The reference of the

gd
dg-axis currents can be written as (16). Therefore, the dg-axis
voltages can be derived as

Avadref = - DqAQ + Kac(_AV;lc) (15)
|:A-[gdref:| _ |:Hv :| |:Avgdref - Avad:| (16)
Angref H’u A‘/gqref — Ang

AVia| _ H, Algaret — Alyg
AVsq Angref - Ang
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N [ALyg
+ kg [AVQJ — Kiq {MQJ .an

The differential-mode voltage matrix AV is derived as

o AVed AIgd AIgd
Aleff - vaTd { |:A‘/sq:| + HI I:Ang - Zg Ang TP

where Zjis the grid impedance.T,, andT;, represent the har-
monic expansions of the Park transformation matrix and inverse
Park transformation matrix, respectively. In (18), thedg-to-abc
transformation is fully compatible with the HSS method. The
Park transformation matrices(Tp,Tiny)are expanded harmoni-
cally to preserve frequency coupling, ensuring seamless inte-
gration with the HSS framework. Toplitz expansion of Park’s
transformation matrix7'pis given as follows:

2 Acosa Acosb Acosc

T,==
P _Asinb _Asinc

19
3 _Asina ( )

where A cosa, Acosb, Acos e are Toplitz expansion of cosf, cos(6-
2/37), cos(6+42/3m), and Asin a> Asinb, Asinc are Toplitz expan-
sion of sind, sin(6-2/37), sin(f + 2/37), respectively. Acosp 1S
expressed as (20). Similarly, we can obtain Acosa, Acosecr Asinas
Asginp, Asine and define Park’s inverse transformation Ty,

eI5m

0

(SIS

0
1,-j2x
2¢ 73

Acosb =

AL

(20)

Finally, the transfer functions can be derived for the relation-

ship between the ac-side three-phase currents and voltages as

well as the transfer function for the relationship between the

circulating current and common-mode voltage, which are given
as follows:

TF'v'i = kvaindeTZng - TindeTKidTpTianp
—TinwGarHirHyr Z,;Tp, — TinyGarH 7Ty
—TinvGarHir Hyr Dgr (I + Z,)T),

— 2T 50y Gar AOT 21
TF, =kyfTinwGarTp — TinvGarH i H 7Ty
—TinvGarHirH 7 K 7T, (22)
TF.c = —Tinv2GarHcerTp2 + 3T inv2Gar AT, (23)

where TF ,; represents the transfer function from the ac-side
three-phase currents to differential-mode voltages. TF,, repre-
sents the transfer function from the AC-side three-phase voltages
to differential-mode voltages. TF .. represents the transfer func-
tion from the circulating current to common-mode voltage. I is
the identity matrix. T, and T,y 2 represent the harmonic expan-
sions of the double-frequency Park and inverse Park transforma-
tion matrices, respectively. T2 and Tiny2 can be defined similar
as T, and Ti,,. The matrices A7 and B of the small-signal
HSS model of MMC can be derived after the definition of these
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Fig. 3.  Verification of MMC impedance model. (a) Only with droop control. (b) With droop control, AC voltage middle loop control and current inner loop.

(c) With droop control, virtual admittance control and current inner loop.

transfer functions [31], [32]. After obtaining the small-signal
HSS model of MMC, the ac-side small-signal impedance of the
MMC can be obtained as

Vr

I,r

Zymc (jwr) = — (24
where the bold letters V7 and I 47 are the complex phasors of
the resulting perturbation voltage and current at frequency w 7.
Additionally, the perturbation voltage V47 is expressed as

VgT =Ur+ ZgIgT (25)

where the perturbation input voltage U is predefined, and the
resulting perturbation current /47 can be solved as a function
of the perturbation input voltage U based on the small-signal
HSS model of the MMC.

Subsequently, to validate the established impedance models,
a simulation model of a three-phase grid-connected MMC was
constructed to perform frequency scanning. The validation re-
sults are presented in Fig. 3, where the solid blue curve and
red dots represent the impedances obtained from the theoret-
ical models and frequency scanning, respectively. As can be
observed from Fig. 3, the theoretical models align well with
the frequency scanning curve, thus verifying the accuracy of
the theoretical impedance models. Fig. 3(a) is the impedance
model verification of MMC only with the active power outer
control. Based on Fig. 3(a) and (b) is the impedance model
verification of MMC with the droop control, ac voltage middle
loop control and current inner loop control. Based on Fig. 3(b),
the ac voltage middle loop control is substituted by the virtual
admittance control in Fig. 3(c).

III. EQUIVALENT CIRCUIT OF MMC’s CONTROL DYNAMICS
A. Model Simplification

According to Fig. 3, if only the power outer-loop control
(i.e., the P-0 and Q-U scheme) is employed while the current
inner-loop control and virtual admittance control are neglected,
there would be no oscillatory instability issues for GFM-based
MMC under weak grid conditions, as shown in Fig. 4(a). How-
ever, when the virtual admittance control and current inner-loop
control are implemented, the negative resistance is observed in

—GFM-MMC Impedance only with droop control
——GFM-MMC Impedance with droop control and virtual admittance control
——AC Grid Impedance (SCR=1.25)=— AC Grid Impedance (SCR=5.0)

200, 20
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Q
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- E-100
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B 200! L | L
200 10' 10° 10° 10° 10! 10 10°
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(a) (®)
Fig. 4. MMC impedances of different controls under conditions of weak and

strong AC grid. (a) GFM-MMC Impedance only with droop control. (b) GFM-
MMC Impedance with droop control, virtual admittance control and current
inner loop control.

the sequence impedance within the 1-30 Hz range, making the
system more prone to oscillatory stability problems in weak grid
scenarios, as shown in Fig. 4(b). Based on Fig. 4, to reveal the
circuit essence of negative resistance, the control links with less
impact on MMC impedance would be first simplified in this
section.

According to the impedance sensitivity analysis, it is demon-
strated that the harmonic orders, active power outer-loop control,
and automatic voltage regulator have minor influences on the
impedance characteristics of the MMC. Fig. 5 are the MMC
impedance Bode plots affected by harmonic orders, automatic
voltage regulator and active power control. In Fig. 5, the phase
response in the Bode plot indicates.

1) 90° to 180° phase range corresponds to the inductive

negative-resistance region.

2) —90° to —180° phase range represents the capacitive

negative-resistance region.

Fig. 5(a) is the impact of harmonic order on MMC impedance.
The impedance characteristics of the MMC remain nearly un-
changed under varying harmonic orders, which confirming that
the negative-resistance is hardly unaffected by harmonic orders.
Fig. 5(b) is the effect of active power outer-loop control (D,,).
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Fig.5. MMC impedance characteristic affected by harmonic orders, automatic
voltage regulator and active power control. (a) Harmonic orders. (b) Active
power control. (¢) Automatic voltage regulator. (d) VSG or droop control.

When D, = 0 (i.e., without active power outer-loop control
and without VSG control), the MMC impedance profile shows
negligible variation. The negative-resistance region remains
unchanged, indicating minimal influence from active power
outer-loop control. Fig. 5(c) is the influence of automatic voltage
regulator (K,.). With K,. = 0 (i.e., disabled automatic voltage
regulator), the MMC impedance curve exhibits unchanged. The
negative-resistance characteristics are not affected with auto-
matic voltage regulator. Fig. 5(d) is the influence of droop
or VSG control. With J,, = 0 (i.e., disabled VSG control),
the MMC impedance curve exhibits unchanged. The damping
coefficient and virtual inertia may primarily affect impedance
near the fundamental frequency, with negligible impact on the
studied frequency range (1-30 Hz). Thus, these factors would
be omitted.

In summary, the harmonic orders, automatic voltage regulator
and active power control have rarely influence on the negative
resistance, as shown in Fig. 5. It also should be pointed out that
these factors will not affect the MMC impedance even if the
steady-state operating points change. Therefore, the equivalent
circuits of these links are neglected in this section. To reveal the
negative resistance’ nature of GFM-based MMC, the topology
and control of MMC can be simplified as Fig. 6. Ryymc = Rarm/2
and Lyyme = Larm/2.

B. Equivalent Circuit of MMC Only With Current Inner Loop
Control

Ignoring the influence of the outer loop control, Al.¢ and
Al et are set to 0 in Fig. 6. The relationship between voltage
and current can be expressed as

[Ang] - {H,(s) 0

AIdref - AIgd
AVyq 0 Hi(s)

Al grer — Al gq
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Fig. 6.

Simplified topology and control of GFM-based MMC.

by (R K,

Lyme
% k, of IIEH
K,,/s

|
| SLoyme Lyme
|

kg SLyme -k (Ryme K,

—kv,k,,-/s Algd

RrqL K,

(a) (b)
Fig. 7. Equivalent circuit of current inner loop control. (a) d-axis. (b) g-axis.

—wo Lmme AIgd
Ryme + $Lmme Ang

]{vf 0 Ang 0 —wOmeC Algd
+|: 0 k”f:l |:AV9‘1:| +kdec |:wOmec 0 Ang :

(26)

- Riume + $Linme
woLinme

Therefore, the dg-axis equivalent circuit of the MMC only
with the current inner loop can be obtained based on Fig. 6,
as shown in Fig. 7. The PI controller of current inner loop
control are equivalent as the resistor and capacitor, respectively,
as shown in Fig. 7. The decoupling term and voltage feedforward
are both considered, ks = 1 and kge. = 1.

C. Equivalent Circuit of MMC With Current Inner Loop
Control, Reactive Power Control and Virtual Admittance
Control

If the reactive power control and virtual admittance control
are both considered, the reference of dgq voltage can be obtained
based on (14) and expressed as

|:Angref:| — _D |:Iq0
- q

Glzs
Avgqref

O 0 Aqu
_p | Ugo Ugo| [Algyg
|0 0 ]|AL,]|

The reference of dg current can be obtained according to Fig. 6
and expressed as

AIdref o (Angref - Avad)
{A‘[qrﬁf} =H(s) {(Avgdref — AVyq)

n 0 —K,H,(8)| | Alyer
K,H,(s) 0 Al grer

27
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H,(s —K,H; (s
N Alger| _ Hz(s)l(r(gﬂ HZ(e)K2(+)1
AV N HO) Hoy(s)
HZ(s)K2+1 H2(s)K2+1
(Angref - A‘/gd):|
X 28
{(AngrefAng) %)

where K, is the cross-decoupling term of virtual admittance
control and K,, = woL,. Consequently, (29) can be obtained by
substituting (28) into (26). Matrix G, is shown in (30)

H,y(s) —K,H2(s)
AVga| | o H2(s)K2+1  HZ(s)K2+1
AV | THIG) | TR H,(s)
99 H2(s)K2+1 H2(s)K2+1
« 1+ Dglyo —Dglag| |AVya
0 1 AVyq,
B kyy 0 AVyq| B Algq
[ 0 kvf} [Ang = Cu Ang 9
G. = HI(S) + Rmmc + Smec 0
w 0 HI(S) + Rmmc + Smec
_ Hi(s)Hu(s)DgUqo  Hi(s)Hy(s)DqUao
+ H3(s)K3+1 HE(s)KZ+1
0 0
1 —K,H,(s)
X [KUHU(S) 1 } . (30)

For (29), matrix [Al,q, Alg,]" is divided into (31). Matrix
[Alyra, Alyrgl" and [Alyya, Alyyg]" are shown in (32) and (33)

_Afgd AIg]d A-[gvd
_AIQJ [AIglq] - {Afqu @D
[Alyrq 1 [AV d]
=G g 32
AI(JIQ:| “ Aqu G2
AIgvd _ —G H](S)Hv(s)
| Algug “\HI(s) K3 +1
1+ Dyl —Dylg — K, Hy(s)
K H ( ) (]. + D Iq()) 1-— KUHv(S)Dqu()
kor 01 [AV,a
- { 0 ka) [AVQL]] . G

1) Equivalent Circuit Affecting By Reactive Power Control:
According to (32), (34) is obtained. K, is beneficial for sup-
pressing the negative resistance of sub-synchronous frequency
ranges, as shown in Fig. 8

AVya|
Ang B
_ -H ( )+Rmmc + 8Lume 0
HI(S) + Rmmc + Smec
AIg]d
X
AV
[ H;(s)H,(s)D,U, v(5)DgU,
[ ] (i
0 0 AIg[q
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Fig. 8. Negative resistance characteristic affected by cross-coupling terms of

virtual admittance control.

H(S)HA$)DyUaoAigsy  -Hi(8)H(S)DyUyo

_(WV\_/VWV_
SLiya Ryq
- Ang

Ku /s

gld I glq
Lyme mmﬁK% Linme RmmﬁK
(b)

(@
Fig. 9. Equivalent circuit with reactive power control. (a) d-axis. (b) g-axis.
HI(S)HS(S)DquQKU HI(S)H;Z)(S)DQUQ()K.U AI
- H2(s)K2+1 H2(s)K2+1 { 9“].
0 0 AIglq
(34)

It should be noted that while the cross-coupling term K, can
improve negative resistance characteristics to some extent, how-
ever, it cannot completely eliminate negative resistance. H, is
the most fundamental origin of negative resistance. To simplify
the circuit modeling and concentrate the negative resistance’s
main derivation, the cross-coupling term of virtual admittance
control is not considered and K, is set to 0 in the equivalent
circuit’s modeling process.

Therefore, the equivalent circuit of the current inner loop
control considering the reactive power control and virtual admit-
tance control can be equivalent as Fig. 9. The d-axis equivalent
circuit formed by the virtual admittance control and current
inner loop control is shown in Fig. 9(a) and expressed as (35).
A virtual resistor and inductor can be formed in the d-axis
equivalent circuit, expressed as (36). And a current-controlled
voltage source can be formed in the d-axis equivalent circuit
according to

KpiRv - KiiLU
L2w? + R2
KiiR, + Ky Lyw?

DUy H; (jw) Hy (jw) = DqyUqo

~DqUa0 w (L2w? + R2)
(35)
— K, Ry + Ky Ly,
Riva = DgUqo Lp%ﬂ TR lava
KiiRv + K ivaz
= D,Uyo P . (36)

A (L3? + 3)

2) Equivalent Circuit Affecting by Voltage Feedforward: Ac-

cording to (33), (37) can be obtained. Four impedance elements
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Fig. 10.  Equivalent circuit without reactive power control. (a) d-axis. (b) g-

axis.

of (37) are expressed as (38)—(41). Compared to other coef-
ficients, D, is about 3.7818x 10, which has less effect on
the impedance characteristic in (37). By considering voltage
feedforward and neglecting the reactive power control, D, is set
toOand k,pissetto 1. Zyqq and Z 4, are approximately equivalent
as (38) and (40), respectively. Therefore, the equivalent circuit
formed by the current inner loop control and virtual admittance
control can be equivalent as Fig. 10. According to (38)—(41),
the dg-axis circuit can be equivalent to virtual impedances and
current-controlled voltage source, as shown in Fig. 10. It should
be pointed out that the virtual impedances Z,, 44 and Z g4, will
be further divided in to the virtual resistor, inductor and capacitor
in the following section:

|:Ang:| — [ngdd ngdq:| |:A-[gvd:| (37)
Ang ngqd ngqq AIqu
DquOHvHIWOmeC + (_DquOH'uHI
7 . +3mec+HI) (H Hl_k'uf)
994 (Hy Hy Dyl + HyHy — kyy) (HyHy — ko)
(Smec + HI)
N —r (38)
(HoHp — kuy)
Smec + HI
Lovqgg = ————— 3
gvqq HUHI _ kv_f ( 9)
HUHIDquO (Smec + HI) + (DquOHUHI
7 _ - WOmec) (H'UHI - kvf)
9949 = (H, HyDylyo + HyHy — kg ) (HyHy — kuy)
(_WOmec)
~ mme) 40
(H’UHI - kvf) ( )
wWo Lmme
Zypgd = —zmme 41
guad HUHI - kvf ( )

IV. SMALL-SIGNAL INSTABILITY MECHANISM ANALYSIS

A. Negative Resistance Introduced By Reactive Power Outer
Loop, Virtual Admittance Control and Current Inner Loop

According to the established equivalent circuit model, if the
reactive power outer loop and virtual admittance control are not
considered, the current inner loop is a linear link and there is
no negative resistance, as shown in (34) and Fig. 7. If these ele-
ments are both considered, according to (35), the reactive power
outer loop and virtual admittance control introduce the negative
resistance into the d-axis equivalent circuit of the current inner
loop, as shown in Fig. 11.

5983

Interaction between current inner
loop control and virtual admittance

Interaction between current inner
loop control and AC voltage control

2
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Fig. 11. Negative resistance introduced by the interaction between current

inner loop and AC voltage middle loop control or virtual admittance control.

TABLE I
PARAMETERS OF THE MMC

Parameter Value
Rated active power 1100 MW
Rated AC-side voltage 416 kV
Rated DC-side voltage +400 kV

Electrical Submodules in each arm 400
System Submodule capacitance 11 mF
Arm inductance 133 mH
Ratio of transformer 525/416
Leakage reactance of transformer 61.73 mH
Active power controller (D)) 2.8280x10
Reactive power controller (Dy) 3.7818x10°
Inner-loop PI controller (kpi, kii) 57,5000
Control CCSC PI controller (kpe, kic) 79.007, 3823.4
System  Virtual admittance control (R, L,)/p.u. 0.1,0.3
Rip, Trp 1.0, 0.1
Ryd, Toa 4.0,0.1
Control delay (7, 200 us

The controller parameters used for negative resistance analy-
sis in Fig. 11 are given in Table I. The proportional and integral
coefficients for the ac voltage middle loop control are set to 0.03
and 0.09, respectively. If the ac voltage middle loop control is
used to substitute the virtual admittance control, which means
the PI controller is adopted, expressed as (42). Rayc(w) is the real
part of transfer function H;(jw)-H,.(jw). The negative resistance
can be suppressed if the AC voltage middle loop control is used,
as shown in Fig. 11. Therefore, the negative resistance is mainly
introduced by the virtual admittance control
K i K iac

R
(42)

Rac () = Real [H (jeo) Huc (je0)] = KpueKpi —

1) Negative Resistance in Non-Diagonal Impedance Element
Zaq: InFig. 9, DU ,0-Hi(s)-H,(s) will introduce the negative
resistance in the nondiagonal impedance element Z;,. For the
negative resistance introduced by the virtual admittance control
and current inner loop of (43), the negative resistance dominated
by the R, and L, is shown in Fig. 12.

It should point out that the accurate design of R, and L, must
involve a tradeoff among small-signal stability, fault current lim-
iting [4], [21], and power transmission limitation [38]. However,
to study the negative resistance introduced by virtual admittance
control, the virtual resistance is set within a wider range of 0 to
0.3 p.u., while the virtual inductance is configured within a wider
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Fig. 12.  Negative resistance R y4 dominated by the virtual admittance control

in (43).
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Fig. 13.  Equivalent circuit of the resistor R and capacitor Cy.

range of 0 to 1.0 p.u. In (43), Rya(w) is the real part of transfer
function H;(jw)-H,(jw)

KR, — KL
Rya (w) = Real [H] (jw) H, (jw)] = W
(43)

As shown in Fig. 12, increasing R, can help to alleviate the
negative resistance characteristic. The impact of L,, on negative
resistance is influenced by the magnitude of R,,. When R, is less,
increasing L, can help to alleviate negative resistance. When R,
is larger, increasing L, exacerbates the negative resistance. Over-
all, the negative resistance can be suppressed with increasing the
R,.

2) Negative Resistance in Diagonal Impedance Element Z 44
and Zqq: According to (38)—(39) and (40)—(41), compared
with the diagonal impedance elements Zg,4q and Zg,q4, the
negative resistances introduced by the non-diagonal elements
Zgoiq and Zgeq are rather less, which can be neglected in
this section. In (37), the negative resistances of the diagonal
impedance elements Z,,q and Z,,,4, in (38) and (39) are mainly
introduced by the interaction between the current inner loop
control, virtual admittance control, and voltage feedforward.
The virtual impedance elements Z;,qq Or Zg.q, can be di-
vided into three parts including Zx,(s), Zx;(s), and Zp,pmmc(s),
expressed as (44). Their equivalent circuits are shown in
Fig. 13

Zgvdd (8) = Zgvgq (8) = Zrp (8) + Zrmme (8) + Zki (5) .
Ky

Z S N
= ZKp (5) H,H; — kvf’ Lmmc (3)
5 Lmme K
—_domme g(s) = 44
HoHy — ko % () =5 (H,Hy — kuy) (“44)
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Fig. 14. Resistive characteristic affected by the interaction between current

inner loop control, virtual admittance control and voltage feedforward.
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Fig. 15. Negative resistance percent dominated by K,; and Kj;.

Fig. 14 isresistance curve for the real part of Z 44 01 Zyy,44. In
(44), the inductive component Zy,,,m(s) will not largely affect
the negative resistance which can be neglected in this section, as
shown in the black dashed and blue curves in Fig. 14. Therefore,
the negative resistance of Z,, 44 Or Z 4,44 are dominated by Z g, ()
and Zg;(s) of (44), which can be expressed as

H[ Kpi + K“/S
ZKp (S) + 2K (S) - H,Hr — kvf - Kpit+Kii/s _ k f'
R,+sL, v
(45)

In (45), negative resistance percent dominated by K,; and K;
is expressed as (46), where Rjn,. represents the real part of
Zip($)+Zki(s), AKp; and AK;; represent the variation of the
PI parameters of current inner loop control, AR np.(AK,;) and
ARnn(AK;;) represent the variation of the negative resistance
dominated by AK,; and AKj;, respectively,

- ARINne(AKp;)
perg,, (w) = AR, n N x 100
ARiNne(AKp;) ARiNne(AK;;)
AK;;
o ARiNne(AKpi)
per;, (W) = —xx, e x 100. (46)

ARinnc(AKp) T BRinne(AK)

According to (46), the negative resistance percent is shown as
Fig. 15. Combined with the negative resistance curves of Figs. 14
and 15, it is apparent that the negative resistance is largely
dominated by K,,;. The K;; can be neglected when analyzing the
negative resistance. Thus, the Zx,,(s) and Zg;(s) are simplified
as (47). Equivalent circuit of Zg,4q or Zg,qq in Fig. 10 can
be simplified as Fig. 13. The virtual resistance R and virtual
inductance Ly of Fig. 13 are expressed in (48) and (49). Due to
the low-pass characteristic of the virtual admittance control, the
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Fig. 16. Negative resistance dominated by R,, and L, in Ra.

combined effect of voltage feedforward and K,; would introduce
anegative resistance in Ry within the frequency ranges which are
beyond the cut-off frequency of the virtual admittance control

Hy 1
~ = RQ + SLQ (47)
H,Hy — kg 1 kys
Ry+sLy Kp'i
R, _ kuy
L2w?2+R2 K,
RQ _ v Y 3 P (48)
R, _ kvf + L%oﬂ
L2024 R2 ~ Ky (L2w2+R2)?
L,
202+ R2
L2 — sWiH R (49)

R, ko L2w?

As shown in Fig. 16, the negative resistance Ry is exacerbated
with increasing the L,. The negative resistance R can be alle-
viated with increasing the R, when L, is small. However, the
virtual resistance R, cannot be infinitely increased because its
suppression effect on negative resistance exhibits non monotonic
characteristics, as shown in Fig. 16.

B. Instable Mechanism of GFM-MMC

According to the equivalent circuit of GFM-MMC, the dg
domain impedances of GFM-based MMC are shown in Fig. 17.
On the basis of the negative resistance’s analysis, if the voltage
feedforward is considered, the inductive negative resistance
exists in the diagonal impedance. The capacitive negative re-
sistance exists in the nondiagonal impedance. If the voltage
feedforward is not considered, the negative resistance can be
largely alleviated.

Based on impedance transformation of (50), the impedance
under dg domain can be transformed into the modified sequence-
domaisn [39]. After frequency offset, the positive-sequence
impedance of the GFM-based MMC is shown in (51). Af-
ter the coordinate transformation, the negative resistance of
the dg domain leads to capacitive negative resistance in the
low-frequency range of the sequence impedance, as shown in
Fig. 18. Due to the dominant inductive characteristics of HVDC
transmission lines, when the equivalent grid strength decreases
to 1.25, they intersect with GFM-based MMC in the negative
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tions.

Instable analysis of GFM-based MMC under the weak grid condi-

resistance range, making it prone to oscillatory instability, as
shown in Fig. 18

dej: qui de Zd -1
=A 01 A
{qui qui z qu qu Z
_ |~ Radgs +jXaar —Ragr — jXdq= (50)
qui + jqui *qui + jqui
. —Rag+ — ] Xag+
Z(|f £50|) = —Rgas + jXgge — ——H=
(|f D dd+ T JAdd+ 7qui n ]qui
_ _Rddi _ quiqui — quinqi
Riqi + quqi
. ququqi + quiqui)
+J <dei - . (51)
qui + ngi

V. SMALL-SIGNAL STABILITY ENHANCEMENT METHOD
A. Design of Small-Signal Stability Enhancement Method

The design of R, and L, involves a trade-off among multi-
objective. A systematic approach should consider the worst-case
grid condition (e.g., low SCR), ensure the fault current remains
within device limits, and maintain the desired power transmis-
sion capacity. However, as shown in Figs. 12 and 16, due to the
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Fig. 19.  Small-signal stability enhancing method.

nonmonotonic influence of R, and L, on negative resistance,
parameter tuning alone may be insufficient to guarantee stability,
necessitating additional active damping measures. Therefore, an
additional structure is proposed in this section to suppress the
negative resistance.

1) Cross-Coupled Active Damping of Current Inner Loop:
Based on the analysis of negative resistance presented in Sec-
tion IV, under the influence of reactive power control, the
interaction between virtual admittance control and current inner
loop control introduces negative resistance in the upper-right
element of the impedances of the GFM-based MMC. Therefore,
a cross-coupled active damping control H 4 is incorporated into
the d-axis voltage feedforward path via the g-axis current, as
illustrated in Fig. 19. The structure and parameters of H,4 are
designed according to (52) to mitigate the negative resistance in
the upper-right impedance element of (34)

Ryqq + 5Ly Ky 1
qu:M:Dqug <Kpi+)

$2 + swyq s ) R, +sL,
DU, K;;
= qud == d;;")qd )
D Udow dKi Rv
Lq)qd = qRivqpywqd - fv (52)

2) Active Damping in Voltage Feedforward: As shown in
(47) and Fig. 17, the introduction of negative resistance is
critically dependent on voltage feedforward, as analyzed in
Section I'V. If voltage feedforward is not considered, the negative
resistance resulting from the low-pass filtering characteristic of
virtual admittance control in the impedance diagonal elements
will be eliminated. Therefore, it is proposed to add active
damping in the voltage feedforward to eliminate the effect of
negative resistance. As analyzed in (47), the low-pass filter
H p(s) is required to form the active damping within the voltage
feedforward to eliminate the negative resistance, expressed as
(53) and shown in Fig. 19. The cut-off frequency wy p and the
proportional coefficient K7, p of Hy, p(s) are designed based on the
equivalent cut-off frequency and amplitude of virtual admittance
control, expressed as (53). As shown in Fig. 20, the adoption
of low-pass filter Hy p(s) can suppress the negative resistance,
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Fig. 21. Small-signal stability enhancing diagram. (a) Bode diagram.
(b) Nyquist diagram.

based on the analysis of Fig. 14

1 wLp
= Hip(s)=Krp
= - fgp{_ Hip(s (wLp + 5)
RU Kz
wLp = 7 Krp =kyys Rp . (53)

B. Comparing With the Existing Method

The stability analysis results of bode diagram and Nyquist
diagram are shown as Fig. 21. If the traditional active damping
methods, such as band rejection filters [35], high pass filters [36],
and band pass filters [37] are adopted in the current inner loop
control, the small-signal stability margin is rarely improved. As
shown in Fig. 22, small-signal stability can be improved to some
degree if the H ;4(s) and Hy,p(s) are adopted, respectively. If they
are both adopted, the stability is further improved.

VI. SIMULATION AND EXPERIMENTAL RESULTS

The simulation model of GFM-based MMC with virtual ad-
mittance control is established in MATLAB/Simulink according
to the topology and control structure in Figs. 1 and 2. The
parameters of MMC are given in Table I.
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A. Simulation Verification of the Small-Signal Stability
Enhancement

Under ultra-weak grid condition with SCR of 1.25, oscilla-
tions emerge when considering voltage feedforward and virtual
admittance control without using any enhancement strategy, as
shown in Fig. 23(a). The oscillation frequency of active and
reactive power is 24 Hz, corresponding to 26/74 Hz in the three-
phase coordinate system, as shown in Fig. 24. When traditional
active damping methods [35], [36], [37] are used, oscillations
persist and stability remains unimproved, as demonstrated by
the power waveforms in Fig. 23(b).

When cross-coupled active damping H ;4(s) is adopted, small-
signal stability improves to some extent. However, oscillations
reappear after + = 3.5 s, as shown in Fig. 25(a). With the use
of active damping H, p(s) for voltage feedforward, small-signal
stability is enhanced, and the power waveforms exhibit a damped
response, as depicted in Fig. 25(b). If both cross-coupled active
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method is adopted. (a) Weak grid with SCR of 1.25. (b) Strong grid with SCR
of 10.0.

damping H ,4(s) and active damping H,p(s) are used, the oscil-
lations in active and reactive power are effectively suppressed,
as shown in Fig. 25(c).

B. Simulation Verification of the Dynamic Response
Capability

When the proposed H 44(s) and Hy p(s) are implemented with
the virtual admittance control parameters given in Table I, the
system remains stable and accurately track the power reference
changing from 1.0 to 0.5 p.u., as shown in Fig. 26. According
to Fig. 26, the proposed control method is demonstrated to
ensure stable system operation while maintaining satisfactory
dynamic performance under both extremely weak and strong
grid conditions.

The theoretical analysis reveals that system stability cannot
be maintained with H,4(s) alone under extremely weak grids
of SCR = 1.25. To highlight the superior dynamic performance
of the proposed method, the simulation results in Fig. 27 with
SCR of 3.0 demonstrate that the system exhibits oscillatory
behavior during power reference step changes if only the H ;4(s)
is adopted. In contrast, the power oscillations can be effec-
tively suppressed if both H4(s) and Hr, p(s) are simultaneously
adopted, enabling accurate tracking of power reference varia-
tions.
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C. Experimental Verification

Real-time controller hardware-in-the-loop (HIL) experiments
were conducted to further validate the effectiveness of the
proposed method. A photograph of the HIL experimental
platform is provided Fig. 28. The digital controller is built
around a TMS320C28346 digital signal processor and a field-
programmable gate array (FPGA). The system’s circuit compo-
nents are modeled in RT-LAB, while the MMC control algorithm
is executed on the digital controller.

As depicted in Fig. 29, the main circuit is imported from the
host PC into the FPGA of the real-time simulator chassis via
RT-LAB. The FPGA operates in a closed-loop configuration
with the digital controller (RTU-BOX) through a connection
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box, and the output waveforms are displayed on an oscilloscope.
The RTU-BOX samples current and voltage signals from the
main circuit and feeds the digital control signals back to the
power circuit in RT-LAB, ensuring a closed-loop system. The
experimental model initiates operation when the enabling signal
is activated. The experimental parameters for the MMC are given
in Table I.

Under ultra-weak grid conditions with an SCR of 1.25, the
system becomes unstable without any small-signal stability en-
hancement strategy, as evidenced by the ac current waveform in
Fig. 30(a). When only the active damping H psr is applied, oscil-
lations persist, and small-signal stability remains unimproved, as
shown in Fig. 30(b). With the implementation of cross-coupled
active damping H ,4(s), small-signal stability improves to some
extent, but oscillations still remain and diverge, as illustrated
in Fig. 30(c). When both cross-coupled active damping H ;4(s)
and active damping Hiy,p(s) for voltage feedforward are em-
ployed, oscillations are effectively suppressed, as demonstrated
in Fig. 30(d).

VII. CONCLUSION

The small-signal stability of GFM-based MMC is normally
considered to be enhanced under weak grid conditions. Virtual
admittance control is typically employed to enhance overcur-
rent suppression capabilities. However, the proposed equivalent
circuit model reveals that the interaction between the virtual
admittance control and the current inner loop introduces negative
resistance into the d-axis and g-axis circuits, potentially com-
promising the small-signal stability enhancement of GFM-based
MMC under weak grid conditions. The primary conclusions
derived from this article are as follows

1) Low-pass characteristics are exhibited by the virtual ad-

mittance control. Negative resistance emerges in fre-
quency ranges exceeding the cutoff frequency of the vir-
tual admittance control, influenced by voltage feedforward
and the proportional coefficients of the current inner loop.
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[1]
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[7]
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[9]

[10]

(1]

[12]

This imparts “inductive negative resistance” characteris-
tics to the dq axis equivalent circuit of the GFM-based
MMC.

Under the influence of reactive power control, the interac-
tion between the virtual admittance control and the current
inner loop leads to the emergence of “capacitive negative
resistance” in the g-axis current-controlled voltage sources
of the equivalent circuit, which corresponds to the upper-
right element of the GFM-MMC impedance matrix.
After coordinate transformation and frequency offset, “ca-
pacitive negative resistance” emerges in the low-frequency
range of the sequence impedance for GFM-based MMC.
Small-signal instability is prone to arise as the inductive
characteristic of transmission lines intensifies and the SCR
decreases.

A stabilization approach for enhancing the small-signal
stability of GFM-based MMC with virtual admittance
control was proposed, which incorporates low-pass fil-
ters into the voltage feedforward path and another active
damping into the cross-coupled path of the current inner
loop control. By reasonably designing the parameters of
the active damping, the negative resistance introduced by
virtual admittance control is limited, thereby enhancing
the stability of GFM-based MMC.
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