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ARTICLE INFO ABSTRACT
Keywords: Modular Multilevel Converters (MMCs) have become a cornerstone technology for high-power applications such
AC/DC transmission grids as High Voltage Direct Current transmission due to their scalability, low harmonic distortion, and high efficiency.

High voltage direct current (HVDC)
Input admittance

Modelling

Modular multilevel converter (MMC)
Positive-mode-damping stability criterion

However, their complex internal dynamics and multiple control loops introduce significant challenges in MMC
modelling and stability analysis, particularly in multi-terminal hybrid AC/DC transmission grids. To address
these challenges, this paper presents a novel frequency-domain MMC AC/DC small-signal admittance-based
model that captures the dominant dynamic interactions between the AC and DC sides of the converter. Using dg-
complex space vectors, the proposed model incorporates the MMC internal dynamics, circulating-current
controller, phase-locked loop, inner current controller, and outer control loops, providing a detailed analytical
representation of MMC behaviour. To address the inherently linear time-periodic (LTP) nature of MMC dynamics,
the proposed formulation employs a structural reformulation in the dg-complex domain to obtain a compact
linear time-invariant representation of the adopted LTP MMC model, without resorting to explicit harmonic
expansions, multi-harmonic linearisation, or high-order harmonic state-space approximations. Analytical deri-
vations of the MMC AC- and DC-side input admittances are also presented. The proposed AC/DC model enables
frequency-domain stability analysis using approaches such as the Generalised Nyquist Criterion and the Positive-
Mode-Damping stability criterion, while preserving the dominant AC/DC coupling structure required for
converter-driven stability studies. Validation results and representative instability case studies using MATLAB/
Simulink demonstrate the accuracy and robustness of the proposed model, highlighting the importance of
simultaneously considering AC and DC dynamics in converter-dominated AC/DC systems.

projects worldwide, including Europe, China, and America, with appli-
cations ranging from offshore wind integration to point-to-point and

1. Introduction multi-terminal HVDC grids [9-13].
Despite the modular structure and high performance of MMCs, their
The increasing global demand for clean and efficient energy has led complex internal dynamics and the need for additional control
to the development and adoption of advanced power electronics tech- loops—such as capacitor voltage balancing and circulating-current
nologies. Although two-level Voltage Source Converters (VSCs) have control (CCC)—introduce various challenges in their study, particu-
been widely employed [1-5], Modular Multilevel Converters (MMCs) larly regarding mathematical modelling and stability analysis
have gained significant attention due to their superior performance in [7,9,14-18]. In the literature, small-signal stability and dynamic studies
high-power applications, including High Voltage Direct Current (HVDC) of converter-based power systems have traditionally relied on different
transmission grids [6-8]. The MMC’s key advantages—such as low  modelling paradigms, including time-domain state-space variables
harmonic distortion, high efficiency, and scalability—make it an ideal [19,20] and frequency-domain approaches [21-25], each presenting
choice for modern energy systems that require robust and efficient so- distinct advantages and limitations. While state-space models provide
lutions to integrate renewable energy technologies into the grid [9]. detailed representations of system eigenvalues, their analytical
Originally introduced by Marquardt in 2001, the MMC has since evolved complexity scales drastically with system size, making them less suitable

into a critical technology for HVDC transmission grids, employed in
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Nomenclature

The upper and lower arms of the converter are indicated by the subscripts
“u” and “1”, respectively. Expressions that apply to either arm are
represented using the subscript “u,l”.

o Fundamental angular frequency.

k Converter phase legs a, b, c.

N Number of submodules per arm.

C Submodule capacitance.

L. Arm inductance.

R, Parasitic arm resistance.

L¢ Inductance of phase reactor.

Rf Parasitic resistance of phase reactor.

L; = Ls + L. / 2; Equivalent phase inductance.

R, = Ry + R, / 2; Equivalent phase resistance.

Va1 Per-pole DC-bus voltage.

Ve = Vg + Vg Pole-to-pole DC-bus voltage.

Vi = Vg — Vg; Imbalance DC-bus voltage.

I DC-bus current.
ol n =1, ..., N; Individual capacitor voltages.
ch,lzk = Zﬁ’:l V:fi:_lz; Sum capacitor voltages.
vk = V> + V7 Total capacitor voltage.
A = V. — v.% Imbalance capacitor voltage.

My ~ Vg /2 - V’C", F Vif,) / Vg4 Insertion indices.

Vi = nk Ve %; Inserted voltages.
Iﬁ,l Arm currents.

I’S‘ = Iﬁ - Ik; AC output current.
Iﬂf - Reference for I§

= (X + I¥) / 2; Circulating current.
Reference for IX.
= (Va® — V&, + V&) / 2; Output voltage driving I¥.
, Reference for VX

= (Vg — V&, — V&) / 2; Internal voltage driving b
r Reference for V’C‘

Converter AC output voltage.

Grid voltage.

for large-scale multi-terminal grids. In addition, they are generally less
suited to the integration of black-box representations. Conversely,
although frequency-domain admittance-based models generally provide
a less detailed representation than state-space models, they simplify
stability assessment by characterising the interactions between inter-
connected subsystems, while also enabling the integration of black-box
models of power-electronics devices [5,7,26,27]. These frequency-
domain formulations commonly rely on dg-domain representations
(i.e., dg-real or dg-complex domains [5,28-30]).

In recent years, studies have predominantly focused on the devel-
opment of separate AC-side [14,16,17,26,27,31,32] or DC-side [18,33]
admittance models for MMCs. These decoupled approaches have pro-
vided valuable insights into specific aspects of converter stability,
yielding compact and computationally efficient models suitable for
frequency-domain analysis [16-18,26]. However, these formulations
remain limited to isolated AC- or DC-side representations and therefore
cannot capture the dynamic interaction mechanisms between the AC
and DC sides of the MMC. MMCs inherently interconnect AC and DC
grids, meaning that the dynamics of one side may affect the stability of
the other. Consequently, comprehensive hybrid AC/DC frequency-
domain admittance models have become increasingly important for

the small-signal stability assessment of modern MMC-based HVDC sys-
tems, where the converter cannot be accurately represented by inde-
pendent AC- and DC-port models. Motivated by this need, several recent
contributions have addressed AC/DC MMC modelling and multi-port
admittance-based representations of MMCs [34-39]. Although these
works pursue different objectives and adopt different mathematical
reformulations, their derivation generally follows a common two-level
modelling framework, illustrated in Fig. 1. First, a physical modelling
stage is established by defining the adopted modelling assumptions (e.g.,
average-value representation, retained internal dynamics, and control-
loop representation). Second, a mathematical reformulation stage is
employed to address the inherently linear time-periodic (LTP) nature of
the resulting MMC small-signal equations and transform these equations
into an equivalent linear time-invariant (LTI) frequency-domain system
suitable for admittance-based model derivation and small-signal sta-
bility analysis. The LTP nature arises from the periodic steady-state
operation of the converter, leading to frequency-coupling effects that
complicate both analytical derivation and numerical implementation.
From the viewpoint of the mathematical reformulation adopted to
address these LTP equations, the existing literature can be broadly
classified into four representative modelling methods, as illustrated in

[ MMC Switched Model }

v

e Average-value model

)
1)

e

[ Physical modelling stage

e Balanced operation
e Small-signal operation

v

Linearised small-signal MMC model
(LTP MMC model equations)

——

\’

3 I I
2, | [ Mathematical reformulation stage }‘; LTP model reformulation i

v Y Periodi h 4 4
Harmonic-domain | | Dynamic-phasor sm:lrli(s)i lﬁal Averaging-based ‘;&nalytlclal
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Fig. 1. Flowchart of the MMC small-signal model derivations.
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Fig. 1: (i) harmonic-domain methods, (ii) dynamic-phasor methods, (iii)
periodic small-signal methods, and (iv) averaging-based analytical
methods. Harmonic-domain methods encompass both Harmonic State-
Space (HSS) formulations [27,31,32,36,37] and Multi-Harmonic Line-
arisation (MHL) techniques [35], which explicitly model harmonic
coupling through Fourier-series-based Toeplitz matrices. Dynamic-
phasor methods [34,38] represent periodic state variables through
time-varying Fourier coefficients defined in multiple rotating dg-frames
associated with different harmonic frequencies, offering detailed rep-
resentations of internal dynamics and harmonic interactions up to spe-
cific frequencies (e.g., 2w). Periodic small-signal methods [39] rely on
the time-domain periodic linearisation of the system to obtain an LTP
model, and then numerical frequency-scanning procedures are applied
to measure multi-harmonic admittance matrices. Averaging-based
analytical methods [16-18,26] simplify the periodic dynamics through
suitable averaging assumptions, yielding a compact analytical LTI
formulation while avoiding the explicit representation of higher-order
harmonic interactions. Although the representative methods reviewed
in [34-39] provide detailed and physically meaningful representations
of AC/DC converter dynamics and harmonic interactions, their practical
implementation generally involves one or more trade-offs (see Table 1).
Depending on the adopted mathematical reformulation, these include
the need to retain and truncate harmonic components, increased matrix
dimensions associated with harmonic-domain formulations, or numer-
ical frequency-scanning and identification procedures instead of explicit
analytical expressions. Consequently, obtaining a compact, explicit
analytical admittance-based representation that preserves the dominant
AC/DC coupling mechanisms while avoiding explicit harmonic expan-
sions remains challenging, particularly when direct implementation in
large-scale nodal-admittance-based small-signal stability studies is
required.

The availability of a compact, analytically tractable, and unified AC/
DC admittance model is essential for analysing modern power systems
characterised by the increasing integration of converter-based renew-
able energy and the deployment of multi-terminal hybrid AC/DC
transmission grids [5,29]. In these systems, stability problems are
commonly driven by low-damped resonances and control
interactions—often referred to as converter-driven stability issues [40]—

Table 1
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with oscillatory modes typically ranging from a few Hz to several kHz.
To evaluate these phenomena, various small-signal frequency-domain
stability criteria have been proposed for multi-terminal power-elec-
tronics-based systems, including the Generalised Nyquist Criterion
(GNC) and the Positive-Mode-Damping (PMD) stability criterion. The
GNC extends the traditional Nyquist criterion to the eigenvalue loci of
the loop transfer function and has been widely adopted for the stability
assessment of multi-terminal systems. However, the GNC has several
limitations [21-25]: (i) it is conditioned by the source-load subsystem
partition, which can lead to erroneous stability conditions; (ii) it does
not allow the use of Participation Factors (PFs) to analyse the influence
of system and control parameters on stability, as in time-domain
eigenvalue analysis; and (iii) it is not intuitive to analyse results. To
overcome these limitations, the PMD stability criterion [24] has recently
been proposed to extend Resonance Mode Analysis (RMA) [41-43],
overcoming the key scalability limitations of traditional time-domain
eigenvalue analysis [19,20] and impedance-based frequency-domain
methods [23,44]. The PMD stability criterion is well-suited for multi-
terminal systems, supports black-box models, and incorporates PFs
together with damping margin indicators to locate and quantify insta-
bility risks [42,45,46]. In addition to these stability assessment tech-
niques, other complementary frequency-domain approaches have been
proposed to analyse power dissipation (passivity) properties [18,47,48],
as well as AC/DC interaction characteristics under different control
configurations [49]. However, the practical application of these
advanced stability-analysis methods strongly depends on the availability
of accurate, compact, and analytically tractable converter models that
simultaneously capture the dominant AC/DC coupling effects while
remaining directly compatible with frequency-domain nodal-admit-
tance-matrix formulations.

This paper presents a compact analytical dg-complex frequency-
domain MMC admittance-based model for multi-terminal hybrid AC/
DC transmission grids. Unlike approaches that explicitly retain multiple
harmonic components, the objective of the proposed formulation is not
to maximise harmonic detail, but rather to provide an explicit analytical
implementation that captures the dominant AC/DC coupling dynamics
while retaining a compact mathematical structure suitable for large-
scale frequency-domain stability studies. By extending the admittance-

Qualitative comparison of representative AC/DC MMC small-signal modelling frameworks.

Reference Model Structure Retained Harmonics & Control-Loop Analytical Tractability & Formulation  Target Application &
& Coordinate Frequency Range Representation Implementation Focus
Frame
0.C. Sakinci Dynamic phasor Internal dynamics up to Detailed AC/DC control Multiport ABCD parameters with an LTI Impedance-based harmonic stability
etal. [34] (multi-dqz- 3w; valid up to Nyquist loops state-space model linearised around analysis of hybrid AC/DC grids
frames) / dq frame  frequency equilibrium point via automatic
differentiation to derive the 3x3 MIMO
admittance matrix
C.Zhao & Q.  MHL / pn frame Truncated harmonic Detailed AC/DC control Theoretical frequency-domain matrix MMC-BTB AC/DC terminal stability
Jiang [35] spectrum (n = 4 in the loops formulation using harmonic vectors; analysis and instability-source
reported studies) evaluated point-by-point localisation
D.Wang & K.  HSS / pn frame Truncated harmonic Detailed AC/DC control Extended Toeplitz matrix formulation Hybrid passivity-based small-signal
Zhang spectrum (h = +1, +2, loops based on HSS stability assessment
[36] )
W. Wu et al. HSS / dq frame Truncated harmonic Detailed AC/DC control Extended Toeplitz matrix formulation Hybrid AC/DC admittance modelling
[37] spectrum (typically up to loops based on HSS and impedance-based stability
the 3rd harmonic) analysis
X. Wu et al. Dynamic phasor Reduced harmonic Detailed AC/DC control Analytical multi-port transfer-function Multi-port impedance-based stability
[38] (multi-dg-frames) coupling (DC, loops formulation based on dynamic phasors assessment of MMC-MVDC systems;
/ dq frame fundamental and second specifically tailored for LFO analysis
harmonic) in PV-MVDC systems
D. del Periodic small- Multi-harmonic spectrum  Detailed AC/DC control Purely numerical formulation Simulation-based admittance
Giudice signal model / with frequency up/down loops measurement; relies on time-domain
etal. [39] Time Domain conversion software engines
Proposed Structural LTI / Dominant AC/DC Fully integrated (AC/ Explicit, closed-form analytical Ready-to-program, three-port self-
Model dg-complex coupled dynamics DC controls, PLL & equations contained matrix; direct
frame (focus on fundamental circulating current) integration into large-scale nodal

& DC coupling)

admittance matrix frameworks
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modelling methodology previously developed for VSCs [5], the pro-
posed formulation incorporates the MMC internal dynamics together
with the CCC, phase-locked loop (PLL) [50], inner current controller
(CC), and outer control loops into a unified AC/DC admittance frame-
work. Compared with mathematical reformulations that explicitly retain
multiple harmonic components or rely on numerical identification
procedures, the proposed model employs a structural reformulation in
the dq-complex domain to obtain an equivalent LTI representation of the
adopted LTP MMC model. The resulting formulation provides explicit
closed-form admittance matrices that can be directly implemented and
incorporated into frequency-domain nodal admittance matrix formula-
tions without requiring additional model-order reduction, harmonic-
state truncation, or numerical post-processing. This approach yields a
compact analytical derivation of both the AC-side and DC-side input
admittances while preserving the dominant AC/DC coupling effects
relevant to converter-driven stability phenomena. The proposed model
naturally extends the previously reported AC-side [17] and DC-side [18]
admittance formulations (i.e., the physical MMC model) by simulta-
neously representing both subsystems within a unified AC/DC dg-com-
plex framework. Consequently, it enables the direct application of
frequency-domain small-signal stability assessment techniques,
including the GNC and the PMD stability criterion. Beyond providing an
accurate representation of MMC dynamics, the proposed formulation
establishes a practical analytical framework that bridges converter
modelling and system-level frequency-domain small-signal stability
analysis for future MMC-based hybrid AC/DC transmission grids,
including the so-called super grids [8,11,12]. To better position the
proposed contribution within the current state of the art, Table 1 pre-
sents a qualitative comparison of representative AC/DC MMC modelling
approaches in terms of model structure, retained harmonics, analytical
tractability, computational burden, control-loop representation,
modelling accuracy, applicable frequency range, and intended applica-
tion. As shown, existing approaches adopt different trade-offs between
harmonic modelling detail, analytical tractability, implementation
complexity, and suitability for large-scale frequency-domain small-
signal stability studies. In contrast, the objective of the proposed
methodology is not to maximise harmonic modelling detail, but to
derive a compact, fully analytical, and explicit dq-complex three-port
admittance formulation that simultaneously captures the dominant
AC- and DC-side dynamics and their associated control loops while
remaining directly programmable and readily applicable to large-scale
nodal-admittance-based small-signal stability assessment methods.
Finally, the accuracy and validity of the proposed analytical model are
verified through detailed electromagnetic transient (EMT) time-domain
simulations in MATLAB/Simulink [51] under various operating condi-
tions and control configurations.

The paper is structured to ensure that the rigorous analytical deri-
vation, validation, and application of the proposed MMC AC/DC model
are presented as clearly as possible. To achieve this, each block of the
MMC is examined separately, followed by validation studies and
representative stability-analysis applications. The paper is organised as
follows: Section 2 presents the internal dynamics of the MMC, where the
relationships between the AC- and DC-side currents are derived. Section
3 outlines and models the control strategy adopted for the proposed
MMC model. Section 4 derives the complete MMC AC/DC system model,
including the calculation of the equivalent admittances seen from both
the AC and DC sides. Section 5 presents the validation of the analytical
model against MATLAB/Simulink time-domain simulation results under
different control schemes. Section 6 introduces the frequency-domain
framework adopted for converter-driven stability assessment in multi-
terminal AC/DC grids. It first presents the assembly of the hybrid AC/
DC nodal admittance matrix from the individual component admittance
models (including the proposed MMC AC/DC admittance model) and
subsequently introduces the PMD stability criterion together with
propagation indicators for local-area oscillations. Section 7 applies the
proposed model to five representative instability scenarios. In each case,
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frequency-domain stability indicators (the PMD stability criterion and
AC/DC interaction) are computed and validated through time-domain
simulations. Finally, Section 8 concludes the paper, while supplemen-
tary theoretical details are provided in the appendices.

2. AC- and DC-side internal dynamics

The first step in deriving the AC/DC small-signal admittance-based
model is to formulate the internal dynamics equations along with AC-
and DC-side relationships. The configuration in Fig. 2(a) is considered,
where the MMC is connected via a phase reactor (Ry, Ly).

According to the Kt phase (k = a, b, c) of the three-phase MMC in
Fig. 2(a) and using the notations in the Nomenclature section, the well-
known equations that describe the dynamics of the circulating current,
the AC-side output current, and the total and imbalance capacitor
voltages are expressed as (see [9,14,17,18] for details)

(Lp +R)F = 2‘?/’ V4 ( - % + 2";@) VAk _ EF @
(Lp + R)IF = ( ‘1‘ 2\/'<V )ka + 2‘3’ Vak +% )
o= (13 (32
AE,pV?" = (%)Ik + (1 - 23:) 2 : )

where p = d/dt represents the derivative operator. It can be observed
that the dynamics of the AC-side output current (I¥), the circulating
current (I’é), and the total and imbalance capacitor voltages (VCEk and
VCAk respectively) depend on the reference voltages driving I’C‘ and Ii‘ (i.e.,
V’C‘,, and Vf,, respectively). These voltages are imposed by the circulating
current and AC-side grid current controllers (see Fig. 2(b)), respectively.

The following subsections will develop the MMC small-signal re-
lations for both AC- and DC-side current dynamics based on (1)-(4)
relations.

2.1. AC-side current dynamics

Small-signal relations are derived from (1)-(4) by linearising them
around a steady-state operating point:

k leak ko~ V.o
(Lp+ R, 72‘;"’Vz Vf + V- E - MV )
dcO dcO
~k 15k VfO, 1~
L [ =—= 6
(Lep + RO, 4VC +2Vdcov +V +2Vdc (6)

C VZk ’jk V;(Of‘k Ii(o "7 21’5(0 V 4 VsO rISO

. % %)
Vd 0 “ Vgco «

C —ak 2V 1a 2 Ik o 2Vh Ik
—pV. = I +-I — V — 0 V LAy, 8
NPV Vo © 25 Vao S Vao o T VR, ®

where the notation x represents the small-signal perturbation around the
steady-state operating point x¢ for all the variables in (5)-(8). Consid-
ering that the steady-state ripples in V.5 and V3% are much smaller than
the steady-state DC-link voltage Vy.o, the following assumptions are
adopted in (5)-(8) [171: 1) Veoh = Re-I&gr << Vieo; i) Veh* = 0 ; and iii)
chk = 2-Vg4c0. Note that the impact of the DC-link voltage perturbation is
considered in (5)-(8) to relate the AC- and DC-side voltages and currents,
thereby enabling the derivation of the MMC AC/DC small-signal model.

Considering the CCC for phase k in Fig. 2(b) [14,17], where F, is the
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pus DA

Insertion
indices
A

Vi

V. abe g
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dq

abc

Fig. 2. Grid-connected MMC (with I outgoing and I, incoming of the MMC): a) Three-phase general circuit; b) DQ-frame control circuits.

proportional control with steady-state compensation for the leg-arm
resistive drop in R, and F.., represents the reference circulating cur-
rent estimator, implemented as a low-pass filtering of the measured
circulating current [14,17], the perturbation in the reference internal
voltage driving I’c‘ (i.e., V’é,) in (6)-(8) is calculated as

Fcc,r(p)
Fee 0.1
Ao,
Vi(.r = eecLe <I,c(r - If) + RC cr I,C(’ :p+07.1¢;cw_- ? 9

X ~k
o= —Hy (Fcc — (Fee + Rc)Fcc,r(p))Ic )
Fe(p)

where a,. is the circulating current controller closed-loop bandwidth
and Hy = e P™ represents the transfer function for a converter time
delay Tg.

The reference voltage driving If (i.e., Vf},) depends on the type of AC-
side control and will be included later (see Section 3.2). Thus,
substituting (9) in (5)-(8), a small-signal model including both internal
and AC-side current dynamics is expressed as

Z:(p)

To R = ZV‘;kZZOVZk - %vﬁk VL -F - ‘é‘igm (10)
(Lep + szi F.p) I = - %?fk + ;5‘;:0??" +%‘7dc an
= (12 Zi‘::ff — éi“z;?r”‘kv"gf% o2

To proceed, (10)-(13) can be written in three-phase matrix form:

b, 1 ~Zabc l~Aabc —~abc —ab, 1
ZEOL =5y VimedVe  — Ve +Ver B ViV
C! cO
14)
b ~abc 1~zabe 1 be Aabe 1 be T
Z2(plI, = _ZVC W 5 VinorVe T Ela “Vie (15)
Vo — (1 + 20 abe(p) VT - Lyae 1 L pabe gt
V Vd: Vch ’
1 b by
+ VgcovaMscO rI:OCVdC
(16)
b ~Aabc 1 ~abc  lwabe  2I 0 ozabe
c C(p ( - 7VaMbsc0r Vd I;})S%F be ))Ic + EIS - VdCCO sr
V2 sO.r
a7
being I3 the 3x3 identity matrix, 12P° a 3x1 vector of ones, and
Z(p) Z:(p)
abe abc !
Z2(p) = R +Lp)Ts . Z(p) = (Re + Fee(p) + Lep) I
Cc ' ;
Cabc — 2l F abc —F 1
(p) Np 3 cc ) cc(p) 3 (18)
A¢ B* 0 O
by by
A®e— AP | B=|0 B O],
A° 0 0 B

where A € {1, I, Iso, E, \7”, Vso,rs VCE, VCA} and B € {Iy, Vso,r} (referring
to both bold and italic forms of A and B). It is important to remark that
Icok is assumed to be considered a DC quantity in (16) and (17), even
though there are harmonic oscillations around 100 Hz with a magnitude
of about 5-10% of the DC values. Based on this assumption, the three
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steady-state k-terms take the same value, i.e., Icok ~1Io(k=a,b,c). These
assumptions, together with those adopted in (5)-(8), define part of the
physical modelling stage of the adopted MMC model.

According to Appendix A, the internal and the AC-side grid current
dynamics in (14)-(17) are expressed from the normalised Ku trans-
formation with dqz-complex space vectors as

~dqz 1 ~Xdqz 1 ~Adqz ~dqz ~dqz 1 ~
Zdi‘:z (p)ls = Fvll‘i/?sf)rvc - ZVC + Vs,r -E - Tvggi VdC
dc0 dcO
19)
dqz ~dqz 1~=dqz 1 dqz ~Adgz 1 dqz
Zic (p)Ic = __Vc + VMsO.er + 51V (20)
4 2V 2

= 2 ~d 1 ~d 1 ~d
A R ) AR L Ry
dc0

Vd o +ce V. Vd o MsO,r " sr
c cf
1 ~
+y2 VoL Ve
dc0
21
~Adqz 2 1 ' ~dqz l-dqz 2I.9~dqz
Cdiqz(p)vc ¢ = _7Vdqu?)r+7I$?s?)Fidc%z(p) Icq +7Isc‘l — 53
Vch Vch 2 Vch ’
2] ~
+ 250 Vg(()]: Ve
Vch
(22)
being 1992 _ [0 0 \/S]T, and
Z(p + jon) [Z.(p + jon)
Z¥(p) = diag{ | Zp —jan) | 3. Zi¥(p) = diag{ | Ze(p — jon)
Z(p) L Z(P)
c P +jor) F(p+jan)
Clo(p) = wdiag | (p—jon) | o, FA(p) = diag | E..(p—jon)
P F.(p)
Adq B? e—jsﬁ (qu) * qu
* 1 .
dgz _ d daz _ = d d
AT = | (AY) By = 7 e'BY B’ (BY)
A* (qu)’Y qu B
(23)

where A% = A%/,/2 = (A? + jAT)/1/2 and A? are the dg-complex and
the zero-sequence terms respectively (similarly for B% and B? terms),
Ae {TC, fs, Iso, E, \75_,, Vso,rs \~/C2, \~/CA} and B € {Iso, Vso,r} (veferring to
both bold and italic forms of A and B), and diag{x} is the diagonal matrix
of a column vector x (i.e., diag{x} = >°7_; (e]x)(e;e]), being e; the i-th
standard basis vector of R" and the superscript “T” denotes the trans-
pose). It should be noted that, in the case of a three-phase system
without a neutral conductor, the component I¢® is equal to zero. How-
ever, at this point, it is not disregarded for generalisation purposes.
Additionally, it is worth mentioning that BdJ_,‘M (i.e., Vﬁ,ﬁsﬁr and I89%) are
time-dependent voltage and current matrices, in contrast to the other
constant dqz-complex voltage and current vectors (i.e., A% yectors).

~ Ad ~ xd
The expressions for VcA 9 and ch ¥ in (19) should be obtained
explicitly in terms of fsdqz and Vs7rdqz from (20), (21), and (22) to find
the AC/DC relation between voltages and currents [17]. The first step is

to include fcdqz from (20) within (21) and (22). Subsequently, several
algebraic manipulations are performed to combine both resulting ex-

. . . < Adgz o Tdaz
pressions, thereby isolating V. and V. into two separate
expressions:
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~Adqz d d ~dqz d d ~dqz a d ~
Ve = QRS EL” + HIY K o)V, + HIE ()R () Ve
24
1 de g¥de dqz ;. \7daz daz | odaz daz ) =
2V, OVMZO.er = Ki(ilz (P)IS + K;‘l,z (p)Vs.r + K:t?iz (p) Vi, (25)
(o

where HI¥'(p) = (C3%(p) + Ki¥(p)) ' and K¥(p), K3 (), Ki% @),
Ki%zl ®), Ki‘}é(p), K‘i_“],zz(p), and K‘i_‘}ﬁ(p) terms are studied in Appendices B
and C.

Then, substituting (24) and (25) into (19), and including the delay

~ d
Hy = e P™ involved in Vs, a [17], results in,

2z, \3dqz z ~dqz ~dqz Z ~
ZXPL =FXEV, —E +RE@)Ve, (26)
where,
1
d d d d d
Zﬁxz )= Zi(tlz )+ ZHi%z )Ki(illz ) — Ki‘ilé )
1
dqz dqz dqz dqz
Fi‘}& ) =Hy (13 - ZH;:I; )Ki?ll )+ Ki‘\lzz ) ) 27)
quz _ 1 quz 1quz quz quz
+A )*_m sO,r_Z +3 ) +d1 )+ +d2 )

It is worth noting that the time-dependent matrices Bi 7 in (23)
multiply a transfer function in Ki‘}z(p), Kdilz(p), Ki‘},zl(p), Ki‘}ﬁ(p),
Ki‘,%(p), Ki%zz(p), and Kdi‘ﬁé(p). These products make the MMC small-
signal equations inherently LTP, since the steady-state variables vary
periodically with the fundamental frequency. This introduces coupling
between multiple frequency components, complicating the analytical
derivation of the MMC model. In the literature, various methods—e.g.,
harmonic linearisation or HSS using Toeplitz matrices—have been
proposed to capture these LTP effects by representing the time-varying
interactions through cumbersome harmonic expressions
[27,31,32,37]. Other studies have obtained approximations by aver-
aging the LTP expressions in the abc-domain [16,17,26]. Accordingly,
once the physical modelling stage has been completed, different math-
ematical reformulation approaches can be employed to address the
inherent LTP behaviour of the adopted MMC model (see Fig. 1). In the
present work, this is achieved through a dqz-complex algebraic refor-
mulation of the adopted LTP MMC equations. Consequently, the previ-
ous transfer functions are adapted in Appendix B to account for the
multiplication of a matrix with time-dependent components by the dqz-
complex transfer function. As shown in Appendix B, this algebraic
reformulation transforms the LTP MMC equations into an equivalent LTI
representation. Only once an equivalent LTI system has been obtained
can the differential operator p be replaced by the Laplace variable s.
Thus, based on Appendix B and assuming a balanced three-phase system
(i.e., the zero-sequence terms are neglected), (26) becomes

2246501, = F()Viy B + RU(5) Ve, 28)
being

234,(5) = Z09(5) + JHU (K (5) K% (5)

#(6) = Ha( 1 - YGRS (6) + K409 ) (29)
RA(S) =~ Vi, — JHA ORI, () + Ky (5.

where I is the 2x2 identity matrix, HYY) = (Ciq(s) + Ki‘i(s))’l, and
Z239(s), VS, C39(s), K39(s), K31(5), K931(5), K% (), K%(s), Ks(),
and Ki%g(s) terms are in Appendix C.
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2.2. DC-side current dynamics

The three-phase equations in (2) are added together to find an
expression to model the DC-side current dynamics [18],

k=1 k=1
Vi‘r 3 Vk 3 Vd
+ L)V 4 STysk ) 4 < C) (30)
2V ) € k; 2Vg ¢ ;
Next, (30) can be rewritten as
3 1
(Lp+RMae=>_ || —5
k=1
V’c<r 3 Vk 3 V.
4V ) 4 Sy 4 (—d> , (31)
W) ¢ ; 2y © ; 2 )"
by assuming [18]
3 3 k k 3 1k 3 7k
I —|—I> Iu Il Ige + Iy
= -+ ol = Idc . (32)

Then, (31) is transformed into small-signal relations as,

o Z Vor | . (33)

Zc(p)Tdc = - 2Vd 0
c

k=1

where V”k from (9) is included, and the following is considered:

k ~k
Vc r Fcc (p)Ic 3
3 3 ~ = )Idc . (34)
SE=L=Y T =T ;
=1 k=1

Note that assumptions in (5)-(8) are also considered in (33).
The three-phase matrix form can be built from (33) as,

_%(labc)Tv):abc N 1 (Vabc) ‘7Aabc T gvdc ) (35)

Z. (p)Idc = c 2Vieo s0.r c 2

Subsequently, the three-phase system is transformed using the nor-
malised Ku transformation (see Appendix A), and the resulting dqz-
complex space vectors are given by,

T 1 dqz H~Xdqz 1 dqz ~Adqz 3~
Zep)lae = —5 (1) VT 4 (Vsor) Ve 4 Ve (36)
Substituting (24) and (25) into (36), and accounting for the delay

~ d
Hy = e PT involved in the reference Ver & [17], this results in

T z z o4 7
L = 2SR + FEp)Ver + R (p)Vae (37)
being
1
d d z
280) ~ 10 (57 (VE) OIS ) - (1) 150 )
C
1 H
d d d ds z d
R fZ o (v (vie) "B I () - 504 "5 ) )
c
1 1 2 H 3
R0 = 705 (e (V) MOS0 () 50 "5 )+ )

(38)

where Li,z(p),
and C.

It is worth noting that the time-dependent matrices Bi‘ﬁ in (23)
multiply a transfer function in Li‘,lf(p), Li“l,zl(p), and Li%zl(p) (i.e., LTP
products). Thus, based on Appendix B and assuming a balanced three-
phase system (i.e., the zero-sequence terms are neglected), the

L3% (p) and L9% (p) terms are studied in Appendices B
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derivative operator p can be replaced with the Laplace variable s (as the
system becomes LTI) and (37) results in

Tae = 29 ()T0" + 99, (5) V2 + R¥(s) Ve, 39
being

2305) = 5157 (. (Vi) HESOKE )~ 15,0 )

P06 = 5 5 (v, (V) HEOKS 0 - 1%0)) 6o
R0 = 1 (e (V) B OKS, )~ 150+ )

where Li‘fl(s), L'j_l,“l,l(s), Li%l(s) terms are in Appendix C.

The validation of the analytical model corresponding to the MMC
AC/DC internal dynamics, both with and without the CCC enabled, is
presented in Section 5.

3. MMC control strategy

The MMC control strategy is represented by the CCC (9), the PLL, the
inner CC, and the outer control loops. The validation of the analytical
models developed for the MMC control structure is presented in Section
5.

3.1. PLL relations

The AC grid voltage (E9), the AC output current (I39), and the
reference for the voltage driving the AC output current (Vg"}) can be
expressed using dg-complex space vectors in the converter and grid
domains as the following small-signal relations [50],

(16 +JI5)

~c.d

dq _ =d 7d -
I 4= Isq + GipiiE ‘ Gpui = —Gpui = —Gpu(s) 2 “n
edq _dq (Ed +jE]) _
E " =GuynE ', Gy, =1-Guls) %’ G =1 = G
(42)
. 1)
cda —dq B s0,r s0.r
Vo = Vsr + GipimE . Gy = ~Gpym = —Gpu(S) % ’

(43)

where Gpi(s) = Fpu(s) / (s + EodApr(s)) and Fpy(s) is the transfer function
of the PLL control. It should be noted that the dg-complex space vectors
in the converter dg-domain are denoted with the superscript “c”, while
the grid dg-domain variables do not have any superscript.

3.2. AC-side grid current controller — Inner CC loop relations

Considering the dg-frame AC-side grid CC in Fig. 2(b), the control
law of the inner CC loop can be expressed as a small-signal relation using
dg-complex space vectors by [5],

~c,dq ~c,dq »cdq) (44)

: d ~cdq d
Vs,r = Hi%f(s)E + Zt%vIs + Gicc( ) (I I

where G&(s) = kp,c + kic /s (Gec™ () = 0) represents the AC-side grid CC,
qu is the reference current, and Hj}(s) = a5/ (a5 +5) (Hg ~(s) = 0) is the
ﬁlter used as a feed-forward term in addition to the current decoupling
component Z, = jo1L; (Zy = 0).

3.3. Outer control loop relations

The reference currents generated by the outer control loops can be
related to the DC voltage and the AC voltage and current at the PCC with
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dg-complex space vectors as the following general expression [5]:

~c,dq ~c,dq

19 = J0(5)Vie — Guo(ST ™ — Yoo (5)E™, (45)
where the complex transfer matrices J,.o, G40 and Y., depend on the
chosen MMC outer control loops in Fig. 2(b) to set Iﬁf (either by DVC or
APC) and I{ (either by AVC or QPC). These complex transfer matrices
are the sum of each control complex transfer matrix, depending on the
MMC operation mode (e.g., G40 = G1o,aPc + G.0,0PC)-

e Direct-voltage controller (DVC):

The control law of the DVC is expressed with dg-complex space
vectors as [5],

~c,dq

L' = Jeoovel®)Va
i (46)
Jiopve(s) = _72 |:ch(5):| 7

where F4c(s) = kp,qc + kidc/s, with kp 4. and k; 4. being the proportional
and integral gains of the DVC.

e Active-power controller (APC):

Since Eq? = 0, the control law of the APC is expressed with dg-
complex space vectors as [5],

d d ~cd
iz_: = —G.oarc (S)r: 4 Y. 0arc (S)Ec a
d d
() 1%

V()

Gioapc(s) = —— 11 Y.ioarc(s) =

Fy(s)Eg 11
2

(47)

where F,(s) = kyp + kip/s, with k; , and k;, being the proportional and
integral gains of the APC.

e Alternating-voltage controller (AVC):

The control law of the AVC is expressed with dg-complex space
vectors as [5],

AI{: 4= —Yioavc (S)Ec’dq
E(s)[J 48
Y.ioavc (S) = —# |: 3 :| s
=] —J

where F,(s) = ky,, + kiy /s, with k; , and k;, being the proportional and
integral gains of the AVC.

e Reactive-power controller (QPC):

Since Eq? = 0, the control law of the QPC is expressed with dg-
complex space vectors as [5],

d d ~cd
I = —Geogre(S), "~ Yeogre(S)E
_ (144 . dgq
G _Fy(s)E} 1 -1 v _Fy(s) (ISO) Lo
+0.0pc(S) = 3 110 +o.Qpc(s) = V2 .
- d
(Isg ) _Isg

(49)

where Fy(s) = kp ¢ + ki¢/s, with kp g and k; 4 being the proportional and
integral gains of the QPC.
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4. Complete model of the MMC AC/DC system

The complete AC/DC small-signal admittance-based model of the
grid-connected MMC in Fig. 2 is derived in this section.

4.1. AC/DC small-signal admittance-based model

From the final expressions of the AC- and DC-side current dynamics
in (28) and (39), respectively, and the relations of the inner CC loop
(44), the PLL (41)-(43), and the outer control loops (45), the relationship
between voltages and currents can be directly obtained as,

(-1%) = Y()E" - 1%(5) Ve
Tae = (Y290(9) — Kl (Y20 (9) )E + (K. (9)%54(5) +I2(5) ) Vee
(50
being
V() = Y& () (o ~ FEA(HI () )
Yi5(5) = Fih()HI(5)
T4(5) = YA () (RIA(6) — FEA(5)G 2L () (s) ) D)
Jae(5) = Ry (s) — Fh ()G (5)J0(5)
K5e(5) = Z2h(s) ~ Fb(5) 25 (s)
where
Z84(5) = (GL%(s) + GL%(5)Guols) — 2,
Hi(s) = (Hi(fl‘f(s) — GI,(5) Yo (5) )Gipllv -z (8)Guptti — Gipim  (52)

¥i9(s) = (299(5) + F5)2%) )

and Zi&(s), F‘;‘L(s) and Ri&(s) arein (29), Zi‘ﬂ)(s), Fi%(s) and R¥(s) are in
(40), Guypiti(s), Gapitv(s) and Gupiim(s) are in (41)-(43), GIc(s), HIH(s)
and Zi“‘,v(s) are in (44), and J..0(s), G..o(s) and Y, o(s) are in (45)-(49). It
is worth mentioning that the Tsdq expression in (50) is derived by
reversing the dg-current flow in Fig. 2 to work with consumed currents.

Given thatisdq = [fsdq (idq)*]T and Edq = [Edq (Edq)*]T and based on
(50), the AC/DC small-signal admittance matrix of MMCs is represented
as

Tdc

« Yo Yo Yul| Ve
I q ~dq
S =Y Yp Ym E
7(15‘1) Yie Yo Yu || (EY)
R Y —
YAC/DC<S)
d d
Yoo = K% (5)T%(5) + TG (s) (53)

Yio = [Yg You] = Y8(s) — K3 (s) Yl (s)

Y, de
Yo = {ch} =—J% (s5)

nc

YPP YP”

A detailed description of the validation procedure of the three-port
model in (53) and the corresponding results is provided in Section 5.

4.2. AC-side small-signal admittance-based model
The MMC AC-side equivalent admittance YAC(s) can be easily

derived from (53) by imposing the DC-side relation T = 7Y‘%ﬁVdc in
Fig. 2 [5]:
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- Y??] Ve Yee Y12 Ve ~dq AC/ oda
~da =y v —qq |= - =Y (S)E
—I 21 22 (54)

-1
YA6(s) = Yoo — Yor (Y& + Vo) Yiz.

As seen in (54), disregarding AC/DC interactions in (53) (i.e.,
Y21 =0 and Y;2 = 0) prevents the AC-side expression from capturing
DC-side dynamics, including those of Y.

4.3. DC-side small-signal admittance-based model

The MMC DC-side equivalent admittance YP%(s) can also be derived

directly from (53) by applying the AC-side relation Tsdq = Yi%ﬁf:dq in
Fig. 2 [5]:
Ta Y. Y Ve | ~ ~
¢ = { 12} E | S The = YP(5) Ve

—Y‘_}E?rhﬁdq Y Yo Edq (55)

Y2%(s) = Yoo — Yoo (YicTh + Y22)71Y21 .

As seen in (55), disregarding AC/DC interactions in (53) (i.e.,
Y12 =0 and Y3; = 0) prevents the DC-side expression from capturing
AC-side dynamics, including those of Y3nh.

5. Model validation

The MMC AC/DC small-signal admittance matrix YA DC(s) is
modelled in (53) as a three-port system. As demonstrated in [29], the dg-
complex space vectors f(dq and (idq)* (with X € {E, I}) in (53) can be
represented by the positive- and negative-sequence phasors, X’ and in,
respectively, in the frequency-domain (s =jw) because there exists a
biunique (one-to-one) relation between the dg-complex space vectors
and the sequence phasors. That is, the following expression can be
derived from (53):

=
&

ch ch ch V Ic
f: =Y Yp Y E% (56)
iﬂ Ync an Ynn E
’ yAC/DC (j)

The relation between (53) and (56) provides the formal link between
the dg-complex representation and the pn-sequence decomposition of
the abc perturbations, which is subsequently used in the validation of the
YA Dc(ia)) using frequency-domain measurements (see [29] for details).

To validate the proposed model, a frequency-domain characterisa-
tion is carried out in MATLAB/Simulink by using the test circuit shown
in Fig. 3. Controlled pn-sequence AC and DC voltage perturbations are
injected via the sources ugpcharm and Vgcharm, respectively, and the
resulting steady-state current, iz and ig., responses are recorded. FFT
calculations are then applied to extract the complex phasors (i.e., the
root-mean-square and phase angle values) of the voltage and current
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N submodules

Vde,harm

Vdco

]
I
I
I
I
I
I
I
I
I
I
I
I
I
I
'
T
I
I
\

Fig. 3. Grid-connected MMC system for AC and DC admittance measurements.
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perturbations, enabling the numerical reconstruction of the admittance
matrix entries in (56) from time-domain simulations. The MATLAB/
Simulink validation model corresponds to a nonlinear EMT arm-
averaged implementation of the MMC, executed in discrete time with
a fixed sample time of T = 20 ps (f; = 50 kHz). Since an arm-averaged
model is employed, individual semiconductor switching events and
the PWM carrier are not explicitly simulated; instead, the modulation
stage is represented through the corresponding averaged arm-voltage
relationship. The discrete-time implementation inherently accounts for
the effects associated with controller sampling and the corresponding
discrete-time execution, while the zero-order hold (ZOH) is explicitly
represented by maintaining the control signals constant over each
sampling interval. In addition, the current-control and circulating-
current-control loops include the control delays specified in Table 4.
These delays are retained consistently in the MATLAB/Simulink vali-
dation model and in the analytical formulation. No independent PWM
update or carrier frequency is defined for the arm-averaged validation
model, since the individual switching events and PWM carrier are not
explicitly simulated. Apart from the aforementioned arm-averaging
assumption, no additional simplifications are introduced, and all con-
verter dynamics and control loops are represented explicitly. The con-
verter employs the same arm-voltage balancing strategy adopted in [9]
and [17], based on direct voltage control (direct modulation). This arm-
averaged validation framework is adopted because the proposed
analytical formulation is derived from the same physical MMC model-
ling framework used in [17] and [18], where it was validated against
detailed switching EMT models, showing essentially identical frequency
responses up to frequencies approaching the Nyquist limit associated
with the equivalent converter-arm switching frequency.

The admittance terms of the three-port matrix YA/ Dc(ia)) (56) are
then calculated based on Ohm’s law (Y =1/ V), following the method-
ology proposed in [29]. Specifically:

1. A p-sequence perturbed AC voltage, represented by the complex

phasor ¥, results in:
e p- and n-sequence perturbed AC currents, represented by the com-

plex phasors? and T, characterising Y}, and Yy, respectively.

e A perturbed DC current Tac characterising Ycp.

2. An n-sequence perturbed AC voltage, represented by the complex
phasor E", results in:

e p- and n-sequence perturbed AC currents, represented by the com-

plex phasors T andT', characterising Yy, and Yy, respectively.
e A perturbed DC current Tdc characterising Y.

3. A perturbed DC voltage V. results in:
e p- and n-sequence perturbed AC currents, represented by the com-

plex phasorsf‘D and 71, characterising Y). and Yy, respectively.
e A perturbed DC current Ta characterising Y.

This systematic approach allows the reconstruction of the full
frequency-dependent admittance matrix YAP(jw) in (56), enabling
direct comparison with the analytically derived model in (53). The
above methodology inherently captures the mirror frequency effect be-
tween the p- and n-sequences [29]. All frequency-response measure-
ments presented in the paper have been obtained using the SARA
toolbox [51], a MATLAB/Simulink-based framework for automated AC/
DC admittance measurement. The toolbox automatically performs the
complete frequency-sweep process, including signal injection, steady-
state detection, data acquisition, FFT processing, and admittance
extraction using a consistent methodology, thereby ensuring reliable
and reproducible frequency-domain measurements throughout the
validation process. The frequency-domain measurements are performed
over the 1-1000 Hz frequency range with a 1 Hz frequency resolution.
The injected perturbations have a magnitude of 1% of the corresponding
steady-state operating quantity. For each frequency point, the system is
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first allowed to reach steady state before the perturbation is applied and
the measurement window is initiated. The steady-state condition is
assessed individually for each simulation by monitoring the relevant
electrical and control variables and ensuring that the operating point has
reached a stationary periodic regime before the frequency-domain
measurement is performed. The FFT-based extraction is performed
over a 1 s measurement window, corresponding to the 1 Hz frequency
resolution and containing 50 cycles of the 50 Hz fundamental compo-
nent. The spectral component corresponding to the injected perturba-
tion frequency is then extracted to calculate the corresponding
admittance element. The simulation time step is an independent nu-
merical parameter: the nonlinear MATLAB/Simulink validation models
are executed using a fixed time step of 20 ps, corresponding to a nu-
merical sampling frequency of 50 kHz. Thus, the simulation time step
determines the time resolution of the EMT simulations, whereas the
measurement-window duration determines the frequency resolution of
the admittance extraction. The validation is based on controlled pn-
sequence AC perturbations and DC perturbations, from which the
complete 3x3 admittance matrix is reconstructed according to (56).
Consequently, the validation includes both the self-port and cross-port
admittances of the complete AC/DC three-port formulation.

According to the previous procedure, the validation of the MMC AC/
DC small-signal admittance matrix (53) under various operating con-
ditions, along with a discussion of key observations, is presented below.
To quantitatively assess the agreement between the analytical model
and the EMT simulations, the peak-normalised absolute error is
employed:
xmudel

_ xSim
(%) = 100 P~ x|
max;|x§m|

) 57)
where x™%! and xf™ denote the analytical-model and MATLAB/
Simulink responses at the i-th frequency point, respectively, with the
latter taken as the reference response, and maxi|xi5im| denotes the
maximum absolute value of the reference response over the considered
frequency range. This metric normalises the absolute error by the peak
value of the reference response, thereby avoiding artificially large
relative errors in frequency regions where the reference response ap-
proaches zero. In addition, the normalised root-mean-square error
(NRMSE) is employed as a complementary quantitative metric:

1 ¥ model im |2
Ny O et — x|
f i3
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where Ny is the number of frequency points. The NRMSE is evaluated
separately for the real and imaginary parts of each admittance-matrix
element. Unlike the peak-normalised absolute error, which quantifies
the point-by-point deviation over the frequency range, the NRMSE
provides an overall measure of the RMS discrepancy relative to the peak
magnitude of the reference response. The objective is not only to verify
and quantify the capability of the proposed model to accurately capture
the internal dynamics and control interactions of the MMC, but also to
validate, in a progressive manner, each modelling stage developed
throughout Sections 2-4 before constructing the complete AC/DC
admittance representation. For this purpose, the validation procedure is
organised according to the different modelling stages considered during
the derivation of the proposed MMC model:

1) Step 1 - Internal dynamics and CCC validation (Section 2):
This first step considers open-loop operation (without inner CC), eval-
uated both with and without the CCC enabled, to isolate the influence of
the MMC internal dynamics and the CCC on the AC/DC frequency
response.

Fig. 4 presents the comparison between the analytical model and the
simulation results for this first modelling stage. The results validate the
accuracy of the developed model in representing the MMC internal dy-
namics and the effect of the CCC. Under open-loop operation, the in-
ternal dynamics introduce characteristic resonance behaviours
observable on both the AC and DC sides. Enabling the CCC modifies
these resonances and shifts their frequencies, demonstrating the direct
impact of the CCC dynamics on the overall converter frequency
response. The maximum peak-normalised absolute error obtained for
this validation stage is 9.27%, while the maximum NRMSE across all real
and imaginary admittance responses is 1.14%, confirming the very good
agreement between the analytical model and the EMT simulations.

2) Step 2 - Inner CC validation (Section 3.2): This second step
incorporates the inner CC into the model in order to evaluate its influ-
ence on the AC- and DC-side dynamics.

Fig. 5 presents the results for this second modelling stage. The
comparison with simulation results validates the correct incorporation
of the inner CC into the proposed analytical model. In this case, the
controller significantly modifies the AC-side dynamics by introducing
the expected closed-loop behaviour, while the DC-side dynamics remain
comparatively less affected. The maximum peak-normalised absolute
error obtained for this validation stage is 9.93%, while the maximum
NRMSE across all real and imaginary admittance responses is 4.51%.

3) Step 3 - Full closed-loop MMC validation (Sections 3 and 4):

NRMSE(%) = 100 max | (58) This final step considers the complete MMC model with all control loops
H enabled, including the inner CC, PLL, and outer control loops, in order to
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Fig. 4. Real and imaginary parts of the admittance matrix terms from analytical expressions (solid curves) and from MATLAB/Simulink simulations (circles) for the
AC/DC admittance-based model of the MMC internal dynamics (in Q’l), presented without (red plots) and with (black plots) circulating current controller.
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Fig. 5. Real and imaginary parts of the admittance matrix terms from analytical expressions (solid curves) and from MATLAB/Simulink simulations (circles) for the
AC/DC admittance-based model of the MMC internal dynamics (in Q1), incorporating both circulating current and inner current controllers.

evaluate the full closed-loop system dynamics.

Fig. 6 presents the validation results for this final modelling stage
under full control operation. The obtained results validate the correct
integration of the PLL and outer control loops into the proposed MMC
AC/DC model. For the DVC-QPC operating mode with PLL dynamics,
Fig. 6 presents the direct element-by-element comparison of the com-
plete 3x3 admittance matrix, including all self-port and cross-port
admittance terms. The remaining outer-control configurations consid-
ered in this study are likewise validated through the complete 3x3
admittance matrices using the same quantitative error metrics. For
conciseness, however, the corresponding matrix-response comparisons
are not shown individually; instead, the real eigenvalues of the Hermi-
tian matrix of the complete admittance matrix are presented in Fig. 7 as
a compact representation of the corresponding validation results and
associated power-dissipation characteristics. In the DVC-QPC operating
mode scenario, the outer control loops predominantly affect the low-
frequency response of both the AC and DC sides, reflecting the strong
interaction between outer-loop dynamics and the overall converter
behaviour. The maximum peak-normalised absolute error obtained
during the validation of the DVC-QPC operating mode is 9.06%, while
the maximum NRMSE across all real and imaginary admittance re-
sponses is 4.53%.

Additionally, following the power-dissipation (passivity) criterion

[47], the real eigenvalues of the Hermitian matrix of the proposed 3x3
MMC AC/DC admittance matrix (i.e., Yp(jw) = %-(YAPC(w) +
YACPC(j)M)) are employed to validate the remaining outer control-loop
configurations in a compact manner, without unnecessarily increasing
the number of admittance-response plots. Fig. 7 compares the analytical
and MATLAB/Simulink frequency responses of these real eigenvalues
for the PLL-only, PLL+DVC, PLL+AVC, PLL+APC, and PLL+QPC oper-
ating modes. The maximum peak-normalised absolute error among all
the eigenvalue responses is 8.67%, while the maximum NRMSE is
5.27%. The corresponding complete 3x3 admittance matrices are also
quantitatively assessed element-by-element, yielding a maximum peak-
normalised absolute error of 9.44% and a maximum NRMSE of 4.47%
across all real and imaginary admittance responses.

The previous validation stages demonstrate the accuracy and con-
sistency of the proposed modelling procedure, validating each inter-
mediate modelling step prior to obtaining the final MMC AC/DC
admittance representation. Furthermore, the obtained results illustrate
how the different MMC control loops modify the converter frequency
response and power-dissipation characteristics on both the AC and DC
sides. Depending on the operating condition and control configuration,
different control loops may either enhance system damping or introduce
non-passive behaviour on the AC side, the DC side, or both. In particular,
slight variations in control parameters can significantly modify the
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Fig. 6. Real and imaginary parts of the admittance matrix terms from analytical expressions (solid curves) and from MATLAB/Simulink simulations (circles) for the
AC/DC admittance-based model of the MMC internal dynamics (in Q 1), incorporating circulating current and inner current controllers, a phase-locked loop, and DVC

with QPC outer control loops.
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Fig. 7. Analytical (solid curves) and MATLAB/Simulink (circles) frequency responses of the eigenvalues 4, 1o, and 13 (in Q™) of the Hermitian matrix of the MMC
AC/DC admittance matrix for different outer control-loop configurations (PLL-only, PLL+DVC, PLL+AVC, PLL+APC, and PLL+QPC).

passivity characteristics of the MMC [18,47,48]. This sensitivity is
further investigated in Section 7, where several case studies demonstrate
how specific parameter variations may lead to instability phenomena.

All MMC parameters and operating points obtained from the MAT-
LAB/Simulink simulations for each scenario are provided in Appendix D.

It should be noted that the validation presented in this section is
focused on assessing the accuracy of the proposed formulation against
the nonlinear EMT reference model and is not intended to provide a
quantitative benchmark against alternative mathematical reformulation
methodologies. Although the proposed reformulation is structurally
compact and avoids explicit harmonic-state expansion, as highlighted in
Table 1, a direct quantitative comparison with an equivalently imple-
mented HSS or other multiharmonic formulation is not performed in this
work. Such a comparison would nevertheless be valuable to systemati-
cally assess the relative computational and modelling characteristics of
the different approaches. However, it would require consistent physical
modelling assumptions, controller structures, harmonic truncation
criteria, numerical solvers, and validation conditions. Consequently, the
present results are not intended to establish relative model dimension,
retained harmonic orders, model-construction time, frequency-sweep
time, memory consumption, or frequency-response accuracy with
respect to these alternative methodologies.

6. Frequency-domain stability assessment of multi-terminal AC/
DC transmission grids

Frequency-domain impedance-based approaches are becoming
increasingly attractive for stability assessment as they use less complex
systems of equations and provide detailed information with reduced
computational effort. In multi-terminal AC/DC grids dominated by
power electronics-based converters, these methods enable the analysis
of converter-driven oscillatory phenomena and interaction mechanisms
over a wide frequency range. As shown in Fig. 8(a), frequency-domain
stability studies are commonly performed through the characterisation
of the entire grid using the nodal voltage method [5,22],

Is(s) = Y, () B(5)
=1Is(s) - (S)}
B(s

Ye(s)V.
) (Ya(s) = Ye(s) + Ya(s)),

Is(s) (59)
1

= Vg(s) =Yg (51

where Yg(s) characterises the nodal admittance matrix of the grid and

a) External-connected components

Complete

grid multi-terminal grid

Fig. 8. Multi-terminal grid-connected power electronics-based converters: a)
Equivalent circuit of multi-terminal grid with power electronics-based con-
verters. b) Equivalent circuit of complete multi-terminal grid.
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Yc(s) is a diagonal matrix with the admittance matrices Y¢;(s) of the
external components connected to the grid buses (including power
electronics-based converters). Vg(s) and Ig(s) represent the bus voltage
and injected current vectors, respectively, and Yg(s) is the nodal
admittance matrix of the system (see Fig. 8(b)) [5,24]. System stability
in (59) is commonly assessed by the GNC. However, the PMD stability
criterion has recently been proposed for stability assessment of multi-
terminal grid-connected power electronics-based converters [24].

Additionally, beyond determining whether the system is stable or
unstable, other frequency-domain techniques can also be employed to
investigate the propagation of oscillations across interconnected AC/DC
subsystems [49].

6.1. AC/DC nodal admittance matrix

The proposed MMC admittance model is intended for frequency-
domain small-signal stability assessment of hybrid AC/DC trans-
mission grids through the nodal admittance matrix formulation intro-
duced in (59). To this end, all grid components are represented by
admittance matrices relating their terminal voltage and current pertur-
bations, allowing the complete interconnected system to be assembled
within a unified mathematical framework. A key advantage of the pro-
posed formulation is that AC-only, DC-only, and hybrid AC/DC com-
ponents can all be represented using a common dg-complex three-port
admittance structure. Accordingly, the proposed MMC admittance
model can be directly incorporated into the nodal admittance matrix
together with the remaining grid components without requiring any
additional reformulation.

Based on Fig. 8 and the nodal voltage method (59), the complete
transmission grid is represented through the nodal admittance matrix
Yg(s). This matrix establishes the relationship between the nodal current
injection vector Ig(s) and the nodal voltage vector Vg(s). The entries of
Yg(s) are obtained from two fundamental building blocks: the primitive
admittance matrix Ygr(s), which contains the admittance models of all
grid components, and the incidence matrix A, which describes the grid
topology.

Consider a transmission grid composed of Nj, branches and compo-
nents, the primitive admittance matrix is assembled by placing the
admittance matrix of every branch or bus-connected component along
its diagonal,

YR‘l (s) . 0
: : (60)
0 e YR,Nb (s)

where Yg i(s) denotes the 3x3 dg-complex admittance matrix associated
with component (or branch) i.

Thus, every electrical device is represented through a three-port AC/
DC admittance formulation,
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T =
~Zq Yee(s) Yep(s)  Yen(s) Yﬁ;
Lol = | Yels) Yp(9) Ymls) || E . 1)
@m)* Ye(s)  Yp(s)  Yn(s) (E ‘1)
YRii(s)

This formulation enables AC-only, DC-only, and hybrid AC/DC de-
vices to be incorporated consistently into the same grid model.
Accordingly, the components of a multi-terminal hybrid AC/DC trans-
mission grid can be classified into the following three categories:

e AC/DC Three-Port Components:

AC/DC power-electronic converters (e.g., HVDC MMCs) can be
expressed in the s-domain through the general admittance (61). Within
the primitive admittance matrix, these devices are treated as compo-
nents incident to a single bus i.

In particular, the proposed MMC admittance model, derived in (53),
is incorporated as a bus-connected three-port element whose admittance
matrix contributes directly to the corresponding block Yg(s) of the
primitive admittance matrix Ygr(s) (60). This enables the AC/DC dy-
namic coupling captured by the proposed model to be preserved natu-
rally during the assembly of the complete transmission-grid model.

e AC-side Two-Port Components:

AC-side dg-complex two-port terminal component models are
expressed according to the 3x3 admittance-based model as follows:

|-lot, 2]

where the admittance matrix YAS(s) depends on the model of the AC-side
transmission grid branch component. For instance, for the common
model of a transformer (with no phase shift) is Y"(s)=1/(R+L
(s + jw1) and Y (s) = 0 (where R and L are the resistance and induc-
tance, and w; is the fundamental angular frequency).

01><2

Yri(s) = yAC (s)

0 0 0
[0 Y'(s) Y (s) (62)

0 (Y () (Y'(s))

e DC-side Single-Port Components:

DC-side dq-complex single-port terminal component models are
expressed according to the 3x3 admittance-based model as follows:

Y(s) 0 O e
Yri(s) = 0 0 0f= [Y;) s) 8”2} , (63)
0 00 2x1 2x2

where the admittance Y”%(s) depends on the adopted DC-side compo-
nent model. For instance, for the common model of a capacitor is
Y.c(s) = Cqcs (where Cgq, is the capacitance of the component).

Consequently, every component of the hybrid AC/DC transmission
grid is represented using the same mathematical structure, considerably
simplifying the assembly procedure while preserving the dynamic
coupling introduced by converter-interfaced devices.

The grid topology is represented through the incidence matrix A:

Ay Ain

A= : : 64)
Ay, 1 Ay, n

where n is the number of buses, and A,,; are 3x 3 submatrices assembled
according to the orientation of branch r with respect to bus i:

0 A.; = I3,z if the branch originates from bus i,
0 A.; = —I3,3 if the branch terminates at bus i,
o A;; = 03,3 if the branch is not connected to bus i.
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with I3x3 and 0343 being the 3x3 identity and zero matrices,
respectively.

Finally, by applying Kirchhoff’s laws, the complete nodal admittance
matrix is obtained through the singular transformation [43]:

Yu(s) = A"Yg(s)A. (65)

It is worth noting that, after applying the singular transformation in
(65), some rows and columns of Yg(s) may become entirely zero. This
occurs at buses connected exclusively to AC-only or DC-only compo-
nents, where the corresponding entries of the three-port formulation are
zero. Only buses interfacing both AC and DC subsystems retain full 3x3
admittance blocks. Therefore, any rows and columns composed entirely
of zeros should be removed before performing the subsequent
frequency-domain stability analysis.

6.2. The positive-mode-damping stability criterion

The PMD stability criterion [24] is a frequency-domain method for
assessing small-signal stability issues in multi-terminal grids that include
power electronics-based converters [40]. This approach is based on the
eigenvalue decomposition of the nodal admittance matrix Yg® at each
frequency within the frequency range, using the RMA [41] as:

-1 -1
=) ¥ = vi=(a0) 1
W0 (66)
AV — o | =LOYYRY
0 - jg)n

where Vm(f) = LU)VB(f) and Im(f) = LmIBm represent the modal voltage
and current vectors, Ay(f) is the diagonal eigenvalue matrix of YB(ﬂ, and
RY and L = (R("))’1 are the right (in columns) and left (in rows)
eigenvector matrices, respectively.

Stability is assessed by analysing the critical resonance modes Z,,"™
at each resonance frequency f;, corresponding to the peak values of the
moduli of the modal impedances |Zy,;/™| = |1/4y;%"| (being j = {1, ...,
n} the mode number). These critical resonance modes and their asso-
ciated eigenvectors can be directly obtained, without the need to
compute all modal impedances (only the biggest modal impedance is
needed) [42]. The real and imaginary parts of the critical resonance
modes, Rcm(f') and Xcm(f’), respectively, are used to assess stability [24].
The stability condition states that the grid is stable if:

R oxt)
(fr) ~ flem fr) _— cm
o)) ~ <0 (mf) = Yy, (67)
L mx(f.rz)'n ( x,cm af f:fy fr

where my ¢y, is the slope of Xcm(ﬁ). Notably, the system’s damping
oscillatory modes relate to this criterion via m(ﬁ) [24].

Recent enhancements to the PMD criterion incorporate PF-based
sensitivity analysis [42] to improve stability analysis. PFs are
computed as [41,42,46]:
PRy = RJLY (68)
where Ry¥" and L, are the right and left eigenvectors associated with
the critical resonance modes Z, ™, and b represents the grid buses.
These PFs quantify the influence (observability and excitability) of each
bus on system stability, identifying key elements affecting resonance
modes [41,42,46].

6.3. Propagation indicators for local-area oscillations

This subsection focuses on the phenomenon of local-area oscillations
in hybrid AC/DC grids and reviews propagation indicators to charac-
terise them. In such systems, the control strategies of power electronics
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converters may restrict the propagation of oscillations across sub-
systems, potentially leading to the emergence of local-area oscillations
[49]. These are oscillatory modes confined to a limited group of
nodes—referred to as the oscillation source (OS) area—without signif-
icant interaction with the rest of the grid, or non-oscillation source
(NOS) area.

To quantitatively characterise this phenomenon, a Frequency-
domain Modal Analysis combined with Block Diagonal Dominance
(FMA-BDD) methodology is employed [49]. This approach relies on
decomposing the grid admittance matrix at a critical oscillatory fre-
quency (sp) and classifying the nodes via their PFs. Nodes with high PFs
form the OS area, while the remaining nodes are assigned to the NOS
area. Once this partition is performed, the system impedance matrix is
rearranged into a block structure,

Tinj(os) ’ (69)
Tinjvos)

S/os
Vnos

Zos(Sm)
Zoff2 (Sm)

Zos1 (Sm)
Znos (Sm)

from which three key indicators are derived to quantify the coupling
between OS and NOS areas:

e Inter-area Controllability:

Zoin (sm) |
Colgreg =~ 2, (70)
T 1 Zos (sm)l
e Inter-area Observability:
Hzoffz (sm) H
OBSgreq = 1% 71)
o (1Zxos (sm)l»
o Inter-area Participation Factor:
PFgreq = Conarea‘ObSarea . (72)

These indicators capture the directional energy exchange between
subsystems and serve to assess the extent to which an oscillation mode is
confined locally or may spread system-wide [49]. In particular:

o If PFgeq = 0 and Obsgreq = 0, a strictly local oscillation is in the OS
area identified.

o If PFgeq = 0 but Obsgreq # 0, the oscillation remains confined in terms
of participation, but its effects are observable throughout the system.

The above indicators are subsequently employed in Section 7 to
analyse the propagation paths of MMC-driven oscillations across the
studied hybrid AC/DC test systems.

Energy Conversion and Management: X 32 (2026) 102247
7. Applications

This section demonstrates the practical small-signal stability capa-
bilities of the proposed three-port MMC small-signal admittance-based
model by analysing five test cases in the hybrid AC/DC test system
shown in Fig. 9, each illustrating a different converter-driven stability
scenario. All cases are evaluated analytically using the PMD stability
criterion and PFs (see Section 6.2) and subsequently validated against
nonlinear time-domain simulations in MATLAB/Simulink. Beyond
illustrating the practical applicability of the proposed methodology,
these case studies also provide an additional validation of the proposed
AC/DC admittance formulation under different converter operating
conditions, power-flow directions, control configurations, and oscilla-
tory mechanisms through comparisons with nonlinear EMT simulations.
Starting from a stable reference configuration of the MMCs (see Table 2
for data) and the grid (see Fig. 9), the AC/DC transmission system is
independently modified in each scenario to provoke specific oscillatory
behaviours. The first four test cases are classified according to the
affected MMC side (AC or DC) and the oscillation frequency range (near-
synchronous or harmonic), whereas the fifth test case has been specif-
ically designed to demonstrate the importance of preserving the com-
plete AC/DC coupling structure for accurate stability prediction. It
should be noted that the capacitive elements connected to the AC and
DC terminals in Fig. 9 represent the equivalent capacitance of the

Table 2

MMC model parameter values for applications.
Parameter MMC 1 MMC 2
Smmc 1 GVA 1 GVA
Enac 220 kV 220 kV
Vn,de 440 kV 440 kv
f 50 Hz 50 Hz
fow 1 kHz 1 kHz
k 3 3
N 10 10
Cc 10 mF 10 mF
L, 34.5 mH 34.5 mH
R, 1.1Q 1.1Q
Ly 38.5 mH 38.5 mH
Ry 0.12Q 0.12Q
Qece 600n rad/s 600 rad/s
e 1000 rad/s 1000 rad/s
as 100 rad/s 100 rad/s
apy 100 rad/s 100 rad/s
Eput v2/2 V2/2
QAdye - 100 rad/s
Ape 100 rad/s -
Qave -
Qge 100 rad/s -
T, 100 ps 100 ps
P, 1GW 1GwW
Q 0 GVAr 0 GVAr

Note: See Table 4 for parameter definitions.

HVDC hybrid AC/DC transmission grid

1 Cn

T

AC transmission grid

Initial Grid Data
. . R,=121mQ R, = 540 mQ
HVDC transmission grid L,=7.69mH Ly =745mH
Cp=660pF  Cp=725uF
Ci=195puF  Cyu=195pF

Fig. 9. Multi-terminal HVDC hybrid AC/DC transmission system.
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surrounding AC and DC grids (e.g., grid or cable capacitance), included
to model external system dynamics that may participate in oscillatory
modes. The switching frequency reported in Table 2 corresponds to the
switching frequency of each individual MMC submodule. The consid-
ered MMC employs N = 10 submodules per arm and uses phase-shifted
carrier PWM,; therefore, the corresponding effective switching frequency
at the converter-arm level is approximately N-fy, = 10 kHz [15].
Although the arm-averaged validation model does not explicitly simu-
late the individual semiconductor switching events or the PWM carrier,
this effective arm-level switching frequency characterises the switching
behaviour of the underlying MMC and, for the adopted arm-averaged
representation, defines a corresponding Nyquist limit of 5 kHz. In
addition, the nonlinear EMT validation model is executed in discrete
time with Ty = 20 ps, corresponding to a digital control sampling fre-
quency of f; = 50 kHz and a corresponding Nyquist frequency of 25 kHz.
The two resulting Nyquist frequencies therefore provide upper-
frequency references of 5 kHz for the arm-averaged representation
and 25 kHz for the discrete-time control implementation. However, the
ZOH and digital execution delay introduce an additional phase effect
that must be considered when assessing the accuracy of the continuous-
frequency analytical formulation relative to the discrete-time validation
model. In particular, the effective 30 ps delay associated with the ZOH
and digital execution corresponds to a phase shift of approximately
21.6° at 2 kHz. Accordingly, the frequency range considered appropriate
for the present study can be taken to extend approximately from 1 Hz to
2 kHz. This range fully encompasses the 1-1000 Hz frequency range
used in the validation and application studies. The control-loop delays
Tqspecified in Table 2 are consistently represented in both the analytical
formulation and the MATLAB/Simulink validation model and therefore
do not introduce an additional discrepancy between the two models.
These considerations support the consistency between the proposed
frequency-domain formulation and the nonlinear discrete-time EMT
validation model within the frequency range investigated.

In addition to the PMD-based stability assessment and the PF analysis
(used to identify the dominant source of instability), each case includes a
calculation of AC/DC interaction indices (see Section 6.3). These in-
dicators are employed to quantify the local-area propagation of oscil-
lations and to assess the importance of preserving the full AC/DC
dynamic coupling structure in the proposed MMC model, rather than
relying on simplified AC- or DC-side representations alone. The appli-
cation case considered in this section is intended primarily as a meth-
odological benchmark for assessing the proposed AC/DC modelling and
stability-analysis framework and should not be interpreted as a detailed
representation of a specific commercial MMC-HVDC installation. In
particular, the adopted N = 10 configuration represents an aggregated
or macro-submodule description of the converter. The number of sub-
modules cannot be varied independently of the remaining converter
parameters if physically consistent scaling is intended. For a fixed arm
voltage, the nominal submodule voltage approximately scales as Vgys o
1/N, while preserving the total nominal capacitor energy per arm, E;m,
= Y-N-Cspr-Van®, leads approximately to Cgy o N. In practical designs,
the required capacitance is additionally constrained by the allowable
capacitor-voltage ripple, which depends on the arm current, transferred
power, operating point, and modulation strategy. The rated current is
primarily determined by the converter power and voltage ratings and
should therefore be scaled consistently with these quantities rather than
with N alone. Consequently, extrapolation of the present benchmark to a
commercial MMC-HVDC installation would require coordinated scaling
of the number of submodules and the associated electrical and control
parameters. The numerical values adopted here, while retaining the
power (1 GVA) and voltage (220/440 kV) ratings considered in the
study, are therefore intended to provide a compact and computationally
tractable benchmark that preserves the MMC internal dynamics and AC/
DC interactions relevant to the proposed methodology.
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7.1. Test #1 — AC near-synchronous oscillation

In this first test case, the original Re-L; grid impedance is modified
into a series-compensated Rg—Lg—C, configuration by activating switch
S1, which simultaneously disconnects the AC shunt capacitance Cy in
Fig. 9. Moreover, the line inductance L, is increased by a factor of 13 (Lg
x 13), and the series-connected capacitance is set to Cg = 50 x Cp.

The PMD stability criterion applied to the AC/DC system in Fig. 10(a)
(orange thick curve) reveals an oscillatory mode at 35 Hz driving system
instability. The PF analysis clearly identifies Bus 1—associated with
MMC;—as the dominant contributor to this instability, specifically
linked to dynamics on the AC side. Based on this diagnosis and according
to the local-area oscillation indicators defined in Section 6.3, the AC-side
is identified as the oscillation source area (i.e., OS area), the DC-side as
the non-oscillation source area (i.e., NOS area), and 35 Hz as the critical
oscillation frequency (i.e., s;,). To assess the extent of propagation from
the AC side to the DC side, the observability index Obsg, and the
associated participation factor PF,.., (see Section 6.3 for details) are
evaluated at 35 Hz in Fig. 10(b). The result—Obsge, ~ 0 and hence
PFgreq ~ 0—confirms that the instability remains confined to the AC-side
and does not propagate through the converter into the DC grid. Time-
domain simulations in MATLAB/Simulink (Fig. 10(c)) validate these
findings. Clear oscillations around 35 Hz appear in the AC power Pp1,
while no such oscillations are observed in the DC power Pg1. It should be
noted that the final instability in Py result from the collapse of the
simulated system, not from the original oscillatory mode. Overall, this
test demonstrates the capability of the proposed 3x3 model to accu-
rately: i) detect near-synchronous instabilities originated on the AC side;
ii) identify the dominant source of instability; and iii) determine
whether such instabilities propagate across AC and DC subsystems. In
this scenario, the results verify that the MMC; control operating in APC-
QPC mode isolates the DC side from the AC-side near-synchronous os-
cillations. Additional passivity-oriented analyses (not shown for brevity)
further indicate that this operating condition introduces non-passive
behaviour around 35 Hz on the AC side, which is consistent with the
observed instability.

Additional PMD-based stability assessment tests using the AC- and
DC-side equivalent models from equations (54) and (55), respectively,
are shown in Fig. 10(a) (blue and green thin curves, respectively). This
study illustrates that the AC-side model correctly predicts the instability,
while the DC-side model does not. This discrepancy arises because
reduced models inherently obscure key dynamic behaviours through
component grouping [23]. Although the reduced models in (54) and
(55) may still provide useful information for subsystem-oriented ana-
lyses, they are not sufficient for system-wide stability assessment in
strongly coupled hybrid AC/DC systems. In particular, the interaction
mechanisms between AC- and DC-side dynamics—which are fully rep-
resented only in the complete AC/DC model—may significantly influ-
ence the propagation and amplification of oscillatory modes.
Consequently, this case demonstrates that relying exclusively on
reduced AC- or DC-side models may lead to incomplete or even incorrect
stability predictions, especially when oscillations originate in one sub-
system and propagate through AC/DC coupling effects.

7.2. Test #2 — AC harmonic oscillation

This second test case explores the impact of increasing the control
delay of MMC; from 100 ps in the reference stable configuration to 330
ps. The delays are set according to the factor g4 = T4 X f5y, Whose
commonly accepted range is g € [0.25, 1] [47]. The stable case repre-
sents a reduced-delay scenario with g3 = 0.1. The unstable case con-
siders gq = 0.33, well within the typical range.

The application of the PMD stability criterion to the complete AC/DC
system in Fig. 11(a) identifies a harmonic oscillatory mode at 720 Hz
driving system instability, with the PF analysis indicating Bus 1 AC-side
as the main contributor. Based on this, the AC-side is identified as the OS
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Fig. 10. TEST #1: (a) PMD stability criterion application and PF analysis for the AC/DC (orange lines), AC-only (blue lines), and DC-only (green lines) grid’s models.
(b) AC/DC propagation indices for MMC;. (c) MATLAB/Simulink time-domain simulation results of the AC and DC power outputs, Pp.; and Py, respectively.
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Fig. 11. TEST #2: (a) PMD stability criterion application and PF analysis for
the AC/DC grid. (b) MATLAB/Simulink time-domain simulation results of the
AC and DC power outputs, Ppcc; and Py, respectively.

area, the DC-side as the NOS area, and 720 Hz as the s;,. Although the
AC/DC propagation study is not shown for brevity, it confirms that the
instability remains confined to the AC subsystem, as Obsgeq =~ 0 and
PFgreq ~ 0. These findings are validated by time-domain simulations in
Fig. 11(b), where harmonic oscillations at ~720 Hz are observed in the
AC power Ppc1, while Py remains unaffected. It should be noted that
the final instability in P4 are attributed to simulated system collapse
rather than the oscillatory mode itself.

Overall, this test confirms that the proposed 3x3 model reliably
captures high-frequency AC instabilities induced by control delays.
Further studies (not shown for brevity) using the equivalent AC- and DC-
side models also highlight—similarly to Test #1—the limitations of DC-
side-only monitoring, as such instabilities remain undetected without an
integrated AC/DC dynamic model.

7.3. Test #3 — DC near-synchronous oscillation

This third test case investigates instabilities originating in the DC
grid. The system is modified by increasing the AC grid resistance (Rgx5),
the DC-link capacitance of MMC, (C,2x10), and the DVC bandwidth of
MMC; to 150 rad/s.

The application of the PMD stability criterion in Fig. 12(a) identifies
an oscillatory mode at 17 Hz driving system instability. The PF results
confirm that both DC-side buses 1 and 2 are involved in the instability,
with the DC side of Bus 2—associated with MMCy—being the main
contributor. Based on this, the DC-side is identified as the OS area, the
AC-side as the NOS area, and 17 Hz as the s;,. The AC/DC interaction
indicators reveal PFgeq =~ 0 but Obsgreq # 0 for both MMC; and MMC; at
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17 Hz, indicating that the instability may propagate into both AC grids.
Time-domain simulations in Fig. 12(b) validate these results, showing
clear oscillations ~15 Hz in Pgc, that are also reflected in Py and
Ppcco—confirming AC/DC coupling.

Similarly to the previous AC-driven tests, additional studies using the
equivalent AC- and DC-side models highlight the limitations of AC-only
analysis. These results show that DC-driven instabilities would remain
undetected from the AC side without integrated AC/DC
modelling—further reinforcing the relevance of the proposed approach.

7.4. Test #4 — DC harmonic oscillation

This fourth test case investigates a high-frequency instability origi-
nating on the DC side. The DC resonance frequency is increased by
reducing the DC-link resistance (R4/10), inductance (Lg4./2.3), and
MMC; capacitance (Cy2/5.5). Additionally, MMCy internal control delay
is increased to 500 ps (qq = Tq X fsw = 0.5).

The application of the PMD stability criterion in Fig. 13(a) detects an
harmonic oscillatory mode at 542 Hz driving system instability. PF
analysis clearly indicates the DC side of Bus 2—associated with
MMCo—as the dominant source. Based on this, the DC-side is identified
as the OS area, the AC-side as the NOS area, and 542 Hz as the s;,. The
AC/DC propagation study results indicate that, despite PFgq ~ 0, the
Obsgreq # 0 for both converters at 542 Hz indicates potential propagation
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Fig. 12. TEST #3: (a) PMD stability criterion application and PF analysis for
the AC/DC grid. (b) MATLAB/Simulink time-domain simulation results of the
DC and AC power outputs, Pgo and Py and Py, respectively.
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Fig. 13. TEST #4: (a) PMD stability criterion application and PF analysis for
the AC/DC grid. (b) MATLAB/Simulink time-domain simulation results of the
DC and AC power outputs, Py and Pyec; and Ppco, respectively.
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Fig. 14. TEST #5: (a) PMD stability criterion application and PF analysis for
the AC/DC grid considering the complete AC/DC model (black curves) and the
decoupled AC/DC model (red curves). (b) MATLAB/Simulink time-domain
simulation results of the DC and AC power outputs, P41 and Pp..1, respectively.

toward AC domains. This is further supported by the time-domain
simulations in Fig. 13(b), which show oscillations at ~540 Hz in Pg,
along with AC ripples in Ppcc1 and Pp.co—confirming AC/DC oscillation
propagation effects.

As in previous subsections, additional studies using the equivalent
AC- and DC-side models show that only the DC-side equivalent correctly
predicts the instability. The AC-side model fails to do so—once again
exposing the limitations of AC-only assessments in capturing DC-driven
phenomena.

7.5. Test #5 — AC/DC subsynchronous oscillation

Unlike the previous four application examples, this additional test
has been specifically designed to demonstrate the importance of pre-
serving the complete AC/DC coupling structure of the proposed AC/DC
model. Starting from the AC-grid configuration employed in Test #1,
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MMC; is operated under DVC while MMC; operates under APC and QPC.
In addition, the DC-side capacitance connected in parallel with MMC; is
increased to C,;x10. These modifications intentionally increase the
dynamic interaction between the AC and DC subsystems, creating an
oscillatory mode simultaneously influenced by both electrical sub-
systems. To evaluate the influence of the AC/DC coupling terms on the
predicted stability, four analytical models are compared: the complete
three-port AC/DC admittance model, the same three-port model after
artificially suppressing the coupling terms by imposing Y;3 = Y2; =0,
and the AC-side and DC-side equivalent models.

The PMD stability criterion applied to the complete AC/DC model in
Fig. 14(a) (black curves) identifies a subsynchronous oscillatory mode at
approximately 15 Hz. The PF analysis shows that both the AC and DC
terminals of MMC; contribute significantly to this mode, confirming that
the oscillatory behaviour is jointly influenced by both electrical sub-
systems. The analytical prediction is validated by the EMT simulations
shown in Fig. 14(b), which exhibit oscillations at approximately 15 Hz in
both P41 and Ppc1. The stability study is then repeated after artificially
suppressing the AC/DC coupling terms by imposing Y;3 = Yo; =0.
Although the decoupled model still predicts an unstable operating
condition (red curves in Fig. 14(a)), it no longer reproduces the oscil-
latory mode correctly. In particular, the predicted oscillation frequency
shifts from approximately 15 Hz to 19 Hz, while the predicted damping
is also modified, as evidenced by the differences between the black and
red curves in Fig. 14(a). Furthermore, the PF analysis indicates that only
the DC terminals participate significantly in the oscillatory mode,
thereby failing to capture the simultaneous AC/DC interaction observed
with the complete formulation. These discrepancies demonstrate that
neglecting the AC/DC coupling terms may lead to inaccurate stability
predictions whenever strong dynamic interactions exist between the AC
and DC subsystems. For completeness, the same analysis is also carried
out using the AC-side and DC-side equivalent models. The resulting
predictions are summarised in Table 3 (not shown in Fig. 14(a) for
brevity). The AC-side equivalent model predicts a stable operating
condition and therefore fails to detect the instability, whereas the DC-
side equivalent model predicts an oscillatory mode at 19 Hz with
characteristics similar to those obtained using the decoupled formula-
tion. These results further demonstrate that the instability is primarily
associated with the DC-side dynamics, while its modal characteristics
are significantly affected by the interaction with the AC subsystem.
Overall, these results (see Fig. 14 and Table 3) show that the instability is
primarily driven by the DC-side dynamics, while its modal characteris-
tics are significantly affected by the interaction with the AC subsystem.
Consequently, simplified DC-only or decoupled formulations may indi-
cate the existence of instability, but provide inaccurate predictions of its
oscillation frequency and damping, whereas AC-only formulations may
fail to detect the instability altogether. Only the complete three-port AC/
DC formulation correctly predicts both the existence of the unstable
oscillatory mode associated with the dominant DC-side dynamics and its
dynamic characteristics as influenced by the AC/DC interaction.

8. Conclusions

This paper presented a comprehensive contribution to the frequency-
domain modelling, validation, and application of an AC/DC small-signal
admittance model for MMCs in hybrid transmission systems. A novel
AC/DC small-signal admittance-based model was developed, capable of
capturing the dynamic interactions between AC and DC sides while
incorporating internal dynamics, the circulating current controller, the
phase-locked loop, the inner current controller, and the outer control
loops. Unlike existing detailed AC/DC MMC models, which are primarily
oriented toward analysing the internal converter behaviour and har-
monic interactions, the proposed mathematical formulation is specif-
ically designed for small-signal system-level stability assessment of
hybrid AC/DC grids. The model was extensively validated through
MATLAB/Simulink time-domain simulations, confirming its accuracy in
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Table 3
Summary of the stability predictions obtained in Test #5.
Model Stability prediction Oscillation frequency Main modal characteristics Zem (Q) | PFp| (pu)
Bus 1 Bus 2
Complete AC/DC three-port Unstable ~15Hz Significant AC and DC participation —28.85 — j13.75 DC: 0.42 DC: 0.38

AC+:0.17 AC+: 0
AC—:0.03 AC—:0

Decoupled AC/DC (Y12 = Y21 = 0) Unstable ~19 Hz DC participation —30.52 - j25.79 DC: 0.53 DC: 0.47
AC+: 0 AC+: 0
AC—:0 AC—: 0
AC-only equivalent Stable - Instability not detected - - -
DC-only equivalent Unstable ~19 Hz DC participation —30.52 - j25.79 DC: 0.53 DC: 0.47
AC+: 0 AC+: 0
AC—:0 AC—: 0
EMT simulation Unstable ~ 15 Hz Oscillations in both Py, and Ppec;
reproducing the dynamic behaviour of the MMC under different oper- well as real-time hardware-in-the-loop validation to further assess the
ating conditions and control configurations. Furthermore, its applica- practical performance of the proposed model.
tion to converter-driven stability analysis demonstrated its capability to
identify both near-synchronous and harmonic oscillatory modes origi- CRediT authorship contribution statement
nating from either the AC or DC side. In each scenario, the proposed
model successfully anticipated the onset of instability using the positive- Oriol Cartiel: Writing — original draft, Validation, Software, Meth-
mode-damping stability criterion, identified the dominant buses based odology, Investigation, Formal analysis, Data curation, Conceptualiza-
on participation factors, and provided further insight into the instability tion. Mebtu Beza: Writing — original draft, Validation, Resources,
mechanisms through AC/DC interaction indices. The results consistently Methodology, Investigation, Formal analysis. Luis Sainz: Writing —
demonstrated that hybrid unstable oscillations—whether initiated on original draft, Supervision, Methodology, Funding acquisition,
the AC or DC side—can propagate across subsystems, depending on Conceptualization. Massimo Bongiorno: Supervision, Resources, Proj-
internal control dynamics and structural interactions within the con- ect administration, Funding acquisition. Juan José Mesas: Writing —
verter. An additional study further demonstrated that preserving the original draft, Supervision, Formal analysis.
complete AC/DC coupling structure is essential for accurate stability
prediction under strong AC/DC interactions, whereas decoupled and Declaration of competing interest
AC- or DC-side formulations may lead to incorrect predictions of the
oscillation frequency and damping. Overall, the proposed formulation The authors declare that they have no known competing financial
provides a physically consistent and analytically tractable framework interests or personal relationships that could have appeared to influence
for frequency-domain modelling and small-signal stability assessment of the work reported in this paper.
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Appendix A. Complex transfer functions

Complex transfer functions are used in previous sections to model grid-connected MMC systems with dgz-complex space vectors.
The normalised Ku (dgz-complex) transformation [5,21,29,30] of a three-phase set of voltages and currents xabe [x® xb XC]T, where X € {V, I}
(referring to both bold and italic forms of X), is given by x99z _ g(9)X2P¢, where
1 e’ ae? a*e

KO)=—7=|¢" o ae’ (a=e>/%) . (73)
V3 1 1 1

Its inverse transformation is X2%¢ = K(9)~*-X99% = K(¢)"-X99%, where the superscript H denotes the transpose and complex conjugate (Hermitian
conjugate). In addition, the set of voltages and currents in dgz-complex is X492 = [X% (x%9)* X*]", where the dg-complex space vector is defined as X%
= x%/1/2 = (x* + j.-X9)/+/2 and X is the zero-sequence term.

According to [29] and assuming a balanced three-phase system (i.e., the zero-sequence terms are neglected), a dg-real domain impedance matrix,

m} N {5358 5238 } m 74)

can be transformed into the dg-complex domain matrix as [4,5,21,28]
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v 11 ]Hzﬂ’d(s) z@%)]i{l 1” 1% }
v ] V21 2z [ V2 gL
vé { Zt(s) Z (s) H 14 } (75)
> i = R . ant |
(V) (Z(s))" (2(s)) | [ (1%)
vda Z.(s) 1d9

Transformation (75) is also true for any dg-complex domain matrix of dg-real domain space vectors, e.g., admittance matrices. Note that the fully
transformed dg-complex matrix is denoted as Z, (s) (i.e., with the subscript “+”), while the terms within the matrix are denoted by either Z(s) or Z (s)
(i.e., with the superscripts “+” or “—").

The full dgz-complex Ku transformation matrix in (73) is presented because it is necessary for certain steps of the modelling process. However, the
final model (53) disregards the zero-sequence component by assuming a balanced three-phase system and, therefore, applies dg-complex expressions.

Appendix B. Coordinate transformation of transfer functions
Some expressions in (26)-(29) and (37)-(40) must be transformed because their terms K‘}_r “(p), Kdi,z(p), Kﬁ'_r“l,zl ), Ki%zl ®), K‘;‘S(p), K‘i‘?g(p), Ki%zz(p),

L‘i‘}lz(p), Li“l,zl (p), and Li‘}ﬁ (p) contain products of the time-dependent matrices Vﬂ,}‘sﬁ’r and I$% (expressed as Bi‘ﬁ in (23)) with dqz-complex diagonal
transfer functions Tiqz(p) (i.e., LTP products) as

) T(p + jon) 0 0
T (p) = 0 T(p—jw) 0 |. (76)
0 0 T(p)

Three different LTP products involving these dgz-complex time-dependent matrices and dgz-complex diagonal transfer functions are addressed
below, with only the final results presented for each case. These results are based on the frequency translation p — p + jwi, caused when a transfer
function is multiplied on both sides by time-dependent components as follows (see the coordinate transformation in [21]),

y = e T(p + jkw, )™ u = T(p + j(k + m)w; Ju, 77)

where y and u are dg-complex space vectors, #; = w1, T(p) represents a generic transfer function, and k, m € Z are coefficients that may multiply the
corresponding terms.
Moreover, a balanced three-phase system is assumed for simplicity from this point forward, and the zero-sequence terms in the time-dependent
matrices Vdqu%,r and I§%% in (23) are neglected accordingly,
0 e#(BU) B@
1 )
Bdi% = | 3BH 0 (BdQ) . (78)

(B%) B 0
The three above-mentioned cases are the following:
e Case #1 — BiM_ldqudiqZ(p)BiM_quz
This type of dgz-complex product appears specifically within Ki “(p), Kilz(p), K‘i_“l,zl (), Kg%zl(p), K‘i_‘g(p), K‘i_“],zz(p), and K‘i_%zz(p) in (24)-(27). After

several algebraic manipulations, the transformed equations constitute an LTI system in the dg-complex domain. Consequently, the differential
operator p = d/dt can be replaced by the Laplace variable s, yielding the following transfer-function representation:

z z z 1 H . : .
B TR, ~ g (Tt ()" 4wt odiag (m20) Jaiag{it} ) 79
where
BY .
B = =12 BB
ey T
i (80)

Ti(s) = T()la  Tpi(s) = diag{

T(s +j20;)
T(s — j2w1) ’
The above transformation results in the transfer functions Ki‘ﬁ(s), Ki‘,‘l(s), Ki%l(s), Ki‘}n(s), Ki‘}z(s), Kg“‘,z(s), and Ki%z(s) in (29).

It should be noted that B,y 9% (i = 1, 2) can represent either V4% . or IS% (i.e., it is possible that B,y.19% = B,y.29% or Byp.199% # Boy.2999).
Thus, B9 represents either Vg&, or IS

o Case #2 — BIgETd9?(p)1d02

This type of dgz-complex product with 192 =[00 \/ 31" appears specifically within Ki G (p) and Ki%zz(p) in (24)-(27), and is expressed in the dg-
complex domain, with the derivative operator p replaced by the Laplace variable s (as the system becomes LTI), as follows:

Bl Ti®pyrdeE o T4 (5)BM. (81)

+M—i* £
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The above transformation results in the transfer functions Kdi?u(s) and Ki%z(s) in (29).
o Case #3 — (199%)T1d% ()¢

This type of dgz-complex product appears specifically within L ¥(p), L % (p), and Lﬂﬁ (p) in (38), and is expressed in the dg-complex domain, with
the derivative operator p replaced by the Laplace variable s (as the system becomes LTI), as follows:

H
(1) T E)BS ., ~  (B) TH(). (82)
The above transformation results in the transfer functions L q1(5), L 91(s), and L+%1(s) in (40).

Appendix C. Expressions derived from (29) and (40)

This subsection presents the expressions derived from (29) and (40). These terms provide all the necessary expressions to complete the novel MMC
AC/DC small-signal admittance-based model. The expressions are obtained from (27) and (38) by directly applying the coordinate-transformation
methodology developed in Appendix B, followed by straightforward symbolic substitutions and algebraic manipulations. Since these intermediate
manipulations do not introduce additional modelling concepts, they are omitted for conciseness.

Con51der1ng that I is the 2x2 identity matrix, Vsélr = [Vg r (Vdg 2*1T and Id('} = [1%9 199)*1", the terms Z3%(s), C9(s), K9%(s), K% (s), K9%4(5),
K‘_l‘}u(s), Kiqz(s), Kivz(s), and K‘_l‘&z(s) from (29), as well as L_ql(s), Livl(s), and Li‘ﬁl(s) from (40), are defined as follows:

28(s) = diag{ } clas) = % diag{ }
1

KI3(s) = gy (W) — WHH(s) — 2Wik(s) + Wi (o))
c0

Zi(s + jwn) S+ jwn

Zi(s — jor) s —jon

1 2 1
K%Y (s) =21, — dq 4
41 (8) 52 4V§c0WiE(S) + 4V§c0WiF(S)

d 1 d 1 4 d d
Kih(s) = __ngcowiqc(s) + Vgcowi?{(s)Hi%(s)K;}I (s)
21 2 1

qu - _ COI dq dq
() Vo 2 a2, T Wii(s) + 4V§COWiJ( )
1 1

K39, (s) = ——— W% (s) + — W39 (s )H (5)K%, (s
Sva(s) v, S (s) + v () H3 (5)KES () 3)

1 1 21, 2 1
K% (s) = w9 ()19 — Wi (s)1da f ZOyda _ HY (s)VM +_— F H (5)1%94
idl( ) 2V3¢0 j:E( ) s0 4V350 iF( ) sO Vgco sO.r 2Vdco ail( ) sOr 2V aicc( ) ail( ) sO
1
d d d d d d d d d
Wao 5o—Hol1 () Hgdo (5K, () Vg, — Wao F S5 (5)Hgdy (5)Hgs (5)Kdy ()L
1 1
d d d d d d d
K% (6) = 7 Wi (OHIS (K%, >+2Vg e WIS+ HI (K, ()3,
cO c0
d | AT d d d
L) =~ (VE8,) B0 + o (VL) B, (K, (ORI 9K (9
(o

1 H 2

d d d d d d d d

Li(\lrl (S) = 7Vd o (Is(()l) HaiZ (S) + Vieo (Vs(‘)lr) Haiz (S)Kail (S)Hi?) (S)Ki(\lrl (S)
c c

2 H
99, 5) = o (VAL ) I, (52, 5)HE (K, (5) + oy (VAR ) HE, ()14 + GHL(9)K 5)
dcO dco

where Wﬂ-dq terms (i = A to K) are derived using (79) as:
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wis ) = 3 (Rt o vis, (v8,) "+ mit o diag{ (VL) (Vi) )
W) = 3 (Rt o 188 (VI8 4 R (i, o diag{ (1) )i (ViR )} )
w1 B, (5)HE, (5)KE, 5 Vi, (Vi)

’ +H§L(S)H§L(S) pet ( dlag{( sOr) }dlag{ sOr}
w1 P29, (5)HI%, (5)HE%, (K, (5)1%0 (Vi) "+ *

P R o, (B, (9K, )dlag{(ls‘a‘) Vaicg{ so,}

1
Wi(s) = 3 (34 RS, 01VES (VL) + Bl it g (v, ) tag{ ViR, } )
1 Ft;i(ic(s)Hail<) aiz(s) < s()r> +
Wi‘;(s) =3
+Fbicc( )Hggl( )Hbiz dlag{( 50) }dlag{vsm
1 .
w9 — 3 (it 0V (VL) + it o diag{ (V) gV,
1 H
wi%<s>:§(HSiz<s>KSil<)vz‘sr(vz‘ér) +Hy, (6K}, (5) dzag{(v 5) }dlag{vsor})
1
wi?<s>:g(H211<s>H212<s>v:3,(1:‘3) + 19, (5 %, (5)diag | (Vs ) dzag{I;‘;'})
H
1 [ B, (), (o)1 (1) +
Wi‘}(s):g
R (), (5)H, (5)diag | (138) ) diag {1}
1 .
wis(s) = 3 (it (9vi8 (120) "+ 0 otiog{ (VER,) a1}
being

Z(s) =R +Ls, Z(s)=R.+F.(s)+Les

C(s) = oo, c;‘i<s>—19vdiag{

s+j2m,
N s—j2w1
1 Z:(s+j2wn) !
HY () =o—L , H(s) = | di
at1(5) Z.(s) 2 pe(S) = ( ag{ Zu(s — j20r)
. X F (s+]2w1)
Fl.(s)=F () , F,% (s)=dia e
) =Rl . B g{ {Fcc(s—ﬂwl)}}

1 I 1
d 0 ds d d d
K%)= (Fla 4 oy L) LG L K 6) = (G + 50 R IO

B () = (G5 4K () B () = (G2 + K9 (6))

Appendix D. Operating points and control configurations for analytical model validation

Energy Conversion and Management: X 32 (2026) 102247

(84)

(85)

This appendix presents a comprehensive summary of the steady-state operating points and associated control structures employed for validating
the proposed MMC analytical model. The three validation test scenarios correspond to those presented in Section 5: (i) the internal dynamics and CCC,
(ii) the inner CC, and (iii) full control including the PLL and outer control loops. All steady-state values are expressed in the synchronous dg-frame, and

the relevant control design parameters are listed in Table 4.
1) AC- and DC-side Internal Dynamics

In this test, the MMC operates in open-loop mode while transferring 15 kW of active power and 15 kVAr of reactive power to the AC grid. The

steady-state dg-frame operating point from MATLAB/Simulink is:
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0 Eo™ =400 +joV,

o Vil = 420.5 + j16.72V,

0 I =375-j375A,

0 Vgeo = 1000V,

0 Iico = 15 A (with Io* = Iio/3).

To evaluate the impact of internal dynamics and the CCC, two operating conditions are considered:

1. Without the CCC: All CCC terms are disabled (i.e., Ff,_- = ch,r =0).
2. With the CCC: The CCC is enabled (see Table 4 for parameters).

2) Inner CC loop
Maintaining the same power transfer, this test evaluates inner CC dynamics alongside CCC effects. The operating point remains unchanged. The
control transfer functions are (see Table 4 for parameters):

o Hif(s) = as / (a5 + 5),
0 Ge(s) = ky ¢ + ki /s, where k. = accL; and ki = acR;, being Ly = L¢ + L./2 and R; = Ry + R./2.

3) PLL and Outer Control loops
This scenario considers the complete control structure, including the PLL, DVC, APC, AVC, and QPC, under different operating modes as detailed in
Section 5. These are:

1. DVC-QPC or DVC mode: The controller objectives are to maintain DC voltage regulation and supply 15 kVAr to the grid. The operating point is:
0 Eo¥ = 400 + jOV,
0 Vil = 418.6 - j1.90V,
0 I%M =0-j375A,
0 Vgo = 1000V,
0 Iico = -0.08 A (with Lok = Igc0/3).
2. APC or QPC mode: The controller objectives are to supply 15 kW and 15 kVAr to the grid. The steady-state operating point remains identical to that
used in the internal dynamics test.
3. AVC mode: The controller objective is to regulate the AC voltage while supplying 15 kW to the grid. The operating point is:
0 Eo =400 + joV,
0 Vil = 401.9 +j18.5V,
0 Ix% =375 +j0A,
o Vg0 =1000V,
0 Iio = 15 A (with Ig¢ = Ize0/3).

The transfer functions for the PLL and outer controllers are (see Table 4 for parameters):

0 Fu(s) = kppu + kipu /s, where ky o = 2§pllapy/E0d and k;p; = apyz/Eod;

0 Fgc(s) = kp,dc + ki,dc/ s, where kp,dc = agycCumc and ki,dc = advcszMC (with Cymc = 6C/N);
0 Fp(s) = kpp + kip/s, where ky,, = apc/(amEod) and k;p = apE/Eod.

o Fy(s) = ky,y + kiv/s, where ky, , = agyc/acc and kiy = aqyc.

0 Fy(s) = ky q + kig/s, where ky g = aqc/(acchd) and kjg = an/Eod.

Table 4

MMC model parameter values for validation.
MMC Parameter Units Value
Smmc Power rating kVA 75
EN,ac Rated AC voltage kv 0.4
Vn,de Rated DC voltage kv 1
il Fundamental angular frequency Hz 50
fow Submodule switching frequency kHz 5
k Number of converter phase legs a, b, ¢ - 3
N Number of submodules per arm - 4
C Submodule capacitance mF 10
Lc Arm inductance mH
R, Parasitic arm resistance mQ 50
Ly Inductance of phase reactor mH 1
Ry Parasitic resistance of phase reactor mQ 25
Qece Circulating current controller bandwidth rad/s 1000n
Qe Closed-loop current controller bandwidth rad/s 1000xn
ag Grid voltage feedforward low-pass filter bandwidth rad/s 100n
apl PLL bandwidth rad/s 100x
Epll PLL damping factor - V272

(continued on next page)
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MMC Parameter Units Value
Adye DVC bandwidth rad/s 100
Ape APC bandwidth rad/s 100x
Aaye AVC bandwidth rad/s 100
Qge QPC bandwidth rad/s 1007
Tq Converter time delay us 20

P, Active power supply kw 15

Qo Reactive power supply kVAr 15

Note: The switching frequency fg, listed in Table 4 refers to the switching frequency of each MMC submodule. As each converter
arm contains N submodules operating with phase-shift carrier PWM [15], the equivalent arm switching frequency is N-f.

Data availability

Data will be made available on request.
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