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Abstract

Embedded Modular Multilevel Converter-Based Multi-Terminal Direct Current (MMC-
MTDC) systems have become an important solution for enhancing transmission capacity
and operational flexibility in urban hybrid AC/DC power grids. However, the coexistence
of Grid-Following (GFL) and Grid-Forming (GFM) MMC stations introduces complex
dynamic interactions through both AC and DC networks. Existing small-signal stability
studies often neglect MMC internal dynamics, such as submodule capacitor voltage fluctu-
ations and circulating current-related states, or simplify the AC network as an ideal voltage
source, which may lead to inaccurate stability assessment and limited control parameter
optimization performance. To address these issues, this paper proposes a coordinated small-
signal stability enhancement strategy for an embedded heterogeneous MMC-MTDC system
considering AC/DC bilateral coupling. First, a system-level full-order small-signal state-
space model is established by incorporating the internal dynamics of both GFL-MMC and
GFM-MMC stations, non-ideal AC networks, and DC transmission links. Then, eigenvalue
analysis and participation factor-based sensitivity evaluation are performed to identify
weakly damped oscillation modes and screen the key variables and control parameters
associated with dominant oscillations. Furthermore, a quadratic performance index is
constructed by weighting the sensitivities of key control parameters, and particle swarm
optimization is employed to obtain coordinated optimized parameters for heterogeneous
MMC stations. Comparative case studies and PSCAD/EMTDC time-domain simulations
verify the effectiveness of the proposed strategy under different scenarios. The quantitative
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1. Introduction

With the escalating severity of global energy shortages and environmental pollu-
tion crises, renewable energy sources—represented by wind and photovoltaic power—
have achieved rapid development worldwide due to their advantages in flexibility, cost-
effectiveness, and environmental friendliness [1,2]. Meanwhile, the increasing penetration
of inverter-based resources has also changed the short-circuit and dynamic characteristics
of modern power systems [3]. Modular Multilevel Converter-Based High-Voltage Direct
Current (MMC-HVDC) transmission technology has become a critical means to support
the efficient external transmission of large-scale renewable energy, owing to its superior
performance in power flow controllability, transmission capacity, low loss, and power
response speed [4-6]. Distinct from traditional long-distance point-to-point MMC-HVDC
transmission, embedded Modular Multilevel Converter-Based Multi-Terminal Direct Cur-
rent (MMC-MTDC) technology constructs a deeply integrated hybrid AC/DC power grid
architecture by deploying multiple converter stations within the same AC power system.
Related studies have investigated AC/DC interaction, transient control, and operational
performance improvement in distribution or transmission systems with embedded DC
links [7,8]. This architecture not only achieves a qualitative leap in regional transmission
capacity but also significantly enhances system operational economy and power flow
regulation flexibility, serving as a core direction for the upgrade and evolution of modern
urban power grids. However, facing the multi-scenario operating conditions and strong
time-varying characteristics of urban power grids, achieving accurate modeling and robust
control design for such embedded heterogeneous hybrid AC/DC systems has become an
urgent technical challenge.

Facing complex integration scenarios with varying short-circuit ratios (SCR), the focus
of system analysis has shifted toward small-signal oscillatory stability, which characterizes
the dynamic damping performance distinct from steady-state frequency or voltage stability.
In this context, converter control strategies are mainly categorized into Grid-Following
(GFL) and Grid-Forming (GFM) types. GFL relies on a phase-locked loop (PLL) to track
the grid voltage phase, whereas GFM possesses the capability to autonomously construct
the voltage phase angle [9,10]. Currently, academia has conducted extensive research
on the small-signal modeling of MMC under different control strategies. Reference [11]
established a detailed GFL-MMC model incorporating internal nonlinear characteristics,
such as submodule capacitor voltage fluctuation dynamics and second-harmonic circu-
lating currents, effectively reducing errors introduced by model simplification in system
eigenvalue calculation and stability analysis. Reference [12] further revealed that inter-
nal variables such as circulating arm currents and submodule capacitor voltage ripples
may lead to poorly damped resonant modes and harmonic instability in MMC-HVDC
converters. Reference [13] targeted a simplified GFM-MMC model that ignores submodule
capacitor dynamic characteristics, deeply analyzing the intrinsic mechanism of stability
misjudgment caused by simplification and clearly defining the applicable boundaries of this
model in stability analysis. Reference [14] proposed a dual grid-forming control strategy
with MMC capacitor-energy regulation capability for integrating offshore wind farms into
weak onshore grids. Reference [15] investigated the effects of different MMC energy-control
structures and energy-buffering capabilities on the dynamics and AC/DC interactions
of a hybrid GFM-GFL system using two eigenproperties-based indices. However, the
aforementioned studies are mainly focused on single-terminal or specific MMC-HVDC
configurations and still lack characterization of the dynamic coupling effects generated
between converters via the DC-side network. Regarding multi-terminal systems, Refer-
ence [16] constructed a full-order small-signal model for a multi-terminal hybrid HVDC
system and proposed a control parameter optimization method based on stability anal-
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ysis. Reference [17] established a small-signal model for multi-terminal VSC-based DC
transmission systems and discussed the influence of VSC control parameters on system
stability. Reference [18] proposed an impedance-based stability analysis method for a
multi-terminal cascaded hybrid HVDC system and investigated its oscillation propagation
characteristics. Nevertheless, these studies either focus on specific HVDC configurations
or emphasize impedance/network-side stability assessment, while the dynamic interac-
tion between the AC network impedance and the converter port characteristics, i.e., the
bilateral AC/DC coupling dynamics, still needs to be further considered in embedded
heterogeneous MMC-MTDC systems with coexisting GFL and GFM converters.

In terms of DC protection and stability-oriented control, existing studies have investi-
gated fault protection, GFL/GFM interactions, and stability enhancement from different
perspectives. Reference [19] comprehensively reviewed DC fault detection, location, and
isolation methods for CSC- and VSC-based HVDC transmission systems. Reference [20] ana-
lyzed the small-signal stability characteristics of GFL and GFM converters using state-space
models and investigated the effects of their control dynamics on system stability. Refer-
ence [21] proposed an adaptive hybrid GFM/GFL control strategy to enhance small-signal
stability under varying short-circuit ratios. Reference [22] investigated dual-port GFM
control and AC/DC dynamic interactions of MMC-based interconnecting converters and
further provided hardware validation. Reference [23] proposed a damping-enhancement
control strategy for heterogeneous GFL-PV and GFM-ESS systems under low short-circuit
ratio conditions. Although these studies have contributed to DC protection, GFL/GFM
coordinated control, and stability enhancement, coordinated parameter optimization for
heterogeneous GFL/GFM MMC-MTDC systems has not yet been sufficiently investigated.
In particular, the coupled effects of MMC internal dynamics, AC/DC bilateral interactions,
and multiple control parameters have not been systematically incorporated into a unified
optimization framework.

Therefore, existing studies still lack a unified small-signal analysis framework for
embedded heterogeneous MMC-MTDC systems that simultaneously considers detailed
MMC internal dynamics, non-ideal AC networks, DC-link coupling, and GFL/GFM con-
verter interaction. To fill this gap, this paper proposes a coordinated small-signal stability
enhancement strategy for an embedded heterogeneous MMC-MTDC system considering
AC/DC bilateral coupling. The main contributions of this paper are summarized as follows:

(1) A system-level small-signal model is established for an embedded heterogeneous
MMC-MTDC system with coordinated GFL-MMC and GFM-MMC stations. The pro-
posed model explicitly incorporates MMC internal dynamics, including submodule
capacitor voltage fluctuations and circulating current-related states, as well as the dy-
namic interactions with non-ideal AC networks and DC transmission links. Compared
with conventional models that either neglect AC/DC bilateral coupling or simplify
the AC grid as an ideal voltage source, the developed model provides a more accurate
representation of the coupled dynamics in embedded hybrid AC/DC systems.

(2) The oscillation characteristics and parameter coupling effects of the embedded het-
erogeneous MMC-MTDC system are analyzed under AC/DC bilateral coupling
conditions. Through eigenvalue analysis and participation factor-based sensitivity
evaluation, the weakly damped modes are identified, and the key variables and
control parameters associated with dominant oscillations are screened. Root locus
analysis further illustrates how representative parameters affect eigenvalue migra-
tion and damping performance, providing guidance for the subsequent coordinated
optimization of GFL-MMC and GFM-MMC control parameters.
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(3) A coordinated parameter optimization method based on a quadratic performance
index and particle swarm optimization is proposed. The quadratic index is con-
structed by weighting the sensitivities of key control parameters, so as to reflect the
influence of multi-parameter coupling on system damping performance. The PSO
algorithm is then employed to obtain coordinated optimized control parameters for
both GFL-MMC and GFM-MMC stations. Comparative studies demonstrate that
the proposed strategy improves the damping of dominant modes, suppresses power
oscillations, and enhances system robustness under grid-strength variations and

fault disturbances.

To more intuitively highlight the above contributions and clarify the research posi-
tioning of this paper, Table 1 provides a detailed comparison between this study and the
existing representative literature.

Table 1. Comparison of the proposed strategy with the existing literature.

MMC AC Optimization
References System Topology  Converter Model = Control Strategy Internal Dynamics Network Methodology
Ref. [11] Single-terminal MMC (Detailed) GFL Considered Ideal /
. . MMC
Ref. [13] Single-terminal (Simplified) GFM Neglected Ideal Parameter Sweep
Ref. [16] Multi-terminal MMC (Detailed) GFL Considered Ideal PSO
Refs. [20-23] Hybrid AC/DC VSC/IBR GFL + GFM / Non-ideal Parameter Sweep
Proposed Hybrid AC/DC MMC (Detailed) GFL + GFM Considered Non-ideal PSO (Quadratic Index)

The remainder of this paper is organized as follows: Section 2 details the system
configuration and small-signal modeling of the hybrid AC/DC power grid. Section 3
investigates system stability using eigenvalue analysis and elaborates on the proposed
stability enhancement strategy based on the PSO algorithm. Section 4 presents case studies
and validates the effectiveness of the proposed strategy through time-domain simulations.
Finally, Section 5 concludes the paper.

2. Small-Signal Modeling of Hybrid AC/DC Power Grids

This study analyzes a hybrid AC/DC power grid system with GFL-MMC and GFM-
MMC, with its structure illustrated in Figure 1: AC1 and AC2 represent external 500 kV
equivalent AC sources; X; and X; denote the equivalent reactances of external systems;
Xjp indicates the line reactance between AC substations (marked in red); Regionl and
Region2 are two independent AC power supply areas, each connected to the external
AC system via 220 kV /500 kV main transformers and containing distributed generation
resources of varying types and capacities; depending on the capacity of local generation,
MMC1 and MMC2 adopt GFL control and GFM control strategies, respectively; Xpc repre-
sents the DC line reactance between the converters.

Both MMC stations adopt a pseudo bipolar configuration, with converter valves
using hybrid full-bridge and half-bridge structures. The system fully considers the inter-
nal dynamic characteristics of converter stations, including submodule capacitor voltage
fluctuations, internal circulating currents and their suppression, and circulating current
suppression controller parameters.
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Figure 1. Structure of the hybrid AC/DC power grids.
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2.1. Modeling of MMC Valve Control Layer

The topology of a three-phase MMC is shown in Figure 2. The MMC converter station
consists of three phases and six arms. Each phase unit contains upper and lower arms. The
specific structure of each arm includes one arm inductor Ly;;, one arm resistor R, and
N submodules connected in series. The submodule topology is the half-bridge type, and
each half-bridge submodule (HBSM) consists of two IGBTs, two anti-parallel diodes, and
one capacitor. In Figure 2, i5; (j = a, b, ¢) represents the AC current, I, represents the MMC
DC-side current, Uy, represents the MMC DC-side voltage, VT and VT, are IGBTs, VD,
and VD, are anti-parallel diodes connected to the IGBTs.

o]
Ly +
HBSM,| HBSM,| HBSM,|
HBSM,| HBSM,| HBSM,
b
! i {
HBSMJ HBSM,|
HBSMy HBSMy
Use
Rarm Larm
HBSM|| HBSM||
HBSM,| HBSM,|
I
i v
HBSMy| HBSM\| ¥
HBSM,| HBSMy|
o]

Figure 2. Topology of MMC valve control layer.

During MMC operation, the submodule capacitor voltage fluctuates due to switching
actions and dynamic power variations. These capacitor voltage fluctuations are coupled
with the AC-side current, DC-side current, and internal circulating current dynamics, and
therefore should be included in the MMC internal dynamic model. According to existing
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MMC internal dynamic modeling methods [11,12], the submodule capacitor voltage can
be expressed as the superposition of a DC component and dominant AC harmonic com-
ponents. In this paper, the DC component, the fundamental-frequency component, the
second-harmonic component, and the third-harmonic component are explicitly retained,
while higher-order components are not included because they mainly appear as high-
frequency ripples with relatively small amplitudes. The capacitor voltage dynamics can be

decomposed as:
du, - du. duc_acl d”cfacZ d”cﬁac?v
dt  dt TR dt @

Expressing the right-hand side of the DC component’s dynamic equation in dg-axis

components yields:

d 6c eV acu, Tacu, T 2cu, T acu,

du; 1 Ueqlsq n Uelsy  Ucirgleirg . Ugirgliira )

where U and Uy, are the d-axis and g-axis components of the equivalent arm voltage in
the dq reference frame, respectively; I;; and I, are the d-axis and g-axis components of the
AC-side current, respectively; and I;,4 and I;,; are the d-axis and g-axis components of the
circulating current, respectively.

By substituting the arm current and average switching function into the arm capacitor
voltage dynamic equation and separating the retained harmonic components, the dynamic
equations of the fundamental-frequency, second-harmonic, and third-harmonic capacitor
voltage components can be obtained as follows:

ducl d IgcUeq _ ucq Icirq Ucq Leirg udrq Isq _ Ueird Isa

= —wu _ LI _ _ _
dt clq ™ 4C"sd T 3CU4 2CUy. 2CUy, 4CUy, 4CUy,

Cl“clq = wu _ LI _ Idcucq _ ucdlcirq chlcird _ ucirqud ucirdlsq

dr — @WHcld T 3c'sq T 3CUg, 2cuclcu . 2CU,, ~ 4CUg ICUyg,
ducd _ 17, IacUcird cqlsq | Ueglsd

df - = —2wWueq + o lad T Se0 T oac, T, 3)
dchq

. 1 ) Igc cirq cd isq qu sd
I = 2wieod + 5 leirg + el I o) A Teli

% = 3wu _ ICirund _ ICirdqu _ ucirdlsq _ ucirq sd
B - c3y 2CI Uy 2CU4. 4CuUdC . 4CUG,
Ugy crqleq  IjrgUed cirglsq  UgirgLsd
a = “Swuex t gomy. T Al T oacUy,  aCUn

where the subscripts 1d and 1q denote the d-axis and g-axis components of the fundamental-
frequency capacitor voltage component, respectively; the subscripts 2d and 2q denote
the d-axis and g-axis components of the second-harmonic capacitor voltage component,
respectively; and ucy and ucy are the two state variables used to describe the third-
harmonic capacitor voltage component. The same subscript convention is used for the
related voltage and current variables in the following derivations.

The supplementary derivation of the corresponding AC current, DC current, and
circulating current dynamics is provided in Appendix A. Based on the retained internal
dynamics, each MMC valve model contains 12 internal dynamic states, including seven
capacitor voltage states and five current states.

2.2. Modeling of GFL Controller

This paper considers GFL control with fixed U;./Q control. The GFL controller consists
of an outer loop for fixed U;,/Q control and an inner loop for current control, adopting a
typical double closed-loop design. The outer-loop error signals are utilized to calculate
the reference values for the inner-loop current. The modulated signals are obtained by
tracking the inner-loop current error. Figure 3 illustrates the schematic diagram of the GFL
controller structure [11].
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Figure 3. GFL controller structure.

As shown in Figure 3, Ujerr and Q14rer represent the DC voltage and reactive power
reference values, respectively. 714, and iy, are the d-axis and g-axis components of
the current loop reference values, while Vs and Vg denote the d-axis and g-axis
components of the modulated voltage signals. U, is the DC-side voltage, and Qj, is the
calculated reactive power value. i1y, and i1y, are the d-axis and g-axis components of the
converter terminal current, and w14, and 11 are the d-axis and g-axis components of the
voltage at the PCC (Point of Common Coupling). w,y is the output angular frequency of
the phase-locked loop (PLL), 8, is the output phase angle of the PLL, and w is the rated
angular frequency. L represents the equivalent inductance at the converter terminal, and
LVRT stands for the low voltage ride-through module. The LVRT strategy of the GFL-MMC
is described in Appendix B.1, where the voltage threshold and current reference limitation
are specified. The outer-loop and inner-loop control equations are expressed as follows [11]:

ildref = kpll(udcref - udc) + kinnx
i1gref = kp12(Qure — Qim) + kinox2
X = udcref — Uge
Xy = eref — Qim

(4)

Vlcdref = Ulsdp — wulvqp - kp13(i1dref - ilvdp) — ki13x3
Vicgref = Wisqp + WLilvdp - kpl4(i1qref - ilvqp) — ki14x4 )
X3 = Udref — Nudp
Xq = ilqref - ilvqp
where x1, x5, x3, and x4 represent the integrals of the error signals in the PI controllers.
The phase angle reference is provided by the PLL:

Wy = W — kppittisgp + Kipnxs
0,1 = wt+x
pll + X6 ©)

X5 = —Uisqp
Xe = —kpputtisqp + kipiixs

where x5 and x4 represent the integrals of the error signals.
Figure 4 shows the control block diagram of the circulating current suppression
controller, and its internal equations are as follows:

Vicira = 72“]Lilcirq - kplcird(ilcirdref - ilcird) — kircirax7

Vicirg +2wLicirg — kplcirq(ilcirqref - ilcirq) - kilcirqx8 )
X7 = Ucirdref — Ncird
Xg = ilcirqref - ilcirq

where x7 and xg represent the integrals of the error signals.
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Figure 4. Circulating current suppression controller structure.

2.3. Modeling of GFM Controller

This paper considers GFM control with Virtual Synchronous Generator (VSG) con-
trol [9,10]. Unlike GFL control, the phase angle reference is provided by the active power
loop, while the reactive power loop regulates the converter terminal voltage through Q-V
droop control. The output of the reactive power loop serves as the input to the voltage
control loop, which subsequently generates the current reference. The current control loop
then tracks the current error to obtain the modulation signals. A schematic diagram of the
GEM controller structure is presented in Figure 5.

Current
Limiting b , A LY VZL‘d;-g,.
Control AN, -
| PI
Pl (X s
i + Vacgrer
U, Udsqp t2vip Unsqp

Figure 5. GFM controller structure.

As shown in Figure 5, ] and D, represent the moment of inertia and virtual damping
coefficient of the active power loop, respectively, while wyse and 045 denote the output
angular frequency and phase angle of the active power loop, respectively. Un denotes the
rated line voltage at the PCC. K and Dj; are the integral coefficient and droop coefficient of
the reactive power loop, respectively. The current-limiting control block is used to constrain
the GFM-MMC current reference during voltage disturbances. Its basic vector-saturation
implementation and activation threshold are provided in Appendix B.2. The definitions
of the remaining parameters can be referred to the descriptions provided in the previous
section regarding the GFL controller and will not be repeated here. The equation for the
inner control loop is provided below:

: _ PZref_p2m+Dp(W—wvsg)

Wysg = . T (8)
Gvsg = Wosg
Usdref = Kxqg
Usgref = 0 (9)

X9 = Dq(usdref - un) + QZref = Qm

Z'2dref = kle (usdpref - qudp) + kin1x10

iquef = k'pZZ(usqpref - quqp) + kizax11 (10)
X10 = Usdpref — Uzsdp
X11 = Usgpref — U2sqp
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where x9, x19 and x17 represent the integrals of the error signals. The control structures of
both the GFM current loop and the circulating current suppression are consistent with that
of the GFL controller.

2.4. Small-Signal Modeling Construction

By linearizing Equations (1)—(10), the small-signal model of the hybrid AC/DC power
grid system with GFL-MMC and GFM-MMC can be obtained. Its general form is as follows:
T
AX = [AXgrL AXgrm AXpe AXacl
AX = AAX + BAU (11)
AY = CAX + DAU

where AXgprL and AXgpm represent the state variables of the GFL-MMC and GFM-MMC,
respectively, while AXpc and AXac denote the state variables of the DC and AC transmis-
sion lines. In this model, the DC transmission line is represented by a lumped pi-equivalent
line. The AC network is not simplified as an ideal voltage source, but is represented by
external equivalent sources behind finite grid impedances together with the inter-area AC
line. Therefore, AXpc includes the dynamic variables of the DC link, and AXac includes the
AC-side network dynamic variables introduced by the non-ideal grid and inter-area cou-
Pling- The ianIt matrix AU = [AUdcref/ Aeref/ APppef, AQ2ref/ Alygirdref,s Ai1cirqrefr Alpcirdrefs
Aizcirqref]T. The output matrix AY = [AP1y, AQ1m, APom, AQy,]T. Matrices A, B, C, and D
represent the system matrix, control matrix, output matrix, and direct transmission matrix,
respectively. The small-disturbance linearization procedure, including the steady-state
operating point and the first-order Taylor expansion used to obtain the state-space matrices,
is provided in Appendix C.

3. Sensitivity Discrimination and Optimization Design of
Control Parameters

3.1. Sensitivity Discrimination and Screening of Main Control Parameters

As indicated in the previous section, the hybrid AC/DC power grids system with
GFL-MMC and GFM-MMC comprises 32 control parameters and 58 state variables, which
directly leads to complexity in its static stability analysis and control parameter design.
Therefore, sensitivity analysis of the control parameters is necessary.

At the steady-state operating point of the hybrid AC/DC power grid system, substitute
specific system parameter and control parameter values. Calculate the state matrix A of the
small-disturbance model and solve its eigenvalues and corresponding right eigenvectors:

IAE—A| =0
{(/\E —AX=0 (12)

where: E is the identity matrix; A = a + jb are eigenvalues of the state matrix (2 and b are
real and imaginary parts, respectively); ¢ is the right eigenvector of the state matrix.

Using Lyapunov’s first method, determine if the real parts of all eigenvalues are
negative [5]. If all real parts are negative, the system is stable; otherwise unstable. Identify
conjugate eigenvalue pairs based on identical real parts and opposite imaginary parts.
Each conjugate pair corresponds to an oscillation mode. The oscillation frequency f and
damping ratio ¢ for each mode are calculated as:

f=0b/(2n)
{ {=—a/Va2+b2 13)
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In engineering practice, the damping ratio ¢ of a mode is generally required to be
greater than or equal to 0.005.

By solving the left eigenvector i and right eigenvector ¢ of the small-disturbance dynamic
model, their product yields the participation factor sensitivity P for each oscillation mode:

P =’ (14)

3.2. Construction of Quadratic Index

To quantitatively evaluate the stability of the hybrid AC/DC power grid system, this
paper adopts the quadratic index as the quantitative evaluation criterion. System stability
is determined by observing this objective function value.

Considering the hybrid AC/DC power grids system as linear, the quadratic index
describing small-signal stability is defined as:

Jo= [ 185(0) - AxolQIsx(E) — Axol (15)

where Ax(t) denotes the small disturbance of the state variables, and Axg is the initial
disturbance at the steady-state operating point. Q = diag(q1, 92, - . ., qu) is the state-weighting
matrix, whose diagonal coefficients are determined according to the normalized aggregated
participation factors of the selected weakly damped dominant modes. State variables
with larger overall contributions to the dominant oscillation modes are assigned higher
weights, whereas those with weaker modal participation are assigned relatively smaller
weights. |y is a quantitative indicator of the small-signal dynamic performance. The
detailed participation factor aggregation, normalization, weight-mapping procedure, and
construction of Q are provided in Appendix D.
The output equation of the small-signal model is:

Ay = CAx (16)

Since not all state variables are measurable in engineering practice, an output feedback
linear quadratic suboptimal index is more practical. This case constructs control variables
from low-dimensional outputs to form a reduced-order output feedback system:

Au = —KyAy = —K,CAx (17)

where K, is the output feedback coefficient matrix.

Jx = %AxT(O)HAx(O) (18)
where matrix H satisfies:
(A— BKC)TH + H(A—-BKC)=-Q (19)

Equation (19) is the quadratic index expression for the hybrid AC/DC power grids
system. [y is solved by first obtaining H from (19). Control parameters affect the state-space
matrices A, B, and C and consequently influence H and J,. Through the participation factor-
based weighting matrix Q, the quadratic performance index places greater emphasis on the
dynamic states that are more strongly associated with the weakly damped dominant modes.
For a stable system, a smaller finite value of ], indicates improved damping performance
and reduced small-signal state deviations.
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3.3. Particle Swarm Optimization Algorithm

Due to its characteristics of ease of implementation, high precision, and rapid conver-
gence, the particle swarm optimization algorithm is suitable for optimizing the selection of
numerous control parameters in the hybrid AC/DC power grid system. Its expression is

as follows:
vl = wolytan (pi'(d,pbest - xi'(d)
+ car2 (p];l,pbest o x;{d (20)
X = g+

where vi‘jl and vi-‘d represent the particle’s velocity at iterations k + 1 and k, respectively; w

denotes the inertia weight, reflecting the particle’s reliance on its previous motion state; c;

and ¢; are learning factors; 1 and rp are random numbers within [0, 1] enhancing stochastic
k
id,pbest

particle i at iteration k; and ps phest TepTEsents the historical optimal position in the d-th

exploration; p indicates the historical optimal position in the d-th dimension for
dimension for the swarm at iteration k.

In the PSO-based optimization process, each particle represents a candidate control
parameter vector 6. The feasible region of the candidate parameters is mainly determined by
the small-signal stability of the closed-loop system. For each candidate 6, the corresponding
closed-loop state matrix A(6) is reconstructed, and its eigenvalues are recalculated. The
basic stability condition is expressed as:

max;Re[A;(A())] <0 (21)

where A;(A(0)) denotes the eigenvalues of the closed-loop state matrix under the current
candidate parameter vector. If the stability condition is not satisfied, the particle is penalized
in the fitness evaluation. Otherwise, the particle is evaluated by the quadratic performance
index. The search range of each control parameter is selected around its initial value by
considering practical controller-tuning limits and the feasible small-signal stability region.
No additional normalization is applied to the control parameters during the optimization;
each parameter is optimized using its original value within the corresponding lower and
upper bounds. The electrical variables in the system model are expressed in per-unit values
based on the rated quantities.

3.4. Control Strategqy Based on Quadratic Performance Index and PSO Algorithm

To address the technical challenges posed by multiple controllers and extensive control
parameters in hybrid AC/DC power grid systems, this paper proposes a control parameter
analysis method based on classical control theory and an optimization approach utilizing a
quadratic index combined with PSO. Leveraging the principles of small-signal stability, the
method establishes a mathematical framework for control parameter adjustment, with the
detailed process flow illustrated in Figure 6.

The specific control logic diagram is presented in Figure 7. As shown in Figure 7,
the system topology consists of an AC/DC hybrid power grid connecting Region 1 and
Region 2. On the AC side, the two areas are linked by a high-voltage transmission line with
impedance Xj. Simultaneously, a parallel DC system connects these two areas via MMC
and a DC line with impedance Xpc. Each area also contains local generation and loads
connected to the 220 kV bus through transformers. Regarding the control architecture, the
left-side converter (MMC1) operates as a rectifier using GFL control. Its internal structure
includes a PLL, a power control loop, and a current control loop to generate modulation
signals. The right-side converter (MMC2) operates as an inverter using GFM control, which
consists of a power control loop and cascaded voltage-current control loops. MMC1 and
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MMC2 are connected to the local power sources through line reactances Xy and X, as
well as equivalent reactances Xgq1 and Xgq, respectively. The core of this strategy lies in
the PSO algorithm module. This algorithm is responsible for dynamically optimizing the
control parameters and sends the optimized GFL parameters (indicated by the red arrow)
to MMC1 and the optimized GFM parameters (indicated by the green arrow) to MMC2,
thereby ensuring overall system stability and operational performance.
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Figure 6. Process flow for control parameters analysis and optimization methodology in the hybrid
AC/DC power grids system.
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Figure 7. Control logic diagram based on the proposed control strategy.
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4. Case Study Analysis
4.1. Small-Signal Model Validation

To further evaluate the accuracy and applicability of the developed small-signal model,
comparative validation with the PSCAD/EMTDC electromagnetic transient model was
conducted under multiple operating conditions.

The detailed operating conditions and comparison results are presented in Appendix F.
The results demonstrate that the small-signal model closely reproduces the dominant
transient characteristics of the electromagnetic transient model, including the response
trends, oscillation frequencies, damping behavior, and steady-state values. Minor high-
frequency fluctuations in the electromagnetic transient results are attributed primarily to
the switching dynamics of the MMC, which are not included in the averaged small-signal
model. Therefore, the established model provides sufficient accuracy for the subsequent
eigenvalue analysis, sensitivity assessment, and control parameter optimization.

4.2. Eigenvalue Calculation and Sensitivity Presentation

Based on Equations (11)—(13), the eigenvalues of the system state-space, oscillation
frequencies, and damping ratios can be calculated, as shown in Table 2. Due to space
constraints, only the modes with low damping ratios are presented.

Table 2. The dominant mode of the hybrid AC/DC power grid system.

Mode Eigenvalue Oscillation Frequency (Hz) Damping Ratio
7 —23.3 +1018.31 162.0 0.003
8 —13.3+932.81i 148.4 0.014
9 —12.7+933.11 148.5 0.013
10 —11.6 + 93291 148.4 0.012
11 —44.1 + 58691 93.4 0.075
12 —58.5+586.11 93.2 0.099
13 —49.5 +587.8 i 93.5 0.084
17 —29.8+380.11 60.5 0.078
19 —39.3 +374.21 59.5 0.104
21 —-51+19141i 30.4 0.026
22 —59+18891i 30.0 0.031
23 —42+18591 29.5 0.022

Modes 7, 8,9, 10,11, 12, 13,17, 19, 21, 22, and 23 are weakly damped modes. As they
are highly correlated with the small-signal stability of the system, they are typically defined
as dominant modes. Notably, Mode 7 has the lowest damping ratio of only 0.003, indicating
extremely poor oscillation-decay capability and an unacceptable damping margin for
practical control design. Although the corresponding eigenvalue remains in the left half-
plane, such a low damping ratio suggests that the original control parameters cannot
provide adequate dynamic damping, thereby further justifying the need for coordinated
PSO-based parameter optimization. Based on Equation (14), the sensitivity of the control
parameters for each dominant mode can be calculated, as shown in Figure 8.

The number below each subplot in Figure 9 indicates the dominant mode number,
while the numerical labels within the subplots represent the key participation factor indices.
The most frequently observed participation factors in the weakly damped modes (34, 35,
38, 39, 53, 62, 63, 66, 72) are defined in Table A3. Based on the sensitivity results, only the
12 control parameters with relatively strong influence on the weakly damped modes are
selected for optimization. The remaining parameters are fixed at their initial values under
the operating conditions considered in this study.
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Figure 8. Participation factor sensitivity of the dominant modes.
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Figure 9. Active power step performance under different control parameters.
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4.3. Optimization Based on Quadratic Index and Particle Swarm Algorithm

Following the sensitivity-based screening, the 12 selected parameters are used as the
PSO decision variables, while the other control parameters remain fixed. To validate the
efficacy of the quadratic index and particle swarm optimization strategy, comparative
studies examined small-signal stability under three control schemes:

(1) Traditional parameter tuning methods (unoptimized).

(2) Strategy 1: Parameters optimized via Literature [16], employing a weighted sum of
damping ratios and real-part eigenvalues as the objective function.

(38) Strategy 2: Parameters optimized via the proposed strategy.

Table 3 presents the parameter configuration for the particle swarm optimization
algorithm, including the learning factors c; and cy, inertia weight w, swarm dimension D
(number of control parameters), swarm size N, and maximum iterations M.

Table 3. Parameters configuration for particle swarm optimization algorithm.

Parameters Value Parameters Value
1 0.7481 D 12
Cp 0.3842 N 100
w 0.7298 M 200

The selection basis of the PSO parameters and a detailed comparison of the convergence
characteristics are provided in Appendix G. Table 4 presents the specific control parameters
before optimization, after optimization using Strategy 1, and after optimization using Strategy 2.

Table 4. Control parameters variation under different strategies.

Parameters Unoptimized Strategy 1 Strategy 2
(kp11, ki11) (1.09,10.11) (6.74, 25.36) (5.44, 32.36)
(kp13, ki13) (1.09,10.11) (2.26,33.74) (5.99, 60.36)
(kp14, ki14) (10.01, 60.33) (16.38, 44.75) (40.02, 64.54)
(kp21, ki21) (0.48, 67.03) (2.53, 45.98) (9.36, 44.88)
(kp22, kin2) (0.48, 67.03) (12.96, 84.55) (13.22,90.36)
(kp24, kin4) (12.22, 95.88) (15.32, 89.54) (14.98, 87.77)

To intuitively verify the impact of control parameters on the system’s small-signal
stability, the root loci of dominant eigenvalues were analyzed by varying key control
parameters, as shown in Appendix H.

4.4. Simulation Verification

To verify the dynamic performance and robustness of the proposed strategy, compre-
hensive time-domain simulations under active power step, grid impedance variation, and
fault scenarios were conducted using the PSCAD/EMTDC 4.6.2 platform.

4.4.1. Verification of Active Power Step Performance

For the hybrid AC/DC power grid system with different control parameters, a step
increase of 0.2 p.u. was applied to the receiving-end AC system power reference att=1.0s,
with simulation waveform variations observed for each control parameter configuration.

As illustrated in Figure 9, the time-domain simulation results reveal distinct differences
among the three control parameter configurations. The unoptimized system exhibits a
severe underdamped response, characterized by a significant overshoot in active power
and RMS current, prolonged low-frequency oscillations, and a substantial voltage sag on
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the DC side (Figure 9e) caused by strong AC/DC coupling. While Strategy 1 provides a
moderate reduction in overshoot and oscillation amplitude, it fails to achieve a smooth
transient transition, indicating limited damping capability. In stark contrast, the proposed
Strategy 2 demonstrates superior control performance; it tracks the power reference rapidly
with negligible overshoot and a critically damped response, effectively suppressing the
potential power oscillations observed in the other cases. Furthermore, the proposed strategy
significantly mitigates the fluctuations in both AC terminal voltage (Figure 9c) and DC
voltage (Figure 9e), confirming that the PSO-optimized parameters successfully decouple
the dynamic interactions and enhance the overall small-signal stability of the hybrid system.

4.4.2. Verification of Grid Adaptability

For the hybrid AC/DC power grid system with different control parameters, grid
adaptability validation is conducted under grid-strength variation scenarios. Att=1s, grid
impedance decreases from 0.4 p.u. (short-circuit ratio SCR = 5) to 0.2 p.u. (SCR = 2.5). At
t =25, grid impedance recovers to 0.4 p.u., with simulation waveform variations observed
for each control parameter configuration.

As illustrated in Figure 10, the dynamic responses reveal significant performance
disparities among the three strategies. The unoptimized system exhibits severe oscillations
and voltage instability, particularly evident in the drastic DC voltage drop to approximately
780 kV at t = 1.0 s, indicating a lack of damping against grid-strength variations. Strategy
1, while mitigating high-frequency noise, suffers from a sluggish transient response with
excessive overshoot reaching nearly 1.8 p.u. in active power and a prolonged settling
time, reflecting poor adaptability to grid-strength changes. In contrast, the proposed
Strategy 2 demonstrates superior grid adaptability; it effectively suppresses the power and
voltage fluctuations during both the grid stiffening and weakening processes, maintaining
the active power overshoot within a narrow margin and restoring steady-state operation
within approximately 0.3 s. These results confirm that the PSO-optimized parameters
ensure robust operation across different short-circuit ratio scenarios, effectively decoupling
the system dynamics from grid impedance variations.
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Figure 10. Grid compatibility validation under different control parameters.
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4.4.3. Verification of Fault Ride-Through Capability

To further validate the effectiveness of the proposed control parameter optimization
method, this section examines the fault ride-through performance of the power grid under
different control parameters. Since the study focuses on control parameter design for static
stability, a scenario with relatively shallow AC voltage sag is considered: a three-phase
short-circuit fault is set to occur on the receiving-end AC grid at t = 1 s, causing the RMS
AC voltage to drop to 0.8 p.u., and then recover to 1.0 p.u. at t = 1.1 s, with simulation
waveform variations observed for each control parameters configuration.

As shown in Figure 11, the system dynamic responses vary significantly across the
three control configurations. The unoptimized system exhibits severe instability following
the fault clearance; the active power surges to approximately 2.2 p.u. with sustained large-
amplitude oscillations (Figure 11a), and the DC voltage (Figure 11e) experiences prolonged
fluctuations, indicating a high risk of system tripping. Strategy 1 reduces the initial peak
to some extent but still suffers from a slow recovery process, taking considerable time to
stabilize. In contrast, the proposed Strategy 2 demonstrates superior transient stability. It
effectively clamps the post-fault power surge, mitigates the DC voltage fluctuations, and
ensures a rapid return to the steady-state immediately after the fault is cleared. These
results verify that the parameters optimized by the proposed quadratic index-based PSO
algorithm significantly enhance the system’s damping and fault recovery capability.
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Figure 11. Fault ride-through performance validation under different control parameters.

To further substantiate the time-domain observations, three active power performance
indices are extracted from subplot (a) of Figures 9-11, namely P peak, P overshoot, and
settling time. These indices are selected because the active power response directly reflects
the damping performance of the embedded MMC-MTDC system under the considered
disturbances. P overshoot denotes the percentage by which the peak active power exceeds its
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final steady-state value, while the settling time is evaluated using a 2% tolerance band around
the final steady-state active power. The quantitative results are summarized in Table 5.

Table 5. Quantitative comparison of active power dynamic responses under different disturbance
scenarios.

Scenario Performance Index Unoptimized Strategy 1 Strategy 2

Power step response Ppeak (p-u.) 1.33 1.30 1.25
Power step response Povershoot (%) 6.4 4.0 0

Power step response Settling time (s) 0.55 0.42 0.28

Grid-strength variation Ppeax (p-u.) 1.73 1.80 1.72

Grid-strength variation Povershoot (%) 73.0 74.1 72.0

Grid-strength variation Settling time (s) 0.65 0.90 0.30

AC voltage sag Ppeak (p-u.) 2.32 1.74 1.67

AC voltage sag Povershoot (%) 114.8 74.0 67.0

AC voltage sag Settling time (s) 1.43 0.54 0.36

The data in Table 5 indicate that Strategy 2 provides a more damped active power
response over the three disturbance scenarios. For the power step response, Strategy
2 reduces the P peak to 1.25 p.u. and suppresses the P overshoot to 0%, with a settling
time of 0.28 s. In comparison, the original method presents a P overshoot of 6.4% and
requires 0.55 s to settle. Under the grid-strength variation scenario, the P peak values
of the three methods are close, whereas the settling time difference is more pronounced.
Strategy 2 reaches the steady-state band within 0.30 s, while the original method and
Strategy 1 require 0.65 s and 0.90 s, respectively. Under the fault ride-through scenario,
the original method exhibits the largest active power excursion, with a P peak of 2.32 p.u.,,
a P overshoot of 114.8%, and a settling time of 1.43 s. Strategy 2 reduces these indices to
1.67 p.u., 67.0%, and 0.36 s, respectively. These results provide quantitative evidence that
the proposed coordinated optimization improves the damping of active power oscillations
and accelerates post-disturbance recovery.

In summary, comprehensive time-domain simulations under step disturbances, grid
impedance variations, and fault scenarios consistently validate that the proposed strategy
effectively mitigates oscillations and significantly outperforms traditional methods in terms
of dynamic damping, system robustness, and transient stability.

5. Conclusions

This paper investigates the small-signal stability enhancement of an embedded hetero-
geneous MMC-MTDC system with coexisting GFL-MMC and GFM-MMC stations under
AC/DC bilateral coupling. A coordinated parameter optimization strategy based on a
quadratic performance index and particle swarm optimization is proposed. The main
conclusions are summarized as follows:

(1) A system-level small-signal state-space model of the embedded heterogeneous MMC-
MTDC system is established. The model incorporates the internal dynamic charac-
teristics of both MMC stations, including submodule capacitor voltage fluctuations
and circulating current-related states, as well as the dynamic interactions between
the non-ideal AC network and the DC transmission link. Comparison with the
PSCAD/EMTDC electromagnetic transient model verifies that the established small-
signal model can effectively represent the dynamic response characteristics of the
studied hybrid AC/DC system.

(2) The dominant oscillation modes and their key influencing factors are identified
through eigenvalue analysis and participation factor-based sensitivity evaluation.

https://doi.org/10.3390/ electronics15153287


https://doi.org/10.3390/electronics15153287

Electronics 2026, 15, 3287

19 of 30

The results show that the weakly damped modes are closely associated with MMC in-
ternal variables and selected control loop parameters of the heterogeneous converters.
Further root locus analysis indicates that representative control parameters have a
clear influence on dominant eigenvalue migration and system damping performance,
providing a basis for the coordinated optimization of GFL-MMC and GFM-MMC con-
trol parameters. In addition, the PSCAD/EMTDC time-domain simulations provide
quantitative support for the effectiveness of the proposed strategy. As summarized
in Table 5, Strategy 2 reduces the P peak to 1.25 p.u. and suppresses the P overshoot
to 0% in the power step response, with a settling time of 0.28 s. Under grid-strength
variation, although the P peak values of the three methods are close, Strategy 2 reaches
the steady-state band within 0.30 s, compared with 0.65 s for the original method
and 0.90 s for Strategy 1. Under the fault ride-through scenario, Strategy 2 limits the
P peak, P overshoot, and settling time to 1.67 p.u., 67.0%, and 0.36 s, respectively,
whereas the corresponding values of the original method are 2.32 p.u., 114.8%, and
1.43 s. These quantitative results further verify that the proposed optimization strategy
improves active power damping and accelerates post-disturbance recovery.

Overall, the proposed modeling and coordinated optimization method can provide
a useful reference for small-signal stability analysis and control parameter tuning of em-
bedded hybrid AC/DC power grids with heterogeneous MMC stations. It should be
noted that the proposed method is developed within a small-signal stability framework
around a specified operating point. Therefore, very severe disturbance scenarios, such
as deep voltage sags and complete short-circuit faults, which are mainly associated with
large-signal nonlinear transient dynamics and protection actions, are not fully covered in
this study. Future work will extend the proposed method to more complex disturbance
scenarios and network configurations, while further considering parameter uncertainty,
measurement noise, communication delays, and computational efficiency, and validating
its applicability through hardware-in-the-loop and large-scale experimental platforms.
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The following abbreviations are used in this manuscript:

SCR Short-Circuit Ratio
MMC Modular Multilevel Converter
HVDC High-Voltage Direct Current

https://doi.org/10.3390/ electronics15153287


https://doi.org/10.3390/electronics15153287

Electronics 2026, 15, 3287

20 of 30

MTDC Multi-Terminal Direct Current

GFM Grid-Forming

GFL Grid-Following

VSsC Voltage Source Converter

PLL Phase-Locked Loop

VSG Virtual Synchronous Generator
PSO Particle Swarm Optimization
DC Direct Current

AC Alternating Current

PI Proportional-Integral
Appendix A

The MMC valve model used in this paper is established based on the average switching
function modeling framework in [12]. For each MMC arm, the relationship among the
average switching function, arm current, submodule capacitor voltage, and arm voltage is

expressed as:

. du
Sigrm = CT;; Uarm = NSuc (A1)

where S is the average switching function, iarm is the arm current, C is the submodule
capacitance, u. is the submodule capacitor voltage, t/arm is the arm voltage, and N is the
number of submodules per arm.

After retaining the DC, fundamental-frequency, second-harmonic, and third-harmonic
capacitor voltage components, the MMC valve model contains seven capacitor voltage
states. In addition, the model includes five current states, namely the DC current, the
d-q components of the AC-side current, and the d-g components of the second-harmonic
circulating current. The current dynamics are obtained from the corresponding Kirchhoff
voltage equations.

The DC current dynamic equation is derived from the DC-side voltage balance:

2 2 dlg
udc = 2Marmclc + gRarmIdc + gLarmTtC (A2)
where Uy, is the DC-side voltage, uarmdc is the DC component of the arm voltage, I4.
is the DC current, Rarm is the arm resistance, and Larm is the arm inductance. The DC
current dynamic equation is obtained by substituting the retained DC component of the
arm voltage into the DC-side voltage balance. After rearrangement, the state equation of

I4c is obtained as:

dldc — 3Ug4c _ RarmI _ 3N U + BNquudq

dt 2Larm Larm de 2Larm € 2LarmUgc (A3)
3Nucdudd _ 3Nucirquc2q _ 3NucirdllC2d

2LarmUqc 2LarmUgc 2LarmUgc

The AC-side current dynamic equation is obtained from the AC-side voltage balance:

di .
Us = —Uarmacl + Leqd*ts + Reqls (A4)

where us and is are the AC-side voltage and current, #5;mac1 is the fundamental-frequency
component of the arm voltage, and Req and Leq are the equivalent AC-side resistance and
inductance. Applying the positive-sequence fundamental-frequency d-g transformation to
(A4), the dynamic equations of I;4 and Isq are obtained as:
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dlyg _ Req Uy Nug ( 21 Ucd*chMch*Ucd”czd)
e — Isd + Leq + 2Leq + 2UgcLeq +
N ( ucirquclq + umrd Ucld +”C3>< ucqu +uc3y Ucird ) —wl
2U4, Leq 5q ( A 5)
dlsq _ Req I + sq + N”clq + ( VAT ucq_ucd ”c2q+ucquc2d) +
dt 59 L 2Leq 2Ug, Leq
N ( ucquucld uc1rd”c1q + uc3x Ucird — uc3y cirq )
2Ugc Leq Tw ISd

where 4 and Isq are the d-axis and g-axis AC-side currents, Usq and Usq are the d-q
components of the AC-side voltage, and Req and Leq are the equivalent AC-side resistance
and inductance.

The circulating current dynamic equation is obtained from the second-harmonic arm-
voltage balance:

di
2Uarmac2 + 2Larm dctlr + 2Rarmicr = 0 (A6)

where U,rmac is the second-harmonic component of the arm voltage, and i, is the circulat-
ing current. Applying the negative-sequence second-harmonic d-q transformation to (A6),
the dynamic equations of ;4 and I;q are obtained as:

_ o M _ THeUcird _ Ram 7.
2wleirg = 2L Lamilic Lo L

dleirg —
dt

2LarmUqe B
dICqu _ o Ucoq o ”Cucu"q _ Rap (A7)

dt 2(1) ICII‘d 2Larm Larm ud Larm ICqu +
NU, duc1q+Nucquc]d +NugyUeqg— Nuc3y

2 Larm udc

where [ ;g and Lerq are the d-axis and g-axis components of the second-harmonic circulat-
ing current.

Based on the retained capacitor voltage dynamics and the current dynamics above,
the MMC valve model adopted in this paper contains 12 internal dynamic states. The state
vector of one MMC valve model is defined as:

_ T
XMMC = [uc/ Ucld, Uelqr Uead, Ueaqr Uedxs Uedys Ldes Isds Isqr Leird, Icirq] (A8)
The corresponding input vector is defined as:
T
UmMmMc = [ucirdr ucirq/ Ued, ucq/ w, Usq, usq/ udc] (A9)

Therefore, each GFL-MMC or GFM-MMC valve model contributes 12 internal dynamic
states to the system-level small-signal model. This supplementary description clarifies
the state composition and external interfaces of the MMC valve model adopted in the
main text.

Appendix B

In Appendix B, all voltage, current, and power quantities are expressed in p.u., and
the converter current limit is set as Ij;, = 1.5 p.u.

Appendix B.1. LVRT Control of the GFL-MMC

For the GFL-MMC, the LVRT module is activated according to the PCC voltage ratio.
The voltage ratio is defined as:

uPCC
o ( )

where Upcc is the PCC voltage magnitude, and Uy is the rated PCC voltage. When a > 0.9,
the PCC voltage is regarded as normal, and the original outer-loop current references are
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directly used. When a < 0.9, the LVRT module modifies the active and reactive current
references to provide voltage support and avoid converter overcurrent.

The active current reference is limited by both the active power command and the
remaining current capacity:

Larefo, x>09
Idref = . P 2 2 (All)
mm(%, V6 — Iqref)’ x <09

where I is the original d-axis current reference generated by the outer loop, 4 is
the d-axis current reference after LVRT limitation, Ppccyef is the active power reference at
the PCC, upcc is the PCC voltage magnitude, Iyyf is the g-axis current reference, and Iy,
is the converter current limit. Under voltage-sag conditions, the d-axis current reference
is constrained by the remaining current margin after the reactive current reference has
been determined.

The reactive current reference is determined according to the voltage-sag depth. When
the PCC voltage remains within the normal range, the original g-axis current reference is
retained. When the voltage ratio decreases below 0.9, additional reactive current is injected
for voltage support. If the voltage ratio further decreases below 0.4, the reactive current
reference reaches the converter current limit:

Irefo, x> 09
Igref = { —2(1—w), 04<a<09 (A12)
_Ilimr a <04

where [y is the original g-axis current reference generated by the outer loop, « is the
PCC voltage ratio, and Ij;y, is the converter current limit.

This LVRT strategy gives priority to reactive current injection under voltage sag, while
the d-axis current is restricted by the remaining current margin. Therefore, the total current

2 2
B + By < him (A13)

Appendix B.2. Current-Limiting Control of the GFM-MMC
For the GFM-MMC, the current-limiting module is inserted between the voltage

reference satisfies:

control loop and the inner current control loop. The voltage loop first generates the d-axis
and g-axis current references. During voltage disturbances, these current references may
exceed the allowable converter current. Therefore, a vector-saturation current limiter is
adopted to constrain the magnitude of the current reference vector before it is sent to the
inner current loop.

The magnitude of the original current reference vector is calculated as:

iz”ef = \/ i%dref + i%qref (A14)

where irqrer and ipgref are the d-axis and g-axis current references generated by the voltage
control loop of MMC2, respectively, and iy is the magnitude of the original current
reference vector. The current-limiting module is activated when:

iZVef > Liim (A15)
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where Ij;;,, denotes the maximum allowable converter current. To avoid changing the
direction of the current reference vector, the d-axis and g-axis current references are scaled
by the same coefficient. The scaling coefficient is defined as:

L
Y2 =min |1, — " (A16)
max (12re fr s)

where 7, is the current reference scaling coefficient, and ¢ is a small positive constant used
to avoid division by zero. If iy, < iy, then 5 = 1, and the current limiter is inactive. If
inref > I1im, then 75 < 1, and the current reference vector is proportionally reduced.

The limited current references are obtained as:

Ddreflim = Y22drefs Z'queﬂim = ’YZiquef (A17)

where ipqreflim and ixqreflim are the limited d-axis and g-axis current references, respectively.
Since the same scaling coefficient is applied to both axes, the direction of the original current
reference vector is preserved. The resulting limited current reference vector satisfies:

i2 2
\/lZdreﬂim + Zqueﬂim < Ilim (A18)

This current-limiting strategy represents a basic current reference saturation method. It
is only activated during voltage disturbances or fault ride-through conditions. Around the
normal steady-state operating point, the current reference magnitude is lower than Ij;,,, and
therefore the limiter does not affect the small-signal state matrix established in Section 2.4.

Appendix C

The nonlinear dynamic model of the hybrid AC/DC power grid can be written in a
compact form as:

x = f(x,u,p), y=gxup) (A19)

where x is the state vector, u is the input vector, y is the output vector, and p denotes the
system and controller parameters. In this paper, x includes the internal dynamic states of
the GFL-MMC and GFM-MMC stations, the controller states, the DC-link states, and the
AC-network dynamic states.

The small-signal model is established around the initial steady-state operating point
of Pg =1.0 p.u. and Qp = 0.2 p.u. on the system base. The same operating point is also
used as the initial condition for the PSCAD/EMTDC electromagnetic transient validations
reported in Appendix F. At this operating point, the steady-state variables satisfy:

f(x0,u0, o) =0, yo = g(x0, 10, po) (A20)

where Xxg and uy are the steady-state values of the state and input variables, respectively,
and pg denotes the parameter vector used for the linearization.
The small disturbances around the steady-state operating point are defined as:

x=2x0+Ax, u=1uy+Au, y=yo+ Ay (A21)

Applying the first-order Taylor expansion to (A20) around the steady-state operating
point gives:

£t po) = f (o o, po) + 2

of 2
Ak au’OAu+0<|Ax,Au|| ) (A22)
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Since f(xp, g, po) = 0 at the steady-state operating point and the higher-order distur-
bance terms are neglected, the small-disturbance state-space model is obtained as:

Ax = AAx + BAu (A23)
where: 5 5
Al | g ¥
ox | ou |y

Similarly, the output equation is obtained as:

Ay = CAx+ DAu (A24)
where: 5 5
c=2% p=2%
ox |y ou |,

The resulting matrices A, B, C, and D are then used for eigenvalue analysis, participation
factor calculation, and the subsequent quadratic index-based control parameter optimization.

Appendix D

The detailed construction procedure of the participation factor-based state-weighting
matrix Q is illustrated in Figure Al. The weighting strategy is designed to assign greater
importance to the state variables that contribute more significantly to the weakly damped
dominant modes, thereby enabling the quadratic performance index to focus on the dy-
namic states most closely associated with the critical oscillatory behavior.

| Eigenvalue analysis | Quadratic performance index calculation

v

Identification of weakly damped

. Mapping from normalized participation
dominant modes PpIng P P

factors to state weights g;

| I
: I
| I

I
Y !
Calculati f l + |

alculation o i i

participation factors p;; : Construction of Q = diag(qi, g2, ---» ¢») |
v | v I
Aggregation of | Calculation of the quadratic l
participation factors for I performance index J; |
each state variable |
L _____________ -

I

Normalization

Figure A1. Construction procedure of the participation factor-based state-weighting matrix Q.

First, the weakly damped dominant modes are identified through eigenvalue analysis.
For the j-th dominant mode, the participation factor of the i-th state variable is calculated as

pii = | miiiil (A25)

where 1 and ¢;; are the corresponding elements of the left and right eigenvectors, respectively.
The absolute value is adopted to characterize the contribution magnitude of each state variable
and to avoid cancellation caused by the signs or phases of the eigenvector components.

The participation factors are then normalized within each dominant mode as

N pii
Pij = = . (A26)
;1 prj
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where 7 is the total number of state variables. This normalization eliminates the influence
of the numerical scale of different eigenvectors and enables a consistent comparison of the
state variable contributions among different dominant modes.

For each state variable, the normalized participation factors corresponding to all
selected dominant modes are aggregated as

1 ~
5 = — y (A27)
1 Nd JEZ(I:d pl]

where (); denotes the set of selected weakly damped dominant modes and Nj is the
number of modes included in this set. Equal modal weighting is adopted because all
selected modes are regarded as critical to the small-signal stability of the system. The
aggregated index s; therefore represents the overall contribution of the i-th state variable to
the dominant oscillatory behavior.
The aggregated participation indices are further normalized as
g = —t (A28)

max (sy)

1<r<n
where 0 < §; < 1. The normalized aggregated participation index is directly mapped to the
corresponding state-weighting coefficient:

i =S$i (A29)
Accordingly, the state-weighting matrix is constructed as

Q = diag(q1,92, -+ ,qn) (A30)

According to this mapping rule, a state variable with a larger aggregated participation
factor is assigned a higher weight because it contributes more strongly to the selected
weakly damped modes and has a greater influence on the dominant system oscillations.
Conversely, state variables with relatively small modal contributions are assigned lower
weights. Therefore, the weighting coefficients are determined quantitatively from the
modal participation characteristics rather than through empirical assignment. All state
variables remain included in the quadratic performance index, while the weighting matrix
adjusts their relative importance according to their contributions to the critical modes.

Appendix E

Table Al. System parameters.

Parameters Value
Rated DC voltage +£220kV
Rated active power 500 MW
Number of bridge arm submodules 200
Rated voltage of AC system 500 kV
Equivalent AC system resistance 0.3333 )
Equivalent AC system inductance 0.0005 H
Fundamental frequency 50 Hz
Bridge arm inductance 0.06H
Submodule capacitance 1500 mF
DC line to ground capacitance 10 mF
DC line resistance 1.35 Q)
DC line inductance 0.125H
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Table Al. Cont.

Parameters Value
Equivalent inductance (220 kV) 0.062 H

Line inductance 0.05 H

Transmission line inductance 0.12H
Equivalent inductance (500 kV) 0.0005 H

Table A2. Meaning and values of control parameters.

Parameters

Value

GFL-MMC PLL control (ki kipir)
d-axis PI for GFL-MMC power control outer-loop (kp11, ki11)
g-axis PI for GFL-MMC power control outer-loop (ky12, k;12)

@, 10)
(1.09, 10.11)
(1.09, 10.11)

d-axis PI for GFM-MMC voltage control outer-loop (kp21, ki21) (0.48, 67.03)
g-axis PI for GFM-MMC voltage control outer-loop (kp22, ki22) (0.48, 67.03)
inertia and virtual damping coefficient of the GFM-MMC active
(3.03, 80)
power loop (], Dp)
droop coefficient and integral coefficient of the GFM-MMC reactive
(500, 0.07)
power loop (Dy, K)
GFL-MMC circulating current suppression (kp1cird, Ki1cira) (0.80, 106.98)
GFL-MMC circulating current suppression (kp1cirg, Ki1cirg) (0.80, 106.98)
GFM-MMC circulating current suppression (kpocird, Kiocira) (0.69, 55.32)
GFM-MMC circulating current suppression (kpcirg, Kiocirg) (0.69, 55.32)
GFL-MMC d-axis PI for current inner-loop (kp13, ki13) (10.01, 60.33)
GFL-MMC g-axis PI for current inner-loop (kp14, ki14) (10.01, 60.33)
GFM-MMC d-axis PI for current inner-loop (ky23, k;23) (12.22, 95.88)
GFM-MMC g-axis PI for current inner-loop (ky24, ki24) (12.22, 95.88)
Table A3. Explanation of main participation factors.
ID Meanings
34 GFL-MMC submodule second-harmonic voltage d-axis component
35 GFL-MMC submodule second-harmonic voltage g-axis component

38 GFL-MMC submodule third-harmonic voltage x-axis component
39 GFL-MMC submodule third-harmonic voltage y-axis component
53 GFM-MMC current loop control input signal g-axis component
62 GFM-MMC submodule third-harmonic voltage x-axis component
63 GFM-MMC submodule third-harmonic voltage y-axis component
66 GFM-MMC output current calculated value g-axis component
72 GFM-MMC output current measured value g-axis component
Appendix F

To validate the developed small-signal model under different operating conditions,
an electromagnetic transient model of the embedded heterogeneous MMC-MTDC system
was established in PSCAD/EMTDC using the system and control parameters listed in

Tables A1 and A2.

In Case 1, a 0.5 p.u. step increase was applied to the active power reference of
the sending-end AC system. The output active power of MMC1 and the RMS terminal
voltage obtained from the small-signal model were compared with those obtained from the

electromagnetic transient model.
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Figure A2. Comparison between the small-signal model and the electromagnetic transient model
under Case 1.

As shown in Figure A2, the small-signal model closely matches the electromagnetic
transient model in terms of transient trends, oscillation characteristics, damping behavior,
and steady-state values. The high-frequency fluctuations in the electromagnetic transient
results are mainly caused by converter switching dynamics, which are not represented in
the averaged small-signal model.

In Case 2, a 0.2 p.u. step increase was applied to the active power reference of MMC2.
The output active powers of MMC1 and MMC2 were selected to evaluate the dynamic
power interactions between the GFL-MMC and GFM-MMC stations. The corresponding
comparison results are shown in Figure A3.

1.4 1.4
. 1.2 S 1.2
5 3
£1.0 S 10
§ 0.8 2038
L 0.6 & 0.6
0.4 0.4
1.5 2 2.5 1 1.5 2 2.5
t/s t/s
(a) MMCI1 Output active power (b) MMC2 Output active power
EMT Model Small-Signal Model

Figure A3. Comparison between the small-signal model and the electromagnetic transient model
under Case 2.

As shown in Figure A3, the small-signal model closely matches the electromagnetic
transient model and accurately captures the transient power interaction between the two
MMC stations. After the active power reference variation, MMC2 reaches the new steady-
state, while MMC1 returns to its initial operating point following a brief transient. Together
with Figure A2, these results confirm that the developed model effectively represents both
local and coupled system dynamics and is suitable for subsequent stability analysis and
parameter optimization.

Appendix G

The PSO parameters listed in Table 3 were determined through preliminary tuning by
considering the convergence speed, optimization stability, and final objective function value.
The adopted parameter combination, w = 0.7298, c; = 0.7481, and ¢, = 0.3842, provides an
appropriate balance between global exploration and local convergence for the considered
12-dimensional control parameter optimization problem.

To further evaluate the convergence behavior of the proposed optimization method,
comparative simulations were conducted using the improved PSO, original PSO, and
differential evolution (DE) algorithm. The same population size, maximum number of
iterations, parameter bounds, and initial population were adopted for all algorithms to
ensure a consistent comparison. Here, the improved PSO refers to the proposed PSO-based
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optimization scheme incorporating the quadratic performance index, whereas the original
PSO represents the conventional PSO benchmark.
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Figure A4. Comparative convergence characteristics of different heuristic optimization algorithms.

As shown in Figure A4a, the improved PSO rapidly reduces the objective function
value and reaches a stable solution within approximately 30 iterations, whereas the original
PSO and DE require more iterations to approach their final values. The modal indices
in Figure A4b,c exhibit consistent convergence behavior. The minimum damping ratio
gradually increases to approximately 0.215, while the maximum eigenvalue real part de-
creases to approximately —15, indicating improved damping performance and an increased
small-signal stability margin. Figure A4d shows that the population diversity of the im-
proved PSO decreases more rapidly than those of the original PSO and DE, indicating faster
concentration of the particles around the optimal region. Meanwhile, the objective function
and modal indices remain stable after convergence, demonstrating that the reduction in
population diversity does not lead to evident premature convergence.

Overall, the proposed optimization method exhibits fast and stable convergence
and is suitable for the coordinated optimization of multiple control parameters in the
heterogeneous MMC-MTDC system.

Appendix H

To intuitively verify the impact of control parameters on the system’s small-signal
stability, the root loci of dominant eigenvalues were analyzed by varying key control
parameters. This paper selects kpo1, kiz1, kpaz, and kip, for specific analysis.

Figure A5 presents the root loci of dominant eigenvalues with respect to the variations
of key control parameters. As illustrated in Figure A5a or Hlc, increasing the proportional
gains kp1 and k2, shifts the dominant oscillation modes A44 45 and Ajg 57 significantly
towards the left half-plane, thereby enhancing the damping ratio. Similarly, Figure A5b
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or Figure A5d demonstrate that increasing the integral gains k;p; and k;p, drives the poles
Aa,15 and Azg3g further away from the imaginary axis, confirming that the optimized
parameters contribute to a larger stability margin and faster dynamic response.

200 1500
1000 | sseseccccccsocseses -

100 -
500

-500

1maginary part
=]
N
=
1maginary part
=]

_1000 | eeetecescsesscccsce .

200 -1500
1.5 7.0 65 60 -55 50 -45 -4 3.5 3 2.5 2
real part real part
(a) adjust k| (b) adjust &y
600 N 1200 ) N
o 900 R
400 K .
/ 600 T~

200 L 300
j'323,3

-300

"ED -200 A
\‘~, -600 <r/ .-'/
B -900 -

-600 ° -1200
-65 -60 -55 -50 -45 -40 -35 -45 -44 43 -42 41 -40 -39 -38

1maginary part
B
’ '
1maginary part
=]

real part real part
(c) adjust k,» (d) adjust ki,

Figure A5. Root locus of the system under varying control parameters.
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