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Abstract—This paper proposes a Unified Energy-Forming
Framework for modular multilevel converters (MMCs) that en-
ables seamless and self-adaptive transitions among grid-following
(GFL), dual-port grid-forming (GFM), and stand-alone GFM
modes. Conventional dual-port GFM schemes passively bal-
ance internal energy and exhibit limited adaptability to grid-
strength variations. The proposed framework redefines MMC
control from an energy-based perspective by integrating flexible
synthetic-capacitance (FSC) regulation and energy-based seam-
less transition through online short-circuit ratio (SCR)-aware
mode coordination within a unified structure. Through these
functions, the MMC actively utilizes its internal energy to stabi-
lize coupled AC/DC dynamics and automatically adjusts to grid-
strength changes without external communication. RTDS-based
electromagnetic transient (EMT) simulations on a multi-terminal
high-voltage direct current (MTDC) test system demonstrate
stable operation, seamless transitions, and enhanced dynamic
stiffness and stability across varying grid conditions.

Index Terms—Modular multilevel converter (MMC), dual-port
grid-forming (GFM), energy-forming control, seamless transition

I. INTRODUCTION

The increasing penetration of inverter-based resources
(IBRs) and multi-terminal high-voltage direct current (MTDC)
networks is transforming modern power systems into low-
inertia hybrid AC/DC grids [1]l, [2]. Among various con-
verter topologies, the modular multilevel converter (MMC) has
emerged as a key enabling technology owing to its scalability
and distributed energy storage capabilities [3]—[5].

Recent advances in dual-port grid-forming (GFM) control
have enabled MMC:s to achieve self-synchronization and stable
operation under weak-grid conditions [6]], [7]. However, most
existing schemes passively balance internal energy rather than
actively utilizing it to enhance dynamic frequency and voltage
regulation. Additionally, capacitance-adaptive methods [3]] are
often not integrated into grid-forming control. Consequently,
the converter’s internal energy remains a balancing variable
rather than a control input [4]], [5]], limiting effective AC/DC
coordination.

In practical hybrid AC/DC grids, varying grid strength and
loading conditions require converters to flexibly operate in
grid-following (GFL), dual-port GFM, or stand-alone GFM
modes [8]], [9]. GFL converters may suffer from instability
in weak grids, whereas GFM operation can be overly conser-

979-8-3315-8138-1

Kyeon Hur
School of Electrical and Electronic Engineering
Yonsei University
Seoul, South Korea
khur@yonsei.ac.kr
(Corresponding author)

vative or limited by available headroom in strong grids [8],
[10], [L1]. Therefore, a seamless and adaptive transition be-
tween these operating modes is essential to ensure operational
stability and efficiency across varying grid conditions.

Furthermore, conventional dual-port GFM schemes often
lack adaptability to short-circuit ratio (SCR) changes, limiting
robust operation under realistic grid-strength variations. Ex-
isting seamless-transition strategies typically focus on single-
port converters and do not adequately address the simultaneous
AC/DC coordination required in dual-port MMCs. Moreover,
most online SCR estimation methods remain supervisory and
decoupled from internal energy control [12]. These limita-
tions call for a unified control structure that tightly links
internal-energy dynamics, synchronization mechanisms, and
grid-strength awareness within a single energy-forming hier-
archy.

This paper proposes a unified energy-forming framework
that treats the MMC internal energy as a dynamic control
variable, inherently linking AC frequency regulation, DC
voltage dynamics, and grid-strength adaptation. By integrating
flexible synthetic-capacitance (FSC) regulation, energy-based
seamless transition, and online SCR-aware coordination, the
proposed framework enables real-time mode adaptation and
stable, continuous operation across a wide range of grid
conditions.

The main contributions of this work are summarized as
follows:

o Unified energy-based coordination: The MMC internal
energy is explicitly utilized as a unifying control variable
that links AC frequency and DC voltage regulation,
enabling balanced and adaptive energy exchange between
the two ports.

o Seamless and adaptive operation: A unified control
framework enables smooth transitions among GFL, dual-
port GFM, and stand-alone GFM modes by embedding
real-time SCR awareness and adaptive synchronization
within the energy-forming control hierarchy.

Validation is performed via RTDS-based electromagnetic
transient (EMT) simulations of a three-terminal system de-
signed to reflect the representative AC characteristics of the
West Coast DC-highway interconnection in South Korea.



Fig. 1. Conceptual representation of stored energy in the MMC.

II. MMC ENERGY CONTROL AND DUAL-PORT GFM
FUNDAMENTALS

A. Energy Dynamics of MMC

The MMC regulates AC terminal voltage and DC link
voltage through independent inner loops, but it also possesses
a common internal energy state Wyiic, representing the total
energy stored in all submodule capacitors.

Each submodule contains a capacitor Csy; with an average
voltage vgy. The energy of one arm is defined as

Warm == %NSMCSMU§M7 (1)

where Ngpp denotes the number of submodules per arm. For
a three-phase MMC, there are six arms, so the total stored
energy is the sum of the energy in all six arms. Under the
approximation that the average submodule voltage is related
to the DC terminal voltage by vsy ~ ng{ , the total stored
energy is approximated by:

Wanmc = 3 X 2 X 2 NgmCsmvdy = 2CeqVie,  (2)

where the equivalent capacitance is defined as

6Csm
Nsm
Equations (2)-(3) provide a direct physical link between the
converter’s stored energy and the average capacitor voltage,
which governs its dynamic stiffness in response to AC-DC
power imbalance.

The instantaneous energy variation satisfies the fundamental
power—energy relation

Wanic = Pae —

Ceq = (3)

Pac, “4)

where P,. and P,;. denote the instantaneous AC and DC
powers, respectively. When P,. = Py., Wynme remains
constant; otherwise, its deviation represents the net energy
exchange between the two ports.

Figure [1]illustrates a conceptual representation of the stored
energy in the MMC. The internal energy Wynvc can be
viewed as a reservoir that absorbs or releases energy depending
on the instantaneous imbalance between P,. and P,.. This
reservoir mediates energy transfer between the AC and DC
terminals in both steady-state and transient conditions.

Energy-based control redefines Wy from a passive state
requiring stabilization into an active coordination variable
that governs system-wide dynamics. By explicitly shaping the
trajectory of Wic, the control scheme simultaneously helps
regulate AC frequency and DC voltage, effectively unifying
the two ports through a single, energy-coherent control law.
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B. Energy—Frequency and Energy—Voltage Coupling in Dual-
Port GFM

In the dual-port grid-forming concept [|6], the internal en-
ergy Whynvc serves as a common state variable that inherently
couples the AC and DC terminals. The stored energy varies
according to the instantaneous power imbalance, as expressed
in (@). This fundamental relation links the internal energy to
both the AC frequency and DC voltage through the following
energy-based droop laws:

w* = wo + k& (Wame — Wo) )
Vie = Voe,o + k3 (Wanie — Wo) . (6)

Here, wy and Vpc,o denote the nominal references, Wy
is the steady-state internal energy, and k¢ and kd° are
proportional gains defining the sensitivity of frequency and
DC voltage to internal energy deviation.

When Wiy increases, indicating an excess of stored
energy, both w* and V- rise to drive power export to-
ward the AC and DC networks. Conversely, when Whynic
decreases, these references fall, drawing power import until
equilibrium is restored. This direct coupling among internal
energy, frequency, and DC voltage enables the converter to
form both AC and DC voltages simultaneously, achieving self-
synchronization and long-term power balance without external
synchronization or coordination.

The internal energy Wi thus functions as a unified
buffer that provides virtual inertia for AC stability and syn-
thetic capacitance for DC voltage regulation. Conventional
approaches rely on fixed AC-DC coupling coefficients, which
limit stability margins due to the limited intrinsic energy
storage of MMCs (approximately 30-60 ms). The proposed
framework addresses this limitation through an active energy-
shaping mechanism, as detailed in Section III.

III. PROPOSED UNIFIED ENERGY-FORMING FRAMEWORK
A. Concept and Unified Control Architecture

The proposed Unified Energy-Forming Framework extends
the dual-port GFM principle into an energy-oriented control
hierarchy integrating internal energy regulation, adaptive syn-
chronization, and grid-condition awareness. Figure [2] shows
the overall architecture, built upon an energy-based dual-
port GFEM controller with AC-DC decoupled control. Four
coordinated functions enable self-adaptive operation across
varying grid conditions.

The first function, the FSC control, shapes Wymnc to
synthesize an adjustable effective capacitance, enhancing DC
voltage stiffness while providing inertia-like support to the
AC side. The second function enables a seamless GFL tran-
sition by emulating PLL-type synchronization; under strong-
grid conditions, the converter follows the grid phase, re-
alizing AC-following/DC-forming operation. Conversely, the
third function governs the seamless GFM transition, where
the DC voltage becomes the regulating variable under weak-
grid conditions, establishing DC-following/AC-forming con-
trol. Finally, an online SCR estimator with mode-coordination
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Fig. 2. Overall control structure of the proposed Unified Energy-Forming
Framework.
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Fig. 3. Energy-based FSC and seamless transition control.

logic continuously monitors grid impedance and autonomously
determines the appropriate operating mode among GFL, dual-
port GFM, and stand-alone GFM. The SCR estimator operates
at a supervisory time scale of 100 ms, slower than the
inner current and voltage control loops. A mode transition is
triggered only after consistent SCR estimates are observed for
ten consecutive updates (1 s) to avoid chattering.

Together, these coordinated functions constitute an energy-
coherent control paradigm that allows the MMC to adapt
smoothly between grid-following and grid-forming behaviors.

B. Energy-Based FSC Control and Seamless Transition

The energy-forming framework centers on how the con-
verter’s energy reference is generated and adaptively regulated.

1) FSC Control: As shown in Fig. 3| the FSC modifies the
conventional fixed energy reference so that it varies dynami-
cally with the converter’s operating state, thereby improving
disturbance response and AC/DC coupling.

The synthetic energy reference W, is defined as

of = 5Css (VBc — V]%C,O) + W, (7
where Vpc is the measured DC-terminal voltage, Vpc,o is the
nominal reference, and W, denotes the steady-state internal
energy reference.

The synthetic capacitance C\y is given by
Csm

Csf == k/‘sfceq - 6ksfm,

®)
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where k,r is an adaptive gain that determines the effective-
capacitance contribution. By tuning k¢, the controller redis-
tributes the energy buffer between the MMC’s internal energy
and the DC system, achieving coordinated inertia support and
improved DC-voltage stability.

The DC side power balance becomes
Ve

7 ©))
which shows that the FSC effectively increases the DC-link
capacitance by combining the physical capacitor Cg4. with the
synthetic element C . This effectively expands the apparent
energy storage and mitigates DC-voltage oscillations without
additional hardware.

2) Seamless Transition Control: The seamless transition
control adaptively shifts one side of the dual-port con-
troller from proportional (P) energy balancing to propor-
tional-integral (PI) energy tracking. By gradually converting
the steady-state error—tolerant P loop into a zero-error PI loop,
the converter transitions smoothly between modes without
dynamic discontinuity, as illustrated in Fig. 3]

In conventional GFL operation, a phase-locked loop (PLL)
aligns the converter phase by forcing the g-axis voltage to
zero in the dg frame. Similarly, in the proposed energy-based
scheme, the GFL transition is achieved by driving the internal
energy error We,, to zero through a PI-controlled frequency
correction:

Pdc - Pac - %(Cdc'i_csf)

Awg = kX Wery + k3¢ / Werr dt, (10)
where k2° and k?¢ are the proportional and integral gains.
This emulates PLL behavior in the energy domain, allowing
the converter phase to follow the grid frequency.

Conversely, the GFM transition regulates the DC voltage
instead of frequency. The internal energy error is again forced
to zero through

A‘/gﬂ = kSCWerr + kqdc/ Werr dt7 (11)
where k3¢ and k{¢ are DC side control gains. This yields
a DC-following/AC-forming operation in which the converter
tracks the external DC voltage while autonomously generating
a stable AC waveform.

During both transitions, the forming and tracking functions
operate concurrently to maintain power continuity. In the
GFL transition, the phase-tracking mechanism follows the grid
frequency while the DC side maintains voltage forming via
AVgem. The active power sampled at the switching instant is
held (sample-and-hold) as P,.¢, preventing any power step.
In the GFM transition, the converter tracks the DC voltage
while forming the AC side through a droop-based Awggry,. This
coordinated operation preserves energy balance and ensures
truly seamless transitions between GFL and GFM modes.

C. Online SCR Estimation and Adaptive Mode Coordination

To enable adaptive coordination without active perturba-
tions, an online SCR estimation algorithm is integrated. Unlike
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Fig. 4. Flowchart of online impedance estimation and adaptive mode
coordination.

conventional injection-based methods, the proposed approach
estimates the equivalent grid impedance from phase deviations
inherently generated by the grid-forming (GFM) controller
in response to internal energy variations. Following [12]], the
estimated grid impedance Zg is obtained from two consecutive
phasor measurements:

7 Vio — thejAG
& Ly — Ijeddd

where Vo1 and I+ denote terminal voltage and current
phasors at two sampling instants with phase deviation A#,
and Zr represents the transformer impedance. The resulting
Z, = Ry+jX, provides the resistive and reactive components
for SCR evaluation.

As shown in Fig. [ the algorithm continuously evaluates
grid parameters ([ig, X;) from two sampling instants T
and Ti. The calculated SCR is then passed to the mode-
coordination logic, which autonomously selects the appropri-
ate operating mode (GFL, dual-GFM, or GFM).

— Zr, 12)

IV. EMT-BASED VALIDATION AND CASE STUDIES

The proposed Unified Energy-Forming Framework was val-
idated through real-time EMT simulations using the RTDS
platform. A three-terminal £300 kV, 1 GW MTDC system
was modeled to reflect the general operating characteristics
of the West Coast DC highway interconnection, as shown in
Fig. 5] The study emulates a realistic hybrid AC/DC envi-
ronment, where the southern terminal represents a renewable-
dominant area controlled by the proposed algorithm, and the
other two terminals correspond to a thermal generation hub
(AC-GFL/DC-GFM) and a large offshore wind cluster (AC-
GFM/DC-GFL), respectively. The AC grid is modeled as an
equivalent frequency-forming source with constant PQ loads,
such that frequency deviations arise from power imbalance and
are regulated through grid-forming control. The key MMC
hardware and control parameters used in the simulation are
listed in Table [II

A. Scenario 1: Validation of FSC Functionality in Dual-Port
Operation

To evaluate the effectiveness of the proposed FSC control
under dual-port grid-forming operation, both AC and DC
disturbance scenarios were tested. On the AC side, the active
power demand was increased and decreased by 700 MW,
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TABLE I
MMC AND CONTROL PARAMETERS FOR RTDS VALIDATION

MMC Hardware | Control Parameters

Nsm 200 kep 0.1,2.3
Cswm [pF] 10,000 k; 0.5
Larm [H] 0.03 ke 1.0
Vbe [kV] +300 k¢ 0.05
Srated [GW] 1.0 kde 005
L=250km L=250km - -~
I S—
@’D- mmel —— . | MMC u-:l-@
el Z,
AC-GFL & DC-GFM L=100km| Energy-Forming

WP | AC-GFM & DC-GFL

Fig. 5. RTDS-based three-terminal +300 kV, 1 GW MTDC system.

followed by the disconnection of the AC source. On the DC
side, the wind-power injection was varied by £700 MW,
after which the DC terminal associated with the thermal
generation hub was tripped. Each case was simulated under
two configurations: (i) without FSC (ks = 0) and (ii) with
FSC enabled using different coefficients (ks = 1, 2, and 3).

Figures [6fa) and [6{b) present the dynamic responses for
the AC and DC disturbance scenarios, respectively. The plot-
ted variables include AC frequency, DC voltage, AC active
power, DC active power, MMC internal active power, and the
converter’s stored energy. At 0.5 s and 1.5 s, step changes in
active-power flow were applied, and at 2.5 s the corresponding
source was disconnected. Without FSC, both the AC and
DC terminals exhibited pronounced oscillations and slow
recovery following each disturbance. As kg increased, the
converter’s dynamic stiffness improved significantly, reducing
frequency and voltage deviations and suppressing oscillatory
behavior. This improvement results from actively utilizing
Whamc to buffer power imbalance, keeping energy variations
within practical margins under the considered disturbances,
while fault-level events are handled by current limiting and
protection mechanisms.

B. Scenario 2: Seamless Mode Transition with SCR Variation

The second case study validates the proposed online SCR
estimation algorithm and the seamless automatic mode tran-
sition under varying grid strength. In this case study, SCR
variation is implemented by switching parallel RL branches
in the equivalent Thevenin impedance Z,, representing grid-
strength changes due to network reconfiguration. Figures [6(c)
and [6d) illustrate the dynamic responses for decreasing and
increasing SCR conditions, corresponding to the transitions
toward GFM and GFL operation, respectively. The system
initially operated in dual-port GFM mode with an SCR of
4. At 0.5 s, the grid strength was varied, first decreased to
1.5 and later increased to 6.5, causing small internal-energy
and power fluctuations that activated the SCR estimation
algorithm. When the estimated SCR crossed the predefined
threshold, the controller autonomously transitioned to the
corresponding operating mode after a 1.0 s delay.
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Fig. 6. RTDS-based validation results of the proposed Unified Energy-Forming Framework: (a) AC disturbance scenario, (b) DC disturbance scenario, (c)
SCR reduction leading to seamless GFM transition, and (d) SCR recovery leading to seamless GFL transition and active power regulation.

During SCR reduction, the converter transitioned smoothly
from dual-port operation toward AC-side grid-forming be-
havior while maintaining stable frequency and DC voltage.
When the SCR increased, the converter adopted AC-side grid-
following behavior, transferring surplus renewable power from
the AC grid to the DC network by regulating the active power
to —0.4 p.u. Throughout both transitions, the AC frequency,
DC voltage, and active power remained continuous and well
regulated, confirming that the proposed seamless control strat-
egy ensures stable and disturbance-free power exchange across
varying grid conditions.

V. CONCLUSION

A Unified Energy-Forming Framework for MMCs has been
presented, enabling seamless transitions among GFL, dual-
port GFM, and GFM operations through internal energy
regulation, synthetic-capacitance control, and adaptive SCR-
based coordination. The proposed framework redefines con-
verter operation from a mode-based to an energy-coherent per-
spective, achieving self-synchronized AC/DC control without
external communication. RTDS simulations on a +300 kV,
1 GW three-terminal MTDC test system verified stable and
continuous operation across a wide range of grid strengths,
demonstrating its capability to unify frequency, voltage, and
energy control within a single structure. This framework
paves the way for scalable, adaptive MMC control strategies
applicable to future large-scale MTDC grids and renewable-
dominant hybrid networks.
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