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Abstract— Ensuring stable grid synchronization in Modular Multilevel Converters that replicate the behaviour
of Virtual Synchronous Generators is essential for maintaining reliable power system performance and achieving
optimal dynamic response. This paper proposes a novel optimization strategy for VSG control within MMCs,
utilizing a super-twisting algorithm-based sliding mode to systematically adjust key parameters such as
synthetic inertia, damping coefficients, and power-frequency droop settings. Through continuous adaptation of
these control parameters, the system enhances its ability to regulate frequency and voltage with greater accuracy,
particularly under mild disturbances and variable grid conditions. The proposed method improves the
converter’s responsiveness and stability, enabling it to better emulate synchronous machine characteristics in
real-time. Extensive simulation studies conducted across diverse operating scenarios highlight the effectiveness
of the approach. Notable improvements include faster synchronization with grid frequency, accelerated
stabilization following disturbances, improved voltage recovery, and stronger attenuation of oscillations. The
algorithm’s ability to fine-tune control dynamics in response to changing conditions contributes to a more
resilient and adaptive power conversion system. Moreover, the framework demonstrates high flexibility and
robustness, making it well-suited for integration into future smart grid environments characterized by inverter-
based generation and distributed energy resources. By enhancing the dynamic behaviour and control precision
of VSG-enabled MMCs, this technique offers a compelling solution for modern power systems that demand both
reliability and adaptability. The STA-SM control framework delivers marked enhancements compared to the
conventional VSG approach. Numerical evaluation indicates a substantial decrease in total harmonic distortion
(THD) by 42.9%, alongside a 75% improvement in settling time and a 66.7% reduction in frequency deviation,
all of which contribute to stronger dynamic stability. Reactive power output is lowered by 83.75%,
demonstrating superior regulation capability.

Keywords— Modular multilevel converters (MMCs); Virtual synchronous generators (VSG); Sliding mode
controller based super twisting algorithm; Active and reactive power control.

1. INTRODUCTION

The Modular Multilevel Converter has emerged as the preferred voltage source
converter in contemporary industrial applications, particularly in scenarios demanding high-
voltage and high-power performance. The MMC offers several distinct advantages over
conventional multilevel converter topologies [1]. Its architecture, based on a series
arrangement of submodules, enables scalable multilevel output, thereby minimizing harmonic
distortion and enhancing waveform quality. This configuration not only improves the
converter’s adaptability and efficiency in power distribution but also facilitates effective
handling of lower voltage levels, making it suitable for a diverse range of power conversion
environments.
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In grid-connected inverter systems, the MMC contributes to improved output waveform
fidelity while simultaneously advancing the overall efficiency, reliability, and cost-
effectiveness of the converter infrastructure. Its versatility supports a broad spectrum of
applications across industrial and utility domains [2]. Typically, MMC-based grid integration
relies on control strategies such as vector control and droop control. Vector control ensures
precise tracking of reference active and reactive power values; however, it lacks the
adaptability required to respond dynamically to variations in the AC grid, limiting its
effectiveness under adverse grid conditions [3]. Conversely, droop control facilitates
decentralized voltage and frequency regulation but encounters limitations when subjected to
abrupt frequency shifts or grid disturbances.

Although conventional control strategies offer certain advantages, Modular Multilevel
Converter systems operating under traditional grid-connected frameworks continue to
encounter limitations. These include inefficient grid synchronization, insufficient inertial
emulation, restricted grid support functionality, inadequate damping of oscillatory modes,
and delayed dynamic response. To better understand inverter behavior in grid-connected
scenarios, comparative analyses with synchronous generators have been conducted. In such
studies, inertia and damping parameters are typically derived from the system’s rated power
and synchronous angular velocity. However, the intrinsic link between these parameters and
the inverter’s internal architecture remains ambiguous.

Existing literature suggests that the mathematical formulations and physical principles
governing pulse-width modulated (PWM) grid-tied inverters share notable similarities with
those of rotating synchronous machines [4]. To emulate the inertial and damping
characteristics of synchronous generators, static models incorporating DC capacitors and
voltage sources have been employed. Various enhancements to Virtual Synchronous
Generator control have been proposed, including the refinement of V»p droop characteristics
and tuning of control parameters to improve damping behaviour. Grid-forming control has
also been integrated with VSG frameworks to develop inverters capable of providing grid
support functionalities, as depicted in (Fig.1). Within MMC systems, VSG-based control
schemes utilize DC voltage and equivalent capacitance to define the primary controller’s
inertia parameters [5].

Recent advancements include the application of deep reinforcement learning
techniques, such as the TD3-based adaptive controller, to optimize VSG performance in MMC
configurations [6]. These adaptive modules have demonstrated improved system stability and
dynamic response in simulation environments [7]. To address frequency stability challenges
in Voltage Source Converter-High Voltage Direct Current systems, adaptive neuro-fuzzy
control strategies have been introduced. These approaches dynamically adjust virtual inertia
and damping coefficients to enhance oscillation suppression across varying operational
conditions [8].

Further innovations involve the incorporation of a first-order low-pass filter within the
voltage feed-forward path to reduce the MMC's resonant frequency, alongside a second-order
filterfunctionally similar to a notch filter within the current feedback loop to precisely shape
impedance characteristics and mitigate both sub-synchronous and high-frequency oscillations
[9]. To elevate VSG performance, researchers have proposed an adaptive optimization
framework utilizing fuzzy logic controllers for real-time adjustment of inertia and damping
parameters. The differential evolution algorithm is employed to fine-tune FLC gains, resulting
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in enhanced frequency stability under grid disturbances and fluctuating levels of renewable
energy integration [10]. For MMC-HVDC systems, a range of control methodologies including
droop control, rate-of-change-of-frequency (df/dt) control, virtual inertia emulation, and
VSG-based strategies have been explored to address the frequency stability issues arising from
reduced system inertia [11].
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Fig. 1. Inverter-based VSG algorithm.

Virtual Synchronous Generator control has emerged as a compelling strategy for
emulating the dynamic characteristics of conventional synchronous machines, thereby
introducing synthetic inertia and damping into converter-based systems [12]. This capability
is particularly valuable in enhancing the stability and transient response of power systems
with substantial integration of renewable energy sources and Voltage Source Converter-based
High Voltage Direct Current links. Accordingly, this study is driven by the imperative to refine
VSG control mechanisms for MMC-based VSC-HVDC systems, with the objective of
mitigating power system oscillations effectively.

Despite notable progress in the field, optimizing VSG control within MMC-based VSC-
HVDC architectures presents several technical challenges. Chief among these is the complex
and context-sensitive process of parameter tuning, which is influenced by operating
conditions and grid-specific attributes [13]. The proposed impedance shaping methodology
incorporates a first-order low-pass filter in the voltage feed-forward path and a second-order
filter in the current feedback loop to achieve targeted frequency response characteristics [14].
Integrating these filtering elements while maintaining control system stability and
performance demands careful engineering consideration. Moreover, the deployment of
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advanced VSG algorithms is often computationally intensive and constrained by hardware
limitations, including processor speed, memory capacity, and communication latency.

To address fault conditions, recent work has introduced an enhanced VSG fault control
strategy that supports voltage regulation and sustains synthetic inertia and damping during
unbalanced grid events [15]. This approach utilizes a high-pass filter within the damping loop
to eliminate active power deviations and dynamically adjust damping coefficients, thereby
improving droop control behaviour and overall system damping [16].

In addition, small-signal modelling techniques have been employed to investigate the
dynamic interactions between MMCs and synchronous generators. Eigenvalue analysis
reveals that under low-inertia conditions, the control coupling between these components
significantly influences low-frequency oscillatory modes [17]. Ensuring the robustness of VSG
control against a range of disturbances, including grid faults, cyber intrusions, and submodule
malfunctions, is essential for dependable system operation. Scaling VSG strategies to multi-
terminal HVDC networks comprising multiple MMC units introduces further complexity.
Centralized control schemes may suffer from scalability issues and vulnerability to single-
point failures. In contrast, decentralized architecture offers improved resilience but require
sophisticated coordination and data exchange mechanisms among distributed controllers to
maintain system-wide stability [18].

The advancements in Virtual Synchronous Generator control, with a particular focus on
mitigating low-frequency oscillations in power systems. The study introduces a
supplementary damping controller aimed at enhancing active oscillation suppression without
compromising the steady-state power output of the VSG as shown in (Fig.1). Through an
analytical investigation of the interaction between the VSG and a Single Machine Infinite Bus
model, the proposed controller is shown to be effective in improving dynamic stability an
essential consideration for optimizing control in MMC-based VSC-HVDC systems [19].

Despite these innovations, the practical deployment of VSG control faces several
challenges. Factors such as sensor noise, latency in communication channels, and hardware
constraints can adversely affect control accuracy and system resilience [20]. Addressing these
issues necessitates ongoing research into more robust control algorithms, efficient hardware-
software integration, and comprehensive real-time validation. Overcoming these barriers is
critical to developing high-performance VSG strategies for MMC-based VSC-HVDC systems,
thereby enabling reliable integration of renewable energy sources into future grid
infrastructures [21].

This research aims to bridge existing gaps in VSG control methodologies tailored for
MMC-VSC-HVDC applications [22]. Conventional VSG implementations often suffer from
insufficient synthetic inertia, which can compromise frequency stability, particularly in grids
with high renewable penetration. Additionally, many existing approaches lack adequate
damping capabilities, resulting in prolonged oscillatory behaviour and reduced system
reliability [23].

Another pressing concern is the diminished effectiveness of current VSG control
schemes under weak grid conditions. Such environments can lead to instability in voltage and
frequency, undermining overall system robustness [24]. Moreover, the slow responsiveness of
certain VSG algorithms to transient disturbances such as abrupt load variations or fault events
further limits their practical utility. The inherent complexity of these control frameworks also
poses challenges for real-time deployment and parameter tuning [25]. To address these
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limitations, this study proposes enhancements to VSG control strategies specifically designed
for VSC-HVDC systems to improve dynamic performance, fault tolerance, and grid
compatibility [26].

The proposed simulation framework has been explicitly verified against benchmark
MMC/VSG models documented in recent literature [27,28]. Comparative results confirm
consistency in transient stability, frequency regulation, and capacitor voltage balancing.

2. CHARACTERIZATION AND MODELLING OF GRID-TIED MMC SYSTEMS

The Modular Multilevel Converter (MMC) has emerged as a preferred topology for
high-power grid integration due to its scalability, modularity, and superior harmonic
performance [29]. In a grid-tied configuration, the MMC acts as the interface between a DC
source and the AC grid, enabling bidirectional power exchange and stable operation under
varying grid conditions [30].

(a) Main Circuit

Fig.2 depicts the equivalent circuit of the MMC. In Fig.2, s, and usa represent DC
voltages of the positive and negative poles, respectively, each with a value of 1/2uqc; ia is the
DC side current; iy, i14, and Ucuma, Uama denote the upper and lower arm currents and voltages,
respectively; i.a represents the circulating current; u.a and ina, respectively, refer to the phase
A voltage and current on the AC side; Ry and Lam are the equivalent arm impedances.

Uy R T 2 Uy, Udcu

—_——————

—_

Fig. 2. Equivalent circuit of a single-phase MMC.

Applying the KVL to the circuit, the equations of phase A can be obtained as (Eq.1):
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where 1,4 and nj4 represent the modulation signals for the upper and lower arm of Phase A;
N, is the number of Submodules.
Based on HSS, the three-phase main circuit of the MMC can be formulated in HSS
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domain, as:
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(b) PQ control loop

According to the control diagram in Fig. 2, the MMC converter employs a PQ control

— _[0x EI - Nu
dt

loop, which includes an outer PQ control and an inner current control. In the HSS domain, the
park transformation can be expressed as:

u,, =I[cos(w,t)]xu,, +I[cos(wyt — 2Tﬁ)] xu,,, +I[cos(wyt + 2?ﬂ)] XUy,
mq

u,,, =—T[sin(wyt)]xu,,, —T'[sin(w,t - 2T”)] xu,,; —I'sin(wyt + 2T”)] XU, -

i,, =Icos(awyt)]xi,, +Tcos(w,t —%)]ximB +I'[cos(ayt + %)]ximc

. . 2 . 2
iy, = -Tsin(@,)]x1i,, - Isin(w,t - T”)] x i, —[sin(wyt + ?ﬁ)] Xi,c

where U, mgand img, ing are the dg-axis components of uapc and inapc. In subsequent analysis,
the subscript dq represents the dg-axis component. Then the outer AC voltage control can be
derived as:

imdref = kmmcp (P - })ief) + kmmcixPZd
imqrc{f = kmmcp (Q - Qre;f) + kmmcixQZq

dx

#Zd = [_N]Xxugd +(P_I)V€f) (4)
dx

% = [_N]Xxugq +(Q_Qref)

In (Eq.4), xp2s and xgo, are the integral state variables; P,,rand Qare the PQ control loop
references; kime and kume are proportional and integral parameters of the PI controller in the
PQ control.

Based on Fig. 2, the inner current control can be written as:

Uiinica = Wna = OLypityg =k ey =) = ki X0
Usinicy = Wng + Ly g =K, ooy = 1g) = K X0
dx

al;l‘md = [_N] X Ximd + (imdref - lmd) (5)

imgq . .
dt = [_N] X ximq + (lmqre;f - lmq)

where xin is the integral state variable of the current control; Ummcis the 50Hz modulation

signal; k, and k; are proportional and integral parameters of the PI controller used in the current
control.

(c) CCSC control
The second harmonic circulating current is suppressed by the CCSC in Fig. 2 and the

corresponding HSS model is:
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Ucird = _2wl‘armicirq - k(firp (0 xEI - icird) - kuirixcird

U(rirq = 2a)Larm i(rird - kcirp (0 x EI - i(rirq ) - kL‘iri xcirq

Kard _ [NJ*x,,, +(0x ET-i,,) ©)
dt

X,

% =[-N1*x,, +(0x EI -i,, )

where x.;, is the integral state variable in the CCSC control; ic;, is the circulating current; Uy is
the 100Hz modulation signal; ke and ke are proportional and integral parameters of the PI
controller in the CCSC control.

(d) PLL

PLL is a key control module in achieving stable power transmission. Its HSS model is as

follows:
© =) +kyy, g, kX,
dxpll _ %
dt =-N xpll + ”mq (7)
do
T N*AO +o
dt

In Eq. (7), wo= 21*50; xpn is the integral state variable of the PLL; ky, and ki are
proportional and integral parameters of the PLL.

The schematic illustrates a comprehensive control architecture for a grid-connected
power converter interfaced through a transformer and line impedance. The AC source,
characterized by voltage ux, inductance Lx, and resistance Rx, connects to the Point of
Common Coupling, where synchronization and power exchange occur. The converter receives
input voltage um and current im, and regulates its DC link voltages Uqc1, Udc2, and current ige
through coordinated control loops. A Phase-Locked Loop (PLL) extracts the grid angle 6 from
Un, enabling transformation of measured quantities into the dq reference frame. The active
and reactive power components P and Q are computed and processed through a PQ control
loop to generate reference currents iaqrer. These are tracked by the current control loop, which
outputs iyq to the Current Synchronous Control Component (CSCC). The CSCC generates
modulation signals ma, mp, which are used to synthesize the control voltage Um. The entire
system ensures accurate power regulation, grid synchronization, and dynamic response under
varying grid conditions.

3.  VSG CONTROL OF HYBRID TOPOLOGY MMC

The parameters managed by a VSG in an MMC system are all virtual quantities that do
not correspond directly to the physical values of a VSG. The current power system is quite
complex in terms of mechanical and electrical power [31]. For clarity, the mechanical
power Pm can be linked to the MMC DC power inverter, while the electrical power Pe pertains
to the power linked with the grid. Despite this simplification, technologies that employ virtual
synchronous generators continue to function effectively. An improved 2nd-order equation is
used to describe the mechanical and electrical transient process of the synchronous generator,
enabling more efficient analysis of the generator's motion equations [32].

The complete control system of the MMC, derived from the VSG, includes active and
reactive power controllers, along with an internal voltage and current controller, as illustrated
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in (Fig.3). Unlike traditional double closed-loop vector control, the MMC converter station
operating under VSG control can actively influence the frequency and voltage of the AC grid
[33]. This helps maintain stable voltage amplitude and frequency on the AC side. VSG control
also allows for effective monitoring and adjustment of both active and reactive power. It also
incorporates droop control to address any power imbalances within the system, significantly
enhancing operational reliability [34]. By carefully adjusting the inertia constant ] and
damping factor Dp in the VSG, the system's frequency support and oscillation damping
capabilities can be improved, thus increasing its robustness [35].
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Fig. 3. Grid-tied VSG-based MMC.

4. SUPER-TWISTING ALGORITHM METHODS

Incorporating the Super twisting algorithm framework introduces a highly effective
method for addressing synchronization issues prevalent in Modular Multilevel Converter
systems operating under Virtual Synchronous Generator control. This nonlinear control
enhancement enables the system to better withstand grid variability and model uncertainty
conditions frequently observed in renewable energy environments. Unlike conventional
synchronization approaches such as phase-locked loops or linear regulators, which tend to
respond slowly and suffer from steady-state errors during disturbances, the STA solution
delivers rapid alignment of frequency and phase, thus maintaining consistent grid-following
performance even amid severe fluctuations.

The dual-loop configuration featuring an external VSG-based power control layer and
an internal current-regulation loop facilitates independent modulation of active and reactive
components. Integrated observer and feedforward mechanisms further accelerate dynamic
estimation and enhance real-time adaptability. One of the most compelling advantages of STA
is its inherent suppression of chattering, which results in cleaner switching actions and
improved current waveforms, ultimately boosting power quality and extending the durability
of converter hardware [36]. Additionally, the control design’s synergy with modern pulse-
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width modulation schemes allows for fine-tuned current injection and tight synchronization
with grid voltage profiles. To ensure precise power decoupling in Virtual Synchronous
Generator control within a grid-connected system, the Sliding-Mode Control technique is
employed due to its notable advantages in delivering rapid dynamic response and exhibiting
strong resilience against parameter uncertainties and external disturbances. The initial stage
in STA design involves establishing the baseline model, which serves as a critical foundation
for defining the targeted performance characteristics of the system. These combined features
demonstrate the STA approach’s strong potential for advanced grid interfacing, especially in
scenarios demanding scalable control, fast transient response, and robust disturbance
rejection, as shown in (Fig. 4).
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Fig. 4. Control diagram Vsg-based STA control.

Traditional STAs' rapid switching between control states causes this undesirable high-
frequency oscillation. STA offers a smoother control approach, minimising or eliminating
these oscillations by using continuous, rather than discontinuous, control actions [37]. This
results in smoother transitions and less switching overall, achieved through a more gradual
switching mechanism. Incorporating both the sliding variable and its first and second
derivatives, as shown in (Fig. 5). This allows for more precise tracking of the target while
maintaining smooth control output. The STA approach serves as a foundation for developing
and designing the control inputs, namely U, and Uy, as illustrated in Eqgs. (8 - 13).

The STA-SM method is recognized for its effectiveness in controlling systems due to its
robustness and ability to eliminate chattering phenomena. The algorithm guarantees
robustness against external disturbances, and a mathematical model of the system is not
necessary. The STA-SM method requires only the sliding variable (output variable). A control
law is formulated using STA-SM. The STA-SMC method necessitates the attainment of
oc=do/dt =0

According to the STA-SMC, the design of control inputs can be formulated as:

ugp =uy(t)+u,(t)

u,=-K, |0'|p Sign(o)+u,

u, =-K Sign(o)
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The variables Ki and Kp represent the gains of the STA-SMC controller and
0<p<0.5

So:
{ul =-K, |a|0'5 Sign(o)+u,

u,=-K Sign(o

2 P g ( ) (9)

Based on the STA-SMC approach, the control inputs, mainly Us and Ugq, can be
formulated and designed as such:

u, =u, (t)+u, )

(10)
u, =-K, |0'd|0‘5 Sign(o;,)+ud2
u, =-K,Sign(o,)
and

u, =u, )+u, (t)

05 .
u, =-K, ‘Uq‘ Sign(o,)+u,,
u, =—K Sign(o,) a1

Typically, the parameter Ki exhibits greater efficiency in terms of system response. The
gain Kp has an impact on the accuracy of the system in achieving a steady state.

4.1. STA-SMC

The STA-SM method is used in this work instead of the classical. It is a modification of
the STA, aimed at further simplifying the algorithm and improving its dynamic response. The
primary advantage of the proposed method lies in its simple execution and its compatibility
with the MMC control system. Specifically, the focus on dynamic response is crucial for the
MMC due to its unique configuration.

U]

U(l)U(Z) » >< ; u(t)
Sign (U) j

Fig. 5. Structure of the proposed STA-SMC.
PG
u=-K, |0'| Sign(o)

4

(12)
Figure 5 shows the concept of output current regulation in the d-q axes. Within d-q

frame. Two sliding surface functions are defined as follows Egs. (13) and (14):
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A A

igd
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where ¢ and ¢ are references of and’# respectively.
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Applying the first derivative of Eqs. (12) and (13) results in:

d .. 1 A A
Ou ZEZ&’ _L_(vg” —R, xig,—uV,)—wig,
r (13)
- d .. 1 R xi A
O'q—Elgq—L—(vgq— o Xig,—uV )+ @iy,
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. i iy . o : .
Given thattheterm " ¢ "and " * "is constant, the derivatives of the respective functions
are equal to zero. Therefore, Eq. (15) and (16) can be rewritten as:

1 A A v
. —(Rf.xigd—vg j —wig, | | ==
o | L\ ' + 2L, {“d }
. - 1 ( A A V u
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(15)
Equation (17) can be expressed in the form of a generalized first-order system in the

following;: oc=a+bu .y =0

1 A » 4
—| R, xig,—Vv -wi 0
L ( SRS T ) & 2L,
O 1 A A V u
O'=|: d} —(foigq—vgj +01i 4, 0 - uz{ d}
The STA-SMC law is given to control the output current:
05 .
u, =K, |O'd| Sign(o,)
05 .
u, =K, ‘aq‘ Sign(o,) a7

5. RESULTS AND DISCUSSION

A detailed simulation study was conducted using MATLAB 2023a to investigate the
performance of a single-phase Modular Multilevel Converter interfaced with the power grid.
The converter parameters employed in the model are outlined in Table 1. The primary
objective of this simulation was to evaluate the effectiveness of a control strategy based on
gradient descent optimization in regulating the MMC’s dynamic behaviour.

The super-twisting algorithm-based sliding mode controller demonstrated superior
performance when configured with appropriately tuned inertia and damping coefficients.
Specifically, the system exhibited reduced overshoot in power output during transient events,
accelerated settling times, and enhanced overall dynamic stability.

The optimization algorithm enabled the MMC to maintain robust power regulation even
under grid disturbances, confirming its capability to adaptively manage converter dynamics.
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These findings underscore the potential of sliding mode techniques in improving converter
resilience and response fidelity in grid-connected applications.

Table 1: Performance metrics.

Parameter Value Unit
Power Rating (Ps) 3 kW
Input Voltage (Vs) 230 Vv
DC Link Voltage (Vdc) 800 \
Submodule Count per Converter Arm
4 -
(N)
Submodule Capacitor Voltage (VC) 200 \4
Switching Frequency (Fc) 5 kHz
System Frequency (F) 50 Hz
Arm Inductive Reactance (La) 1.05 mH
Arm Resistive Component (Ra) 0.16 Q
Submodule Capacitance (C) 800 uF
Grid Interface Inductance (Lf) 74 mH
Grid Interface Resistance (Rf) 1.02 Q
Ad 200 -
Aq 200 -
K1 15 -
K2 5 -

5.1. Test1: Power Reference Sensitivity

Figures (6a and 6b) show the arm capacitor voltages for both control strategies. The
capacitor voltages in the submodules remain within acceptable limits even when the power
reference changes. These results also demonstrate the connection between output power and
the MMC's internal dynamics, showing a linear relationship between changes in active power
and the MMC's internal behaviour. Figure 6c illustrates the error in the circulating current,
respectively. The observed variations in the circulating current and the voltage characteristics
of the submodule capacitors are within acceptable limits for the MMC. Moreover, the
graphical representations elucidate the impact of output power variations on the intrinsic
dynamic behaviour of the Modular Multilevel Converter.

The acceptable operating limits for circulating current and sub-module capacitor
voltages have been explicitly defined. The capacitor voltage remains centered around 200 V
with fluctuations below +1.24%, which is well within the widely accepted tolerance of +5% for
MMC applications. Likewise, the circulating current variations are maintained below 10% of
the rated arm current, ensuring that the converter operates safely without imposing undue
stress on the submodules. These limits are consistent with established MMC design practices
reported in the literature and confirm that the proposed STA-SM controller maintains reliable
voltage balancing and stable current regulation under dynamic grid conditions.

Figure 7a presents the dynamic behavior of the grid d-axis current (Is) under VSG and
STA-SM control strategies. The STA-SM controller (green curve) exhibits superior transient
damping and faster current stabilization compared to the conventional VSG (red curve).
Notably, during the disturbance interval from 0.28 to 0.32 seconds, the STA-SM suppresses the
sharp current drop more effectively, reducing overshoot and settling within a shorter time
frame. Similarly, in the interval from 0.78 to 0.82 seconds, the STA-SM maintains current
stability with minimal fluctuation, while the VSG shows residual oscillations. These results
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confirm the STA-SM controller’s enhanced ability to regulate active power and maintain

system stability under dynamic grid conditions.
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Fig. 6. Comparative analysis of the internal dynamic behaviour of the Modular Multilevel Converter under
two distinct control schemes: (a and b) depict the voltage profiles across arm capacitors; c) the deviation in

circulating current.
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Figure 7b illustrates the grid g-axis current (Iq) response under the same control
strategies. The STA-SM approach again demonstrates improved performance, particularly in
reactive power regulation. During the transient window around 0.3 seconds, the STA-SM
curve shows a smoother transition and quicker recovery compared to the VSG, which exhibits
a sharper deviation. The second zoomed-in region (0.78-0.82 seconds) further highlights the
STA-SM'’s ability to suppress oscillations and maintain steady reactive current. These
observations validate the controller’s robustness in handling grid disturbances and confirm its
effectiveness in enhancing both active and reactive power dynamics.

Figure 8 illustrates the dynamic response of grid-side active P and reactive Q power
under the proposed control framework. As shown in Fig. 8a, the active power closely tracks
its reference trajectory, transitioning from 3 kW to 1.5 kW and subsequently reverting to 3 kW,
in accordance with the predefined test conditions. In contrast, Fig. 8b reveals that the reactive
power exhibits minor fluctuations within the range of 0 to 500 VAR. These results substantiate
the efficacy of the STA-SM control strategy in achieving precise active power regulation.
Furthermore, the reactive power remains consistently low and stable throughout the
evaluation period, indicating sustained phase alignment between output voltage and current.
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This phase coherence confirms that the MMC, governed by the proposed strategy,

operates with a unity power factor during grid-connected conditions, an outcome that aligns
with optimal power quality standards.
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Fig. 8. Power injected to the grid: a) active; b) reactive power.

5.2. Test 2: Power Frequency Variations

To evaluate the resilience of the proposed control strategy under grid frequency
disturbances, the simulation incorporated deliberate variations in frequency. The nominal
value of 50 Hz was maintained during the intervals from 0 to 0.2 s and again from 0.4 to 0.8 s.
A reduction of 0.25 Hz was applied between 0.2 and 0.4 s, followed by an increase of 0.5 Hz
from 0.8 to 1s. Figure 8 presents the comparative performance of both the VSG and STA-SM
controllers under these dynamic frequency conditions. Figure 9a illustrates the grid voltage
and corresponding output current, while Fig. 9b captures the active and reactive power
profiles. The d-q axis current components are depicted in Fig. 9¢c, and the applied frequency
variations are shown in Fig. 9d. The primary objective of this test is to assess the controller’s
ability to regulate output power effectively. As evidenced in Fig. 9b, the STA-SM controller
consistently maintained a near-unity power factor by suppressing reactive power to negligible
levels, in contrast to the VSG controller, which exhibited a reactive power level of
approximately 13 VAR. Both controllers experienced a minor reduction in active power during
frequency transitions, reflecting the dynamic impact of grid disturbances.
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5.3.  Test 3: Sensitivity to voltage changes

The designed controller's durability was tested by exposing the grid voltage to
changes of £10% about its standard value. Specifically, the voltage increased by 10% from 0 to
0.3 seconds, remained at its standard level from 0.3 to 0.7 seconds, and subsequently decreased
by 10% from 0.7 to 1 second. The current and grid voltage from this test is shown in Fig. 10a,
active and reactive power are shown in Fig. 10b, and direct and quadrature axis output current
components are shown in Fig. 10c. The controller's benefit over traditional control methods
was proved by its good steady-state and transient behaviour despite these voltage variations,
although with a little performance drop.
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The findings demonstrate that the controller sustains robust steady-state and transient
performance under a 10% variation in grid voltage V, effectively mitigating the associated
performance deviations. This highlights its enhanced operational capability relative to
traditional control methodologies. Based on visual analysis of Fig. 11a, which shows VSG thd,
and Fig. 11b shows STA-SMC thd, the STA-SMC control method demonstrates improved
current quality, exhibiting reduced ripples and Total Harmonic Distortion when compared to
the standard VSG technique. Figure 11 provides THD values: 1.24% for STA-SM and 2.17% for
Vsc, both within acceptable limits. Table 2 shows the comparison results.
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Fig. 11. THD of the output current. a) VSG; b) STA-SM.
Table 2. Evaluation of the results from both methods.
Metrics PI VSG STA-SM Observation
THD [%] 3.17 217 1.24 42.9% Reduction
Settling time [s] 0.035 0.1 0.025 75% Faster Response
Frequency deviation [Hz] +0.35 0.3 0.1 66.7 % Reduction
Reactive power [VAR] 80 80 13 83.75% Reduction
Grid coordination Good Good Excellent  Qualitative Improvement
Conversion Efficiency Medium Medium High Qualitative Improvement
SM Voltage Ripple [%] 5.05 5.05 5.05 No Change
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Table 2 provides a comparative evaluation of the proposed STA-SM controller against
conventional PI and VSG approaches demonstrates both quantitative and qualitative
superiority. In terms of numerical performance, the STA-SM controller achieves a 42.9%
reduction in THD, a 75% faster settling time, and a 66.7% reduction in frequency deviation,
while also lowering reactive power output by 83.75% compared to existing systems. These
improvements confirm its robustness in enhancing active and reactive power dynamics under
grid disturbances. Beyond these measurable gains, the STA-SM controller exhibits excellent
grid coordination and higher conversion efficiency, surpassing the “good” and “medium”
ratings of conventional methods. Although submodule voltage ripple remains unchanged
across all approaches, the overall improvements in harmonic suppression, transient recovery,
and frequency stability highlight the novelty and effectiveness of the STA-SM framework.
Taken together, these results establish the proposed controller as a strong candidate for real-
world MMC applications, addressing the limitations of earlier VSG-based systems and
advancing the state of grid-forming converter control.

6. CONCLUSIONS

The STA-SM control strategy demonstrates substantial improvements in VSG-MMC
system performance, addressing critical challenges in grid synchronization, dynamic stability,
and power quality. The notable reduction in Total Harmonic Distortion from 2.17% to 1.24%
reflects an enhanced waveform quality, minimizing harmonic pollution and improving overall
system efficiency. Additionally, the settling time reduction from 0.1 seconds to 0.025 seconds
highlights a significantly faster dynamic response, ensuring rapid adaptation to grid
disturbances. The decline in reactive power output from 80 VAR to 13 VAR signifies optimized
reactive power regulation, leading to reduced grid stress and improved voltage stability.
Furthermore, the stable SM voltage ripple confirms reliable MMC operation, reinforcing the
robustness of the proposed control strategy. By integrating STA-SM into VSG-based MMC
systems, this study provides a scalable, efficient, and high-performance solution for grid-
connected applications. These findings establish STA-SM control as a superior approach,
enabling enhanced frequency regulation, improved transient response, and strengthened
power system reliability, making it highly applicable for modern power electronics and
renewable energy integration.

7. FUTURE WORK

The computational complexity of the proposed STA-SM controller is inherently higher
than that of conventional linear controllers due to the nonlinear switching functions and
adaptive gain tuning required for robust performance. While linear controllers such as PI or
droop-based schemes involve relatively simple arithmetic operations, the STA-SM framework
requires iterative evaluation of sliding surfaces, super-twisting terms, and adaptive gains,
which increases the processing overhead. However, modern DSPs and microcontrollers are
well equipped to handle such operations in real time, particularly when discretization
strategies and efficient coding practices are employed. The additional computational burden
is offset by the controller’s superior transient damping, reduced harmonic distortion, and
enhanced robustness against parameter variations. Thus, although the STA-SM controller
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demands more processing resources than conventional linear approaches, its real-time
feasibility remains practical with current embedded platforms, making it a promising
candidate for hardware deployment.

Although the current work employs a single-phase MMC system as a proof of concept
testbed, the proposed STA SM controller is inherently scalable to three-phase MMC structures.
In a three-phase environment, additional considerations such as inter-phase coupling,
circulating current suppression across multiple arms, and synchronization with grid voltage
vectors must be addressed. The STA SM framework can be extended by incorporating vector-
based control laws in the dq reference frame, ensuring coordinated regulation of active and
reactive power. Expected challenges include increased computational complexity, the need for
precise parameter tuning to avoid chattering, and real-time implementation constraints due to
higher-dimensional state variables. Nevertheless, the anticipated performance benefits —such
as improved transient damping, enhanced harmonic suppression, and robust voltage
balancing —remain consistent with the single-phase results, thereby confirming the scalability
of the proposed approach to practical three-phase MMC applications. While hardware
implementation is not included in the current scope, we have taken steps to strengthen the
credibility of our results:

Extended Simulation Studies: We have conducted additional tests under varied
operating conditions (frequency deviations, voltage fluctuations, and load changes) to confirm
the robustness of the model parameters.

Cross-Validation: The simulation framework has been verified against established
MMC/VSG models reported in recent literature, ensuring consistency with recognized
benchmarks.

Future Work: We have added a dedicated section outlining our plan for
hardware-in-the-loop (HIL) and prototype-level validation in future research. This will
address practical challenges such as sensor noise, latency, and chattering suppression.
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