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Abstract—A grid-forming static synchronous compensator
(STATCOM) is a power electronic device that regulates voltage,
provides active and reactive power support, and stabilizes power
systems by mimicking the dynamic behavior of traditional
synchronous machines. When integrated with an energy storage
system (ESS) from a DC microgrid, it ensures efficient power
exchange and enhances system resilience to disturbances. By
maintaining the DC-link voltage and synchronizing with the
AC grid, a grid-forming STATCOM plays a pivotal role in
stabilizing both AC and DC subsystems. However, challenges
such as dynamic AC grid impedance variations, transient power
fluctuations, and the poor adaptability of conventional controllers
can lead to voltage instability and oscillatory behavior, partic-
ularly in weak grid conditions. This paper presents a novel
adaptive control strategy for a grid-forming STATCOM that
dynamically adjusts control parameters in response to real-time
AC grid impedance measurements obtained through a broad-
band perturbation technique. By adaptively tuning the damping
coefficient in the virtual synchronous machine (VSM) framework,
the proposed method ensures robust voltage regulation, mitigates
oscillations, and improves transient performance at the DC-link.
Experimental results validate the effectiveness of the proposed
approach, highlighting its capability to achieve stable operation
under varying grid conditions and enhancing the reliability of
DC microgrids.

Index Terms—STATCOM, Energy Storage, Microgrid, Grid-
Forming, Adaptive Controls

I. INTRODUCTION

The evolution of conventional power systems into intelli-
gent, decentralized grids has led to the widespread adoption
of interconnected microgrids in modern distribution networks
[1]. This transition is driven by the increasing penetration of
renewable energy sources and energy storage technologies,
which demand greater flexibility and efficiency. Hybrid AC-
DC microgrid systems offer a promising solution by seam-
lessly integrating both AC and DC sources and loads while
enhancing overall system performance [2]. To maintain stable
operation under dynamic power flow conditions, effective
voltage control, frequency regulation, and DC-link voltage
stabilization are crucial [3].

One effective approach to maintain stable grid operation
is the use of a static synchronous compensator (STATCOM),
which is a widely adopted power electronic device in AC
transmission systems. A STATCOM consist of a voltage source
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converter (VSC) with a DC-link capacitor on its DC side,
enabling fast and precise reactive power compensation [4].
By dynamically managing reactive power, stabilizing AC volt-
age, and regulating frequency through grid-forming control,
STATCOMs play a crucial role in maintaining grid stability
and ensuring smooth power exchange between AC and DC
subsystems [5].

Fig. 1 shows the structure of a typical hybrid AC-DC micro-
grid system integrated with a STATCOM. Ensuring stable and
reliable operation at the AC-DC connection point poses signifi-
cant challenges [6]. Issues such as voltage regulation, dynamic
load changes, and grid impedance variations frequently results
in instability, particularly in weak or fluctuating AC microgrid
conditions [7]. While the conventional grid-following control
technique smoothly synchronize with the grid’s voltage and
frequency, they lack the robustness needed to manage dynamic
conditions, leading to poor voltage regulation, oscillatory
behavior, and delayed responses [8]. These limitations are
especially critical in dynamic microgrid environments, where
seamless power exchange between the AC and DC grids is
essential for stable operation.

Unlike grid-following control, which relies on external
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Fig. 1: A typical hybrid AC-DC microgrid with STATCOM.




references, grid-forming control autonomously establishes a

stable voltage and frequency reference, enhancing system

resilience [9]. This approach ensures robust system operation

by generating a specied AC voltage and frequency. The

process starts with grid synchronization, where the STATCOM

regulates active power using power-frequency droop control,

mimicking the behavior of a synchronous generator [10].

Meanwhile, AC voltage is maintained through voltage pro le

regulation, typically utilizing a reactive power controller or

an AC bus voltage controller. However, conventional imple- @)
mentations often rely on xed control parameters, which can
encounter signi cant limitations when faced with real-time
variations in grid conditions [11].

Adaptive control has emerged as a promising solution to
address the shortcomings of traditional controllers in dy-
namic microgrid environments [12]. Unlike xed-parameter
approaches, adaptive controllers continuously adjust control
parameters in response to real-time system variations, such as
changes in grid impedance or load conditions. This capability
improves voltage regulation, suppresses oscillations, and en-
ables faster response to disturbances, ensuring seamless power
exchange between the AC and DC buses. By dynamically
aligning with the grid's state, adaptive control enhances system
stability and performance, even under challenging operating
conditions [13]. b)

This paper presents a novel adaptive grid-forming control
strategy for STATCOM integrated in a hybrid AC-DC mi-Fig. 2: STATCOM in AC-DC interface () A hybrid AC-DC microgrid system.

. . (k) ,Grid-forming Control structure for STATCOM.
crogrid system. The proposed approach uses real-time grid
impedance measurements to adaptively modify control param-
eters, effectively addressing the dynamic interactions between
the AC grid and the ESS connected to the DC bus. THC bus voltage,U;. and Uy respectively, are fed to the
proposed controller improves the transient performance B¢-link voltage controller. The DC-link voltage controller
the DC bus. Additionally, it mitigates power uctuations andnaintains a constant DC voltage, generating the active power
disturbances caused by AC-DC interactions. Additionally, tHgference R ) required for the grid synchronization process.
proposed control strategy enhances power regulation, ensufiddghis process, the reference active power is compared with
stable operation under varying grid conditions. the measured active powdP), and the error signal is fed to

The remainder of the paper is organized as follows. Sectifif Power synchronization loop to generate the phase angle
Il presents the theory behind the grid-forming control deikewise, the voltage pro le management maintains a constant
STATCOM. Section Il presents the impedance identi catioh€active power and generates the internal voltdge X The
method and formulation of the adaptive control measures. SE¥ernal voltage magnitudeép and phase angleare combined
tion IV shows the experimental results based on a STATCORY the voltage reference generator to produgg, which

interfacing AC and DC systems and Section V concludes tREVes as the input to the inner control loop. This loop employs
paper. a cascaded structure, where the voltage controller ensures AC

voltage regulation and provides current referencgto the
Il. THEORY current controller, which then governs the output current and

Figure 2a illustrates the hybrid AC-DC microgrid systerdlfives the PWM generation.
utilized in this work. The system comprises a utility grid on the Recent studies have investigated various techniques for
AC side and an energy storage system (ESS) on the DC siged synchronization [14]-[17]. Virtual synchronous machine
The ESS is interfaced with the DC bus via a DC-DC convertdlySM) control is one of the most widely adopted methods
while a STATCOM ensures seamless AC-DC integrationue to its ability to ensure smooth synchronization and stable
Serving as the key interface, the STATCOM regulates powkequency regulation [18]. Designed to emulate the dynamic
exchange between the AC and DC domains, contributing behavior of traditional synchronous machines, VSM control
system stability and ef cient energy management. enhances system inertia and damping, making it particularly

The STATCOM's grid-forming control mechanism, showreffective in weak grid conditions and standalone microgrids
in Fig. 2b, starts by sensing the bus voltages (AC and DC) afid]. By incorporating synchronous generator properties —
STATCOM output current. The reference and the measursdch as inertia, damping, and droop characteristics — VSM-



based STATCOMSs not only synchronize with the grid but alsAs seen in (2), the grid impedance includes individual (dd
regulate AC voltage effectively. and qq) impedances for both d and q components as well
as the cross-coupled (dq and qd) impedances. This means
that the variables are strongly coupled and several sequential
measurements are required to obtain them all [25]. However,
for grid impedance estimation, measuring only tthe axis
component is often sufcient. In practical scenarios, grid
impedance exhibits predominantly inductive behavior below
400 Hz [26]. This means the impedance is mainly char-
acterized by its inductance, making it proportional to both

Fig. 3 shows the power synchronization and control block€dauency and grid inductance. The grid reactance can be
which is designed using the swing equation with focus dstimated using the online impedance measurement as [21]

inertia and damping. In this control loop, the power-frequency IMZ (! )]

(P=f) droop control is implemented to regulate the active Xg= Ig g 3)
power and generate the reference angular frequency. The phase i _ B _
angle, which is essential for the Clarke-Park transformatidf€re IMZgq.q(! )] is the imaginary part of the measurgaxis

of voltages and currents, is derived by integrating the angu@fid impedance! is the angular frequency of the measured
frequency as: impedance, andly is the fundamental frequency.

Fig. 3: Power synchronization block.
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whereJ denotes the virtual inertid,, is the nominal angular

frequency, andp represents the damping coef cient.

I1l. METHODS
A. Online Grid Impedance Measurement

In recent years, online grid impedance measurement has
gained signi cant attention due to its crucial role in as-
sessing stability of grid-connected systems [19]. Real-time
grid impedance information enables the design of adaptive
control strategies, allowing power electronic systems to re- Fig. 4: Grid impedance estimation setup.
spond dynamically to changing grid conditions [20], [21].
A method to perform real-time grid impedance measurementFig. 4 shows the grid impedance measurement setup applied
is to apply wideband identi cation technique [22]. In thisin this work. The DIBS perturbation is added on top of
approach, a broadband perturbation such as pseudo-randbend-axis current reference and the resultidgixis voltage
binary signal (PRBS) is injected into the referenker g-axis and current are measured. By applying Fourier method, the
current, and the resulting voltage and current responses imaginary part of thed-axis grid impedance is extracted to
measured. By applying Fourier methods, the system extraegfimate the grid reactance using (3).
the frequency response, providing an accurate characterization
of grid impedance in real-time. B. Adaptive Control

A discrete-interval binary sequence (DIBS) is a computer- The damping ratio of a virtual synchronous machine is
optimized binary signal that has recently been utilized asj@uenced by the grid reactance, particularly in the context

perturbation in various studies [23]. The design process §f its swing equation dynamics and synchronization behavior.
DIBS has been thoroughly explained in [23], [24]. Comparefihe damping ratio is given by [9]

to commonly used PRBS, DIBS offers several advantageous

properties. Notably, it can be optimized to concentrate sig- _ Dply
! : : = P 4)
ni cantly more energy at user-de ned frequencies without 2 JK»p

increasing the signal time-domain amplitude. This makegerek  is the power sensitivity factor, which is given by
DIBS a highly ef cient perturbation signal, particularly for

sensitive systems such as STATCOMs, where the amplitude Koz UsUg
of injected signals must be carefully controlled. P Xg

The .grld'lmpedance idg frame is basically a 2 2 matrix, where Us and U, are the STATCOM and grid voltages,
which is given by . . )
respectively and is the power angle. As the grid reactance
(Xg) varies, the damping ratio J of the VSM also changes.
@ A higher reactance weakens synchronization and reduces

sin (5)

Zgdd Zgdq
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g-dq
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damping, leading to oscillations. On the other hand, a lowbehavior of a three-phase utility grid, while a PVS 7000 battery

reactance strengthens coupling but may lead to over-dampiagulator interfaces with the DC bus via an Imperix dual-
active bridge (DAB) converter. Simultaneously, an Imperix
VSC operates as a STATCOM, governed by the proposed
adaptive grid-forming control. The control of both converters
is implemented independently on the Imperix Boombox real-
time control platform, providing a exible and realistic testing
environment. To facilitate frequency response identi cation,
a National Instruments DAQ (Ni-DAQ) system was used to
inject the perturbation signal and record the system's response
data. The system parameters are presented in Table I.

Table I: System parameters

Grid
Grid frequencyf 60 Hz
Grid voltage,Ugq 120V
Grid inductor,L 380 H
Fig. 5: Algorithm for tuning damping coef cient adaptively. Grid resistor,Rg 0:4
STATCOM
Fig. 5 illustrates the algorithm used to adaptively tune the Switching frequencyfs, 18 kHz
damping coef cient. To maintain stable and optimal damping, Filter inductor,L¢ 2.5 mH
the coef cientDp in (1) is dynamically adjusted based on the Filter resistor,Ry 22m
estimated grid reactancéy from (3) as Filter capacitorCs 10 F
DC-link capacitor,Cgyc 780 F
Dpnew= kpDp (6) DC-link voltage,Uqc 400V
wherekp is the tuning factor, which can be calculated using
the estimated grid reactance as Both the outer control loop and the inner cascaded con-
S trol loop were tuned for nominal operating conditions. The
kp = X g,nom @) tuning was carried out using a linearized small-signal model
X g.new in conjunction with the PID Tuner tool available in MAT-

LAB/Simulink. Additionally, the power synchronization loop

where X g nom denotes the nominal grid reactance, afighew . ! i

' : : ' was designed to achieve a critically damped response, corre-
represents the updated grid reactance following a change_in__ . . . B .
grid strength sponding to a damping ratio of = 1. The resulting control

parameters are summarized in Table II.

IV. EXPERIMENTAL RESULTS Table 1l: Control parameters

Outer control loop \ Inner control loop

J 0.001 | Kpy  7.94e-5
Dy 1 Kiv 158.86
Kppoc  -16.87 | Ky 11.1
Kipc -99.9 | K, 5471
Kpo  8.18e-8

Kig 0.1637

Fig. 7a presents the real-time measurement of ddaxis
grid impedance under both stronigy(= 0.38 mH) and weak
grid (Ly = 8.68 mH) conditions, obtained using the DIBS
perturbation method. The extracted impedance data is used
Fig. 6: Power hardware-in-the loop (PHIL) Experimental setup. in (3) to estimate the grid reactance. As shown in Fig. 7b, the
estimated reactance is approximatéig for the strong grid
Fig. 6 illustrates the Power Hardware-in-the-Loop (PHILand1:7 for the weak grid. The reactance under strong grid
experimental setup employed to validate the proposed adaptesditions is treated as the nominal valu€ggon.
grid-forming control strategy for STATCOM applications. In Further experiments were carried out under weak grid con-
this con guration, a PAS 5000 grid emulator reproduces thditions, that isL 4 = 8.68 mH, to evaluate the performance of



