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A Digital Twin Approach for Online
Impedance-Based Stability Analysis
of Three-Phase AC Systems

Sergio de Lopez Diz®, Roberto Martin Lopez

Abstract—In contemporary electrical distribution sys-
tems, multiple parallel inverters collaborate to form an
advanced power distribution network, which poses sta-
bility challenges. Small-signal analysis is a fundamental
method for characterizing interactions between system
impedances. In three-phase ac systems, stability assess-
ment involves examining the source-to-load impedance ra-
tio in the complex dq plane using the Generalized Nyquist
criterion (GNC). In this context, the digital twin (DT) concept
is arising as the forefront of energy sector digitization, pro-
viding real-time data through high-fidelity models mirroring
physical systems. This article presents a stability analysis
method employing a DT approach to determine the closed-
loop impedance of the physical system and estimate the
connected system’s equivalent impedance. Broadband ex-
citation based on pseudorandom binary sequences (PRBS)
is applied with Fourier techniques for frequency response
extraction. Impedance ratio assessment is performed on
an edge-computing platform, delivering real-time stability
information. Experimental results are provided for a dual-
hybrid converter, one operating as a grid-forming system
and the other in grid-following mode. The outcomes demon-
strate the feasibility and potential of the proposal as a
foundational approach to enhance robustness based on
stability indexes.

Index Terms—Digital twin (DT), edge-computing, real-
time, small-signal stability, three-phase electric systems.

[.  INTRODUCTION

HE ongoing advancements in semiconductor technologies

and inverter design have enabled the growth and diver-
sification of applications within ac-distributed power systems.
These applications can be found in several novel and emerging
fields, such as renewable energy generation [1], smart grids [2],
and the integration of prosumers [3].

Manuscript received 17 January 2024; revised 5 April 2024 and
17 April 2024; accepted 18 April 2024. This work was supported by the
Spanish Ministry of Science, Innovation and Universities, under Grant
PID2021-1256280B-C22, Grant TED2021-130610B-C21, and Grant
PID2022-1395750B-100 GEMECOP. (Corresponding author: Sergio de
Lopez Diz.)

The authors are with the University of Alcala, 28801 Alcala de
Henares, Spain (e-mail: s.lopezd @edu.uah.es).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TIE.2024.3395755.

Digital Object Identifier 10.1109/TIE.2024.3395755

, Francisco Javier Rodriguez Sanchez
and Emilio Jose Bueno Pefna

, Member, IEEE,
, Senior Member, IEEE

AC-distributed power systems commonly rely on the syn-
chronized operation of multiple paralleled inverters. In certain
applications, such as large-scale photovoltaic or wind power
plants, the system may encompass a substantial number of
inverters, ranging from hundreds to thousands, to amplify the
overall power generation capacity. Typically, these inverters are
individually designed taking into consideration their indepen-
dent stability.

Nevertheless, the deployment of parallelized inverters gives
rise to dynamic interactions among them, potentially result-
ing in system performance degradation or even instability, as
observed in distribution systems [4]. This phenomenon under-
scores the significance of addressing the interplay and stability
concerns when integrating various converters. Consequently,
the analysis of small-signal stability is critical in shaping the
design and enhancing the performance of three-phase power
conversion systems (PCS). The more practical method is the
impedance-based stability analysis, which was initially applied
in dc systems [5] and has been adapted for use in ac systems.
A key benefit of this methodology lies in its inherent modeling
of all circuit elements, encompassing both physical components
and control systems. For three-phase ac systems, stability based
on impedance can be expressed by using the dg frame source
and load impedances.

In relation to the above, it is necessary to consider the
growing demand for the implementation of real-time analy-
sis approaches that rely on continuous, ongoing measurements
and the online estimation impedances. These stability indica-
tors find valuable applications in advanced system monitoring,
preemptive fault mitigation, and dynamic control strategies.
Incorporating digital techniques, the online identification and
analysis can seamlessly integrate into the inverter controllers.

In the literature, there is a noticeable presence of both para-
metric and nonparametric approaches aimed at estimating grid
impedance from measurement data. These methods consider
grid impedance to be equivalent to the load impedance as a
preliminary step before performing impedance-based stability
analyses. To begin with the parametric perspective, in [6] and
[7], recursive-parametric methodologies are introduced. One
of the drawbacks associated with parametric estimation lies in
the necessity to predefine the parameters to be estimated. This
limitation proves inadequate in identifying specific resonances
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Fig. 1. Example of DT technology applied to a power electronics
converter.

that may manifest in highly interconnected converter systems,
rendering the method less adaptable to diverse scenarios. In the
context of nonparametric approaches, numerous studies have
explored the injection of broadband disturbances to obtain the
frequency response of a system within a specified frequency
range. In [8], an examination of the impact of weak grids on
control performance, considering the dynamics introduced by
phase-locked loops (PLL) in grid-following (GFL) inverters, is
presented. Another illustrative instance is shown in [9], where a
comprehensive methodology for characterizing grid impedance
in the presence of harmonics and unbalances is described.

For source impedance characterization, numerous studies
rely on prior theoretical analyses [10] to establish the con-
verter’s impedance. This involves accounting for the dynamics
of all loops and linearizing them according to the system’s
operational state, as evidenced in works such as [11], [12], [13].
Although this method is entirely valid, it may lack flexibility in
dynamic systems subject to changing conditions and includes
a higher difficulty in terms of consider all the nonlinear effects
of the modulation. In this context, the notion of a digital twin
(DT) emerges as a new way to analyze stability in real-time.

DT introduces a transformative approach to enhance the per-
formance and reliability of physical energy systems. Initially
described as a virtual replica of a physical system that predicts
its output characteristics [14], the traditional definition consists
of three core elements: the physical system itself, its digi-
tal counterpart, and the communication link connecting them.
Fig. | shows an example of the DT concept applied to a power
converter, where the replica can include all conceivable physical
and data-driven models emulating the converter behavior.

Over time, this definition has evolved, giving rise to the
notion of an intelligent DTs [15]. This updated version of
the twin incorporates advanced attributes such as pro-activity,
online functionality, goal-driven behavior, and anticipatory ca-
pabilities. This abstraction allows a more in-depth understand-
ing of the behavior of energy converters, leading to perfor-
mance optimization and enhanced reliability through contin-
uous monitoring [16]. In the state of the art, it can be found
various proposals for fault diagnosis and condition monitor-
ing applications. Milton et al. [17] introduces a DT model
that employs probabilistic simulation with stochastic variables,

leveraging a generalized polynomial expansion. The authors
have implemented this virtual replica on a field programmable
gate array (FPGA), enabling real-time simulations for small
power converters. Furthermore, [18] presents a methodology
for monitoring the health of components in a buck dc/dc con-
verter. Additionally, [19] introduces a DT of a three-phase
converter, with particular attention to the degradation of an LC
output filter.

This article introduces a novel application of the DT con-
cept, which has traditionally been focused in the literature on
condition monitoring and fault detection. The focus here is on
applying the DT approach to system stability analysis, present-
ing the virtual replica as a tool for deriving robustness metrics
in relation to other equipment or the utility grid. The primary
robustness metric utilized is the phase margin (PM), acquired
through the analysis of the characteristic equation of the system,
as detailed in Section II.

The first contribution of this work lies in demonstrating the
feasibility of employing the DT approach in stability analysis.
Indeed, this enables the rapid and accurate determination of the
impedance of the physical system being emulated across all
feasible operating points, eliminating the need for linearizing
the nonlinear elements of the converter control, as is currently
used in the literature. This capability is facilitated by the inputs
from sensors feeding the DT and the existence of a virtual
control precisely mirroring the control employed in the real
system. Taking advantage of its integration on the same control
board as its physical counterpart, it becomes straightforward to
observe the impact of nonlinear system elements such as dead
time [20], conduction losses, and switching losses. These ele-
ments are inherently integrated into DT, and while theoretically
feasible to account for in prior offline modeling, their accurate
representation poses greater challenges to obtain.

The second contribution is a comprehensive exploration of
the practical implementation of the virtual replica on an edge-
computing platform, enabling real-time stability evaluation.
The analysis involves estimating source-to-load impedances
with the support of broadband binary perturbation techniques,
addressing the limitations of the current impedance knowledge
approach when connected to an unknown system. This pro-
posal holds significance in various applications, particularly in
tackling issues related to subsynchronous resonances in wind
farms resulting from the introduction of series compensation
capacitance. This is crucial when certain information about the
grid to which the turbine will connect is not known in advance.

Regarding impedances’ estimation for the analysis, it is note-
worthy that two sources of perturbation are employed to derive
them, considering both the source impedance (DT) and the load
impedance (the unknown impedance of the system to which
connection is made). These disturbances are simultaneously
injected into the digital mirror and the real system to efficiently
estimate impedances in a single step. Subsequently, the Gener-
alized Nyquist criterion (GNC) is applied to the eigenvalues of
the characteristic equation. This approach provides a detailed
understanding of the available stability margin in a single stage,
enabling proactive measures to prevent disconnection events.
Additionally, it is important to note that the DT allows for
the validation of potential changes to the controller before
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implementing them in the actual plant. This ensures that
changes are made in a controlled and safe manner.

The remainder of this article is organized as follows.
Section II provides an overview of the system where the DT
concept is utilized as a tool for conducting stability assessment.
It also offers a brief description of the concepts that will be em-
ployed in the analysis. Section III reviews the implementation
and the performance of the virtual replica in an edge computing
SoC-based platform. Section [V details the frequency-response
identification based on orthogonal wideband techniques. Sec-
tion V presents experimental results on a complete dual hybrid
converter with different controller tunings to analyze the stabil-
ity with the help of the real-time DT. Finally, Section VI draws
the fundamental conclusion.

Il. SYSTEM DESCRIPTION AND STABILITY CONCEPTS

Fig. 2 shows the experimental setup aimed at validating the
efficacy of the DT in conducting stability analysis for power
converters. In this context, two three-level converters, denoted
as VSCI1 and VSC2 in the figure, are used. VSC1 works as
a GFL converter with internal current control and two upper
loops, one for dc bus voltage and the other for reactive injection.
Notably, a PLL is employed to derive a phase for operation in
the complex dg domain. In contrast, VSC2 operates as a grid
forming (GFM), regulating the converter output voltage through
internal current control and an upper voltage loop. Additionally,
it is included the detail of the control loops implemented in
each VSC, where it should be noted that the control structure

Experimental system setup for the real-time stability analysis based on DT.

of CC GFL, UC, and CC GFM is represented using complex
control constants, nonetheless, in the real system implementa-
tion it is divided into the d-axis and g-axis including the cross-
coupling term between them. It is important to note that this
setup is just one of many possible connections to validate the
system for robustness verification using a DT approach.

The DT is employed as a precise emulation of its physi-
cal counterpart, specifically the GFM converter. Sensor inputs,
highlighted by green lines in the scheme, encompass crucial
parameters such as the voltage measured on the dc bus and the
output currents from the LC filter. It is imperative to under-
score the presence of a virtual control system within the digital
replica, mirroring the exact control configuration of the physical
converter. This seamless integration is made possible through
the implementation in an edge-computing platform, positioning
the twin replica as a tool for obtaining a robustness metric of
the system.

The establishment of a bidirectional connection between the
real and virtual domains is achieved through the modification of
the real system’s behavior, as depicted by the yellow line in the
diagram. This process results in a comprehensive DT model,
constituting a thorough and synchronized representation of the
physical system within the virtual realm.

Finally, the source/load impedances for the comprehensive
stability analysis are derived through the injection of orthog-
onal sequences. Specifically, the first sequence, referred to as
maximum length binary sequence (MLBS) [21], is introduced
into the D channel of the system magnitudes, while the sec-
ond sequence, inverse-repeat sequence (IRS), is injected into
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the Q channel. The fundamental rationale for simultaneously 0
introducing two different PRBS-type perturbations into the D 5 4 Equivalent circuit of the GFM converter.

and Q channels is to minimize the measurement time compared
to sequentially applying a single signal to both channels [22].
This approach takes advantage of the design of orthogonal
signals (MLBS and IRS) that do not interfere with each other,
thereby optimizing efficiency. In addition, given the potential
for impedance change during the insertion of noise, simultane-
ous insertion in both the D and Q components ensures a uniform
effect across all impedance components. This consideration is
particularly valuable when treating the impedance as a 2 x 2
matrix in the DQ domain.

In the context of obtaining the impedance for the GFL sys-
tem, perturbations are directly applied to the u,4, modulating
signals. Conversely, for the attainment of the equivalent GFM
impedance, perturbations are introduced into the input current
signals of the DT. Section IV provides a more in-depth ex-
ploration of the physical voltage and current quantities used,
along with a detailed description of the design aspects of the
perturbations.

With regard to the fundamental stability concepts, this ar-
ticle employs the theoretical basis of impedance-based analy-
sis, introduced in [23] by establishing the interaction between
voltage-controlled and current-controlled systems, as illustrated
in Fig. 3.

These systems are modeled using Thevenin and Norton
equivalent circuits, respectively. The stability condition for the
interconnected system is derived from the voltage dynamics
at the point of common coupling (PCC) in Laplace domain,
expressed as a function of the complex variable s

ZU (S) -7 1 T

- 1+ ZU(S)Y;(S)% (8) + 1+ ZU(S)K(S)UO<S) (1)
where v, is the output voltage reference and ¢} is the current
reference of the current-controlled system. Hence, the intercon-
nected subsystems will be stable if the characteristic polynomial
1 + Z,(s)Y;(s) = 0 is Hurwitz, in other words, the eigenvalues
must comply with the GNC [24]. It is important to note that
stability analysis can also be conducted by modeling the inter-
connection of the two systems as Thevenin equivalents, with
controlled voltage sources. Please note that the characteristic
polynomial will be different from that shown in (1). However,
once the source/load impedances are identified, the modeling of
this interconnection can always be adapted so that the proposed
method can be applied in a general manner.

As we are dealing with a multiple-input-multiple-output
(MIMO) problem, we can calculate the eigenvalues that will

vpce(s)

enable to verify the system’s stability online as follows:

a+d (a — d)* + 4be
2 2
where the variables a, b, ¢, and d are defined as follows:

a bl _ Zv-ad(s) Zv-aq(s)| |Yi-da(s) Yi-dq(s) 3)
c d Zv—qd(s)  Zv-qq(s)| |Yi-qa(s) Yiogq(s)|
After obtaining the eigenvalues, we check for the most crit-
ical point of instability, which is the one closest to enveloping
the point (—1,0j) in the Nyquist diagram.

AL, A = )

Ill. DT MODELING AND PERFORMANCE

The development of the closed-loop DT requires simpli-
fications to accommodate the real-time execution constraints
of an edge-computing platform. The fundamental complexity
reduction involves expressing the VSC output voltages (van,
vBN, and vcn) by means of switching functions. The use
of this technique establishes a simple and flexible way to
represent converter switching, particularly in complex multi-
level topologies where real-time execution poses significant
challenges [25]. Fig. 4 shows the equivalent circuit of the
GFM converter.

The DT modeling framework can be divided into three dis-
tinct parts.

1) Plant modeling; 2) the PWM stage; and 3) the virtual
control loop.

First, the plant dynamics are modeled with a state-space
representation as follows:

dflit) = A,,(t)a:(t) + Bd(t)u(t)
y(t) = Ca(t) + Du(t) )

where x(t) describes the continuous states of the circuit, u(t),
the inputs of the model, y(t), the outputs of the plant and o (¢)
indicates the ability to dynamically adjust the matrices based on
real-time variations in the passive elements of the plant. Further
details on the plant modeling can be found in [19].

Second, the PWM stage involves expressing the output volt-
ages of the converter as a function of the switching of the power
devices. Given that this article focuses on three-level ac/dc
converters utilizing SPWM modulation (defining a modulating
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waveform vpq), the switching pulses can be defined by means
of switching functions as follows:

17 Tzlu TzZ =ON
TJ:27 Tz3 =ON (5)

-1 Ta:3aTw4 =ON

where “0” and “1” states indicate the OFF and ON conditions,
respectively, and 17,75, Ts, T, represent the switching devices
for each leg. In the pursuit of building a high-fidelity DT,
integration of the dead-time effect into the digital domain is
imperative. This effect is included following the details in [19].

Later on, the output voltages van, vpn, and von can be
obtained as follows:

udcp, Sp=1
UXN = § udey, Sp=-—1 (6)
0, S, =0

where x represents the three phases a, b, and ¢ and udcp
and udcy are directly the voltage measurements of the dc
semibuses.

Third, the virtual control, responsible for generating the mod-
ulating signals used in the PWM stage, precisely mirrors the
control system operating on the real system. Its purpose is to
faithfully emulate the behavior of the GFM converter. The con-
trol architecture adheres to a straightforward cascade structure,
incorporating an inner current loop and an upper voltage control
to shape the grid, as illustrated in Fig. 2.

The DT is seamlessly integrated into a Zyng-based edge-
computing development board known as Microzed. This plat-
form features a dual-ARM core, with the processing system
(PS) on one side and programmable logic (PL) on the other,
comprising two I/O banks and various interfaces.

The PL side includes intellectual properties (IPs) facilitat-
ing PWM generation, signal acquisition control, and interrupt
management for executing the DT in the PS domain. Simul-
taneously, the PS side is employed for IPs configuration, op-
erating system integration (Linux), DT implementation and
the execution of bare-metal code responsible for implementing
the control algorithms for both the physical converter and the
virtual replica itself. Fig. 5 presents a simplified illustration
of the architecture employed for incorporating a DT within a
cost-effective edge-computing framework. The infrastructure
follows an asymmetric multiprocessing (AMP) design. On the
one hand, one of the cores, denoted as CPUO, acts as a master
and runs an operating system, namely Linux to implement the
stability analysis layer of the system. On the other hand, the
other core acting as slave (named CPUI) integrates the DT
and the control algorithms of the physical converter. For this
application, the time step of the DT is established at 2.5 us
considering both the limitations of the available hardware and
the requirement to perform a stability analysis. Certainly, the
minimum execution time of the DT relies entirely on both the
platform and the model’s complexity, alongside any nonlinear
elements incorporated in the virtual representation. When deal-
ing with a more intricate converter representation or topology,
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Fig. 5. Implementation of the DT on an edge-computing platform.

a larger time step may be required if utilizing the same edge-
computing board.

Subsequently, to ensure a precise assessment, it is imperative
to verify the similarity between the virtual representation and
the physical system. Consequently, Fig. 6 illustrates an initial
comparison between the output waveforms of the DT and those
observed from the real VSC.

The similarity between the digital copy and the physical
counterpart is evidenced by the close alignment of signals, af-
firming the accurate definition and implementation of the mod-
eling task. This allow reliance on the accuracy of the impedance
obtained through the DT for use in online stability analysis
and it underscores the effectiveness of the tool for solving
stability issues.

IV. FREQUENCY RESPONSE IDENTIFICATION

The use of the dq-frame representation provides a convenient
way for straightforward small-signal analysis. In this context,
introducing small perturbations becomes ideal for deriving the
source/load impedances of the system.

A. PRBS-Based Classical Method

Following the classical PRBS approach, the system is per-
turbed by injections of d- and g-components, denoted as zd(n)
and zq(n). These injections result in corresponding output re-
sponses, namely yd(n) and yq(n). These signals are buffered
and subsequently transformed to the frequency domain by ap-
plying the Discrete Fourier Transformation (DFT). In the lit-
erature, most works introduce these disturbances mainly in the
current references of the innermost current loop of the converter
to monitor the system’s response [26]. However, it is important
to note that disturbances can be applied to any control pathway.

Concerning the perturbation type, MLBS frequently repre-
sents the optimal choice to maximize signal power while adher-
ing to time and amplitude constraints. In addition, it enables the
averaging of measurements across multiple periods, thereby en-
hancing the signal-to-noise ratio [9]. This averaging facilitates
precise online measurements, particularly when dealing with
small injection amplitudes, which can be a crucial necessity in
sensitive systems. The traditional method involves introducing
an initial disturbance in the D channel to obtain the impedances
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(a) vz voltages and (b) i) currents.

related to this channel. This is followed by a subsequent dis-
turbance in the Q channel to obtain the impedances related to
the latter.

B. IRS Orthogonal Perturbation

The most recent advancements in broadband perturbation-
based identification involve the integration of orthogonal se-
quences. The orthogonal periodic binary sequence, known as
the IRS, is used acknowledging the MIMO nature of the system.
This approach is based on Hadamard modulation applied to the
prior MLBS perturbation designed, as outlined in [27]. It must
be noted that the sequence length of the orthogonal sequence
is doubled compared with the length of the MLBS sequence.
Fig. 7 illustrates an instance of two orthogonal binary sequences
generated using the described method. The length of the MLBS
is 11 bits, and it is generated at a frequency of 2.5 kHz. Notably,
the energy of each harmonic introduced in the MLBS sequence
has a zero value in the IRS disturbance. Consequently, they
can be simultaneously introduced into the d and g channels of
a given magnitude without compromising the identification of
each component. It can be seen clearly that the IRS magnitude
in Fig. 7 is scaled by 1.5 for illustrative purposes.

C. GFM and GFL Impedances Estimation

In Fig. 2, the setup illustrates the application of perturba-
tions for conducting impedance identification. In the case of
obtaining the impedance of the GFM converter, PRBS pertur-
bations are introduced into the input i;; of the DT, recording
the corresponding responses in the voltage of the capacitors
of the output filter (u.). The disturbance signals are introduced

are introduced on the voltage modulating signals (uy4,) of the
GFM system, again recording the i, and u. measured in the
actual setup. In this article, binary disturbances were applied
directly to the modulation signals to mitigate any influence
from the transfer function that connects the output current to
the current references (i214q/ z;f(]; ,)- However, it is important to
highlight that these perturbations undergo shaping by a digital
filter to remove high-frequency components from the signal,
thus preventing aliasing concerns during response sampling.

These perturbations are injected in parallel in both real and
virtual space. So, assuming that the impedance does not change
during the identification process (operating conditions do not
change), thus, two sets of equations can be written, where
subscript 1 and 2 denote the first and the second injection,
respectively

Var = Zaalai + Zaglq1
Vql = quIdl + quIql (7)

Vo = Zaalar + Zagl
qu = quIdZ + qu.[qz. (8)

The resolution of the system of equations presented by (7)
and (8) in matrix format can be easily determined

[de qu} _ [le de} {Idl Idz]_l.

9
qu qu Vql VqZ Iql Iq2 2

It is noteworthy that the orthogonal sequences inherently
possess distinct frequency vectors. Therefore, a proposed in-
terpolation process is applied to the signals perturbed by the
IRS. Notably, the interpolation is not directly performed on the
DFT of voltages and currents due to the pseudorandom phase
characteristic of the frequencies excited by the IRS sequence,
as depicted in Fig. 7. To address this challenge, (9) can be
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Fig. 8. Overview of the stability assessment process in the edge-
computing platform.

expanded in a manner that represents the 2 x 2 dg impedance
matrix through terms associated with voltages and currents

(2)-()  (#)-(i#)

{de qu} o o

Fot Zmd (#)-(3%)
B

— @ qu) _ <Iql> <L‘12> 10b
“ (Vd1> <Vd2 Var Va (100)
— E I‘12> _ (Lﬂ> <Idz> 10
v <Vq1> <Vq2 Va ) \Ve2 )~ (10

Therefore, a straightforward arithmetic mean is applied to the
admittances with subscripts 2 in (10a)

Lo interpolated (%) . + (‘I/izz ) i .
< Vaa ) k 2 o
where the subscript © can mean either the d or ¢ component
in the dg domain. After aligning all the quantities with a com-
mon frequency vector, it becomes feasible to derive the 2 x 2
impedance matrix in the dg domain.

After obtaining the output impedances of the GFM and GFL
converters, a real-time stability analysis, using the Nyquist
criterion, is performed on the same edge-computing platform.
Fig. 8 provides an overview of the entire disturbance injection
process and the subsequent stability analysis from the concepts
described in Section II.

(10a)

V. EXPERIMENTAL RESULTS

The proposed stability analysis with a DT approach is ex-
perimentally evaluated in the setup shown in Fig. 9. The most
intuitive way of making the system unstable is to increase
the VSC2 output impedance, which can be accomplished by
decreasing the bandwidth of its output voltage control loop. The
aforementioned exemplifies a method to induce oscillations in
the system, although there may be other ways to analyze its
stability and robustness. It is worth noting that the purpose of
adjusting the bandwidth of the GFM converter is to observe
the variation in the impedance obtained through the DT. Ad-
ditionally, it would be feasible to adjust the control parameters
of the GFL and observe their impact on the overall real-time
stability assessment.

Fig. 9. Test-bed system for experimental verification of the real-time
stability assessment.

TABLE |
VSC2 CONTROL PARAMETERS SUMMARY

Cases Voltage Loop Description
Case 1  0.275 +231.60/s High bandwidth
Case 2 0.172+93.64/s  Medium bandwidth
Case 3 0.145+ 67.01/s Low bandwidth

In this work accordingly, the VSC1 control parameters were
kept constant, and only the VSC2 voltage controller is adjusted
to create stable and unstable conditions. It is defined three
different cases, whose description is summarized in Table I.

Furthermore, the impact of the PLL on inverters connected to
a grid, particularly to the grid generated by the GFM converter,
will be examined, as they introduce stability issues, especially
when operating with weak grids. Specifically, working with
different bandwidths in the GFM enables us to model, to some
extent, operation with either a stronger or weaker grid.

Finally, the technical issues that must be considered in the
implementation of the method and its experimental validation
include the following.

1) DT implementation details;

2) PRBS perturbation design;

3) System executability; and

4) Real-Time stability assessment.

A. DT Implementation Details

The integration of the DT into the edge-computing platform
is facilitated by Tustin’s discretization of the modeling stage.
The virtual replica operates with a time step of 2.5 us, using an
IP embedded in the PL (Fig. 10) to ensure periodic triggering
of the digital mirror.

First, it includes configuration registers that can be accessed
to set the digital mirror execution period. Second, a prescaler
is provided to synchronize the period and consistently trigger
interrupts. And final, the local interrupt management (LIM)
subsystem is used to oversee DT interrupts and facilitate their
direct transmission to the PS.

However, there are technical hurdles specific to the plat-
form that require attention. The execution of the DT occurs on
CPUI (as illustrated in Fig. 5) alongside the implementation
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of control algorithms for the physical system. Additionally, the
platform operates in a non-preemptive manner. Given the pres-
ence of multiple interrupts, this feature represents a significant
technical challenge.

In this experimental validation, the platform encounters three
primary interrupt sources with different periods and priorities.
Specifically, the control interrupt occurs every 100 us, the DMA
at 25 pus, and the DT interruption at an average periodicity of
2.5 ps. In terms of priorities, the highest priority is the DMA
interrupt, followed by the control one. The DT interrupt has the
lowest priority to minimize interference with the base control
of physical system. Considering the above factors and the non-
preemptive nature of the system, the loss of some DT steps is
inevitable due to its higher frequency of interruption. Nonethe-
less, the LIM subsystem effectively manages this scenario by
storing pending steps while other interrupt service calls are in
progress. This behavior is more clearly illustrated in Fig. 11.

Moreover, it is also important to note that the inputs from
external sensors in the physical system are sampled along
with the outputs of the digital replica at intervals of 100 us.
This sampling frequency is deliberately chosen to harmonize
with the control requirements of the real GFM and to ensure
consistent impedance identification between the DT and the
physical system.

B. PRBS Perturbation Design

Two orthogonal binary sequences were designed and im-
plemented concurrently in both the actual system and in the
DT. The MLBS was employed to measure the d-current/voltage
component, including the cross-coupling component from d to
q. Simultaneously, the IRS was utilized to measure the intended
g-current/voltage component, along with the cross-coupling
component from ¢ to d.

The MLBS is synthesized through an 11-bit-length shift
register, spanned a length of 2047 bits, providing a frequency
resolution of approximately 1.2 Hz. The values were selected
to ensure there is enough spectral resolution for online stability
analysis and a short enough injection period to perform real-
time DFT transformation on the edge-computing platform. No-
tably, the IRS length was defined as twice that of the MLBS.
In each iteration, both the MLBS and IRS were concurrently
introduced into the system at a frequency of 2.5 kHz (fgen). It
is noteworthy to mention that fgen represents the frequency of

the generated sequence. Careful adjustments were made to the
injection amplitudes to ensure that output voltages and currents
remained within 5% of their nominal values. It should be noted
that the practical measurement bandwidth is approximately 0.45
fgen, to ensure that the injected harmonics have sufficient en-
ergy for accurate impedance estimation. The logarithmic aver-
aging is applied through 50 periods of injection, which means
that it takes about 41 s to obtain a final impedance identification.
These values are adjustable and depend on the desired balance
between time and accuracy for the specific application. Finally,
a postprocessing stage is performed by a three-samples median
filter to remove spikes in the impedances identified.

C. System Executability

Data recording takes place within the core where converter
control is executed. At regular intervals, precisely every 100 ps,
aligning with the control period of the physical converter, the
dq voltage/current signals are transmitted to the Linux-based
core. This transmission enables DFT implementation across an
entire period of PRBS sequences. To ensure the feasibility of
the edge-computing platform, it is crucial for DFT calculations
to conclude within a timeframe shorter than the duration of a
PRBS period. The condition that must be met to ensure that the
impedance identification system is executable is as follows:

Trrr < 2TMiBs + Taelay- (12)

where Trpr denotes the total time spent performing the DFT
of both perturbation sequences (MLBS and IRS). Ty gs repre-
sents the period imposed by the perturbation design, consider-
ing that this value is doubled due to the IRS perturbation signal’s
duration, as previously detailed. Additionally, Tg1.y denotes the
delay timing of the internal communication channel between
cores, which must be limited to a maximum of 100 ps, aligning
with the control period.

D. Real-Time Stability Assessment

Fig. 12 illustrates the outcomes of impedance identifica-
tion for both the GFM and GFL converters from the experi-
mental test-bed shown in Fig. 9. Furthermore, the theoretical
impedances of both systems have been incorporated using an
averaged theoretical model. This ensures that the identification
of both impedances enables a comprehensive examination of
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the interconnection’s robustness. The noise level during the
GFL impedance identification process is noticeable, as is the
frequency shift of the GFM impedance in relation to the imple-
mented bandwidth.

The main reason for the increased noise in impedance mea-
surement with GFL is the relatively small magnitude of dis-
turbances, which are aimed at minimizing disruption to the
operational system. In contrast, within the virtual environment
of the DT, disturbances can be amplified as needed, but control
loops must avoid saturation to allow for small-signal analysis
of the system.

Moreover, the influence of the PLL on the identified GFL
impedance is manifested by the phase approximation nearing
—180° at low frequencies, resulting in a reduction in the sta-
bility margin of the connection, particularly pronounced when
the bandwidth of the GFM is lower. This effect becomes more
prominent when operating with nonstiff grids.

The eigenvalues of the MIMO system have been obtained
using expression (2), and their frequency response in magnitude
and phase has been depicted in Fig. 13. It is noteworthy that,
being a 2 x 2 system, each case consists of two eigenvalues;
however, in analyzing the stability of the system, one eigen-
value is consistently more restrictive. Consequently, only one
eigenvalue is presented for each case investigated in this article.

The impact of reducing the bandwidth of the GFM converter
is evidenced by the shift of the cutoff frequency of the module
with 0 dB toward lower frequencies. Consequently, the system’s
stability diminishes gradually, reaching a PM of 5.3° in the
case 3. This reduction in robustness is effectively demonstrated
through a time domain analysis.

Fig. 14 shows the time response to a 50 V step change
in the dc bus voltage reference of VSCI, along with the

Re(s)

(b)

Fig. 13.  Experimental results of the real-time stability assessment: (a)
Eigenvalues of the minor loop of source/load impedance. (b) equivalent
Nyquist diagram.

frequency analysis of the transient. As the bandwidth of VSC2
decreases, the system exhibits a prolonged duration to dampen
the oscillation of the transient, aligned with the eigenvalue
cutoff with O dB magnitude (or equivalently, the cutoff with
the unit circle represented in a Nyquist plot). As a result, the
system gradually approaches its stability limit. The oscillation
frequency obtained in the stability analysis closely aligns, with
an error below 1 Hz, with what is observed in the time do-
main. This alignment underscores the feasibility and efficacy
of the system within a low-cost edge computing environment.
Moreover, it is noteworthy to highlight that the applicability
range of this methodology as a stability margin monitoring
tool depends entirely on the design described in Section V-B.
Various limits are established based on parameters such as the
generation frequency, number of bits, disturbance amplitude,
and the sampling and computational capabilities of the edge-
computing platform. In this specific application, an operational
range spanning from 10 to 1000 Hz has been determined, en-
suring precise impedance identification. However, these limi-
tations can be either extended or narrowed in other scenarios,
depending on the frequency range of interest.

Kindly note that this method is applicable exclusively when
the connection of the systems is stable. This approach serves
to analyze whether corrective actions are required to enhance
overall robustness. This article does not cover the assessment of
dynamic stability in relation to equipment perturbations, such
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as voltage dips or overvoltages. To use the DT as a tool for
handling such scenarios, it would be necessary to establish
various conditions to train the DT model. This would enable
the detection of potential instability issues and prompt action in
response, requiring strict constraint handling. Furthermore, the
DT could be used to analyze the dynamic stability of converters
by simulating different operating conditions and perturbations.
By modeling the converter’s behavior in various scenarios, the
DT can offer insights into its dynamic response and aid in
identifying potential instability issues.

In addition, Fig. 15 shows oscilloscope captures correspond-
ing to case 3 when there is a step in the dc bus reference of VSC1
and the unstable case with a lower bandwidth, where the system
gradually becomes unstable as a consequence of the interaction
between impedances of both converters. In the instantaneous
voltage waveforms, it is challenging to distinguish oscillations
caused by the higher energy in the 50 Hz component. Thus,
a FFT of several periods following the step in the dc bus ref-
erence is incorporated to address this issue. The FFT reveals
mirror frequencies at 23 and 76.7 Hz, corresponding to a minor
deviation from (50 — 28.1) Hz to (50 + 28.1) Hz, respec-
tively, in relation to the 28 Hz oscillation observed in the dq
voltage signals.

Upon detecting the existing robustness margin at the specific
operational point, appropriate actions are initiated. This entails
initially enhancing the bandwidth of the voltage control in
the GFM system by adjusting the constants within the virtual
control of the DT. Following a comprehensive reassessment
of stability through the injection of PRBS disturbances, the
adjustments are then made to the control system in the physical
setup. This demonstrates the complete bidirectional interaction
between the digital replica and its physical counterpart. Cer-
tainly, expanding the bandwidth of the voltage loop represents
one plausible implementation of adaptive control utilizing the
DT. It allows for potential modifications to the control structure,
the incorporation of feedforwards terms, or the integration of
any actions aimed at enhancing the stability margin of the
integrated system.

UDC step

A

380 Hin/0 -431.9v

W s W A Pe i ovon
Pea e e e N3 faveowe b an s
Stmed ? MNorrom
oM massom o i 20505
0—3
2
23 Hz
e
15
5]
3 1
o
76.7 Hz
0.5 /
0 l 1 L
0 50 100 150 200 250

Frequency (Hz)

I ul\“\“mdm‘\u‘ul\‘\u mh uu\n o mw“‘\h \N\ MH‘M‘ nh M“ M\ hu“‘w‘

| “m\}u\uumm‘(u i \H“I‘H‘[WH H! }M W(‘ ‘yh‘HiM‘r [

458,30
240,316V
18.50131Hz

393.20
240,566
16.56361Hz

Freq :U3 19.9912Hz

8 Printioms
2023/11729 2432517 665090 Auto 2023/11/29 24:27:50

(b)

Fig. 15.  Comparison of time domain measurements: (a) Three-phase
voltages for case 3. (b) Three-phase voltages for an unstable scenario.
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VI. CONCLUSION

Interconnected inverters are pivotal for the functioning of
power electronics-based systems. The interactions among mul-
tiple subsystems and the power grid give rise to various stability
challenges. Extracting information from these systems often
requires frequency-response measurements, especially when
the internal dynamics of certain subsystems remain unknown.
Consequently, there is a high demand for online measurement
methods that can furnish real-time data about the system’s
status. This article introduced a practical real-time approach,
leveraging DT technology, for conducting a comprehensive sta-
bility analysis of a GFM and GFL system. First, it has been
demonstrated that the DT can achieve similar output wave-
forms and almost identical behavior to its physical counterpart.
Second, the proposed method involved injecting orthogonal
PRBS perturbations into both the actual converter and its virtual
replica to extract source/load impedance. Implemented on an
edge-computing platform and experimentally validated on a
hybrid-dual converter, this method yielded an accurate robust-
ness metric. This robustness metric serves, for instance, as a
tool for online adaptive control, allowing adjustments based
on the specific conditions and load impedance to which the
system is connected, whereas in the vast majority of appli-
cations, adaptive control is based on prior knowledge of the
system to which you are going to connect, performing gain
scheduling approaches.
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