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Abstract: Stability problems are increasing in current power systems with a large number of
electronic converters, such as microgrids (MGs) and microgrid clusters (MGCs). Frequency-
domain methods, commonly used to analyse traditional power system stability, can also be
extended to MGs. In particular, the positive-mode-damping (PMD) stability criterion is a
simple and practical method to evaluate the stability of multi-terminal power electronics-
based systems, making it a powerful tool for addressing stability issues in MGCs. This
paper extends the application of the PMD stability criterion to assess stability in MGC-
integrated transmission grids. Moreover, it presents two bandpass filter-based active and
passive damping compensators and examines their effectiveness in mitigating instabilities
in MGCs. A modified IEEE three-bus power system integrating an MGC is used to conduct a
small-signal harmonic stability study and apply active and passive damping solutions with
the PMD stability criterion. The modified IEEE three-bus power system is implemented in
real-time simulations using a hardware-in-the-loop setup with OPAL-RT4512 to validate
the results obtained from MATLAB/Simulink R2022a simulations.

Keywords: damping compensators; harmonic stability; microgrid cluster; OPAL-RT;
positive-mode damping; stability assessment

1. Introduction

The proliferation of power electronics in traditional power systems has paved the
way for new paradigms in electrical energy distribution, such as microgrids (MGs) and
microgrid clusters (MGCs). MGs and MGCs offer the following benefits [1]: (i) local
generation and consumption of electricity; (ii) enhanced integration of renewable energy
technologies and energy storage systems (ESSs); and (iii) improved efficiency, reliability,
and resilience of electrical grids. Nevertheless, they also present several challenges, such as
power system instabilities [2,3]. This is due to the widespread use of power electronics and
the unique characteristics of these grids, which are typically composed of clusters [4-7].
The main concepts and relevant issues related to stability in MGs are discussed in [4,7],
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while detailed modelling of MG components for stability analysis is explored in [5-7].
The dynamics and quality challenges of MGs and MGCs differ significantly from those of
traditional power grids [4,8-10]. These differences, such as smaller size, higher presence of
distributed generators (DGs), and different ratios (R/X) in feeders, require a reevaluation
of stability concepts, studies, and solutions in MGs and MGCs. There is a need to assess
stability and explore new scheduling, configurations, and smart control schemes to ensure
reliability [11,12]. Instability in MGs emanates from two major causes [4,7,8]: load power
flow and system controls. Load power flow refers to the grid’s capacity to keep a balanced
power supply and effectively distribute demand among DGs. Limitations in this capacity
can result in stability issues, including voltage and frequency oscillations in both traditional
grids [7,13] and MGs [3]. Although power supply and balance instabilities, such as voltage
oscillations caused by load power flow, are less common in MGs due to their smaller size,
the limitations of DGs and load sensitivity are significant risk factors. Unlike in power
grids, in MGs these instabilities are characterised by a strong coupling between voltage and
frequency oscillations. System control refers to converter-driven instabilities [13]—also
known as converter control system instabilities in MG stability studies [3]. These instabili-
ties are primarily caused by the interaction of power electronics with the grid. While the
proliferation of power electronics has enabled various applications, such as MGs [4,8], over-
coming the technological challenges posed by the interactions between traditional electrical
components and new electronic components remains essential. For example, voltage source
converters (VSCs) and their control [14-16] can lead to both fast- and slow-interaction
converter-driven instabilities [7,13] (also referred to as large- and small-disturbance con-
verter control system instabilities in [3]) primarily caused by small-signal perturbations.
Overall, understanding and addressing these instability phenomena in MGs and MGCs are
crucial, as highlighted in [3]. Moreover, although frequency variations can be significant
in MGs [2], they are not considered in this study. A constant frequency is assumed, as the
focus is on fast dynamic instability caused by interactions between power electronics con-
trols and system components (i.e., harmonic stability issues) [13]. These instabilities result
in high-frequency oscillations, allowing slow interactions related to frequency variations
to be excluded from the analysis. All of these stability issues in MGs are presented and
illustrated with different examples in [3].

Various approaches can be used to assess stability in modern power systems, including
MGs and MGCs (see Table 4 of [7]). These methods are primarily categorised into time-
domain eigenvalue analysis [2,17] and frequency-domain techniques [18,19]. Time-domain
eigenvalue analysis is a widely adopted state-space approach due to its ability to provide a
comprehensive understanding of system dynamics [4,8,9]. Moreover, participation factors
(PFs) enable the characterisation of how state variables contribute to system modes, thus
helping to identify how specific grid components and power electronics controls affect
stability [2,7,20,21]. This facilitates both the quantification of system instability and the
design of mitigation strategies. However, applying time-domain analysis to multi-terminal
power electronics-based systems, such as MGC-integrated transmission grids, poses sev-
eral challenges: (i) detailed models of all system components are often unavailable, as
manufacturers typically supply black-box models for power electronics, and (ii) high-order
dynamic equations are required to represent system behaviour accurately [22]. To over-
come these limitations, alternative methods based on the impedance-based characterisation
of grids—by separating them into source and load subsystems—have been developed.
These include Laplace-domain eigenvalue analysis [11,12], as well as frequency-domain
methods such as the Nyquist criterion [7,9,12,23]. These approaches are less computation-
ally intensive and offer the possibility of using black-box models to characterise system
stability [24]. However, source-load partitioning is not readily applicable to multi-terminal
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converter-based systems like MGs. To address this, more generalised methods such as
the Generalised Nyquist Criterion (GNC) [18,25] and the positive-mode-damping (PMD)
stability criterion applied to nodal analysis [20,26-28] have been introduced for multi-
terminal power electronics-based systems. Despite its applicability, the GNC suffers from
several limitations [22,26,29-33]: (i) its reliance on source-load decomposition may lead to
inaccurate conclusions; (ii) unlike time-domain eigenvalue methods, it does not support PF
analysis; and (iii) its results are less intuitive to interpret. To overcome these drawbacks,
the PMD stability criterion was recently proposed [26]. It provides a practical and intuitive
method based on Resonance Mode Analysis (RMA) [34-36] for assessing system stabil-
ity by identifying critical modes in the nodal admittance matrix. Recent advancements,
such as faster RMA [36], which uses an iterative method to determine only the dominant
eigenvalue of the inverse nodal admittance matrix, have further reduced computational
burden. Additionally, the PMD criterion has been enhanced through the integration of
black-box models, sensitivity studies based on PFs, and the introduction of a damping
margin (DM) indicator—a metric for quantifying the degree of stability in multi-terminal
power electronics-based systems [20,37-39]. Given these methodological advantages, the
PMD criterion stands out as a robust approach for evaluating stability phenomena in such
systems [20,26]. However, to the best of the authors’ knowledge, it has not yet been applied
to MGs or MGCs.

Hardware-in-the-loop (HIL) simulation equipment, such as Typhoon, OPAL-RT, and
dSPACE, has emerged as a powerful tool to incorporate complex real-time simulation
applications into various transmission power system studies, including MG analysis [40].
First, a MATLAB/Simulink power system model is developed in the time domain, which
is then transformed into a compatible format for execution on a real-time simulator. This
platform is selected for its adaptability, scalability, and features, all within an economical
framework [41]. This approach enables early validation of stability functionalities. Virtual
power plants are a cost-effective alternative and provide the flexibility to test extreme
conditions, an achievement that could be prohibitively expensive or impractical using real
hardware. As the equations and states of the simulated system are accurately resolved,
the real-time simulator adeptly replicates the behaviour of the real-world physical system.
Consequently, the use of HIL tools is a novel and increasingly common approach for
validating studies as it offers a wide range of benefits. Within the domain of small-signal
instability attributed to power electronics, particularly in MGs and MGCs, some instances
of the use of OPAL-RT can be found in the literature, such as in [12]. Additionally, other HIL
tools are referenced in [42,43]. Since the PMD stability criterion is not applied in stability
studies using OPAL-RT as a verification tool, and even less in MGs or MGCs, the need
arises to utilise it to leverage its capabilities.

Passive and active damping compensators are often considered to mitigate instabilities
caused by low-damped resonances. Passive damping methods involve the use of resistors,
capacitors, and LC filters connected to the grid [11,14]. However, this approach is not
optimal because it often leads to additional losses, physical constraints, and extra costs in
the grid. This is why active damping methods are more commonly employed [12,44—46].
These methods use control techniques to introduce virtual damping in the grid, avoiding
drawbacks associated with passive approaches. Despite the widespread recognition of
active damping methods as effective stability solutions, their design remains an ongoing
research challenge in MGC-integrated transmission grids. In [37], the study design of two
bandpass filter-based active and passive damping compensators for converter-based grids
using the DM indicator is presented.
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The paper offers three main contributions:

o Application of the PMD stability criterion to MGC-integrated transmission grids: This
study applies the PMD stability criterion, based on faster RMA, to assess small-
signal harmonic stability in MGC-integrated transmission grids (referred to as small-
disturbance converter control system stability in [3]), addressing limitations in existing
time-domain and impedance-based methods. Notably, this approach has not previously
been applied to such grids using this stability criterion, thereby extending its generality.

e  Extension of damping compensator design using the PMD stability criterion: This study
extends the design and evaluation of two bandpass filter-based damping compensators—one
active and one passive—by using the PMD stability criterion as a design tool to
mitigate instabilities in MGC-integrated grids. This is a practical methodology for
selecting the compensation location and parameters.

o  Validation under realistic operating conditions: This study validates the proposed PMD
stability criterion and damping compensators on a modified IEEE three-bus power
system [47] that integrates an MGC [48-51]. Validation is performed by MAT-
LAB/Simulink R2022a (The MathWorks, Inc., Natick, MA, USA) simulations and
experimental HIL simulations using OPAL-RT (OPAL-RT Technologies, Montreal,
Quebec, Canada), ensuring the efficacy of the proposed PMD stability criterion under
realistic operating conditions [52]. Specifically, the OPAL-RT4512 HIL simulator is
used to execute the MGC-integrated transmission grid in real time, while the MG local
control is implemented within a dSPACE MicroLabBox (ASPACE GmbH, Paderborn,
Germany) unit, establishing analogue inputs/outputs between the OPAL-RT4512 HIL
simulator and the dSPACE MicroLabBox. Signals are measured with a Yokogawa
DLM4038 oscilloscope (Yokogawa Electric Corporation, Tokyo, Japan). This real-time
validation highlights the practicality and reliability of the proposed approach for
early-stage control testing prior to practical implementation in real-world scenarios.

2. Small-Signal Model of Multi-Terminal Grid-Connected Power
Electronics-Based Converters

The small-signal impedance-based equivalent circuit of multi-terminal grid-connected
power electronics-based converters, such as the multi-terminal grid-connected VSCs in
Figure 1a, is shown in Figure 1b. The power electronics-based converters are represented
as current sources in parallel with the equivalent VSC admittances, and the grid is char-
acterised by the nodal admittance matrix Yg(s). The next subsection briefly presents the
small-signal model of grid-connected VSCs.

i (b) External-connected components  (c) L In(s) |

77777777777777777777777777777777777777777777777777777777

Multi-terminal
grid

Complete
multi-terminal grid

Figure 1. Multi-terminal grid-connected power electronics-based converter model. (a) Grid-connected
VSC model. (b) Equivalent circuit of multi-terminal grid with power electronics-based converters.
(c) Equivalent circuit of complete multi-terminal grid.

Small-Signal Model of Grid-Connected VSCs

Figure 1a illustrates the equivalent circuit of the grid-connected VSCs through both its
block diagram and circuit schematics. The VSC control is characterised only by the inner
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current control loop, as this study only addresses harmonic instabilities. Consequently,
the PLL and outer loops are disregarded as they have low bandwidths [14,25]. The inner
current control loop uses a proportional-integral (PI) controller in the dg reference frame,
where the complex space voltages and currents, denoted in bold as v and i, are transformed
from the three-phase grid components v and i into the dg frame. Additionally, a grid
voltage feedforward low-pass filter, represented by the block H(s), is incorporated into
the control. The VSC circuit schematic includes the coupling reactor Ly (along with its
associated resistance Ry) and the equivalent capacitor Cy of the high-frequency filter.

Based on the above description, the widely known dg-frame VSC current control
model is derived by equating Ohm’s law at the converter inductor with the VSC current
control law:

‘ . ki\ . . 4 .
v— (Rf—i—Lfs+]wa1)1:e sTa kp+sl>(l—lr)—]wa11+ v, (1)
NTERe
Fpls

S+Déf

where wy = 27-f1 (f1 = 50 Hz) is the fundamental angular frequency and

e V=0, +]jvgand i=ig +jig are the grid voltage and current in the dq frame;

®  Vy =0y + )y and iy = i,y + jiy; are the converter voltage and current references in the
dq frame;

e  Fpj(s) is the transfer function of the PI current controller with proportional and integral
gains of the PI controller k, = Leace and k; = Rpace and bandwidth a;

e H(s) is the transfer function of the grid voltage feedforward low-pass filter with
bandwidth ag

e D(s) is the transfer function of the VSC time delay with the time delay T; = q;/fsw,
where the factor 45 depends on the double- and single-update PWM techniques (i.e., g4
€[0.25...0.75] and g4 € [0.5 ... 1], respectively) [14,16], and the switching frequency

fsw-

The following relation between the grid voltage and current is obtained from (1) [16]:

D(s)Fpi(s) 1—D(s)H(s)

i:

Rp+ Lys + jLywr + D(s) (Fpi(s) — jLycwr )

ir + v, ()

Rg + Lys + jLywr + D(s) (Fpi(s) — jLycwr )

Gvsc(s) Yosc (5)

where Gysc(s) is the closed-loop transfer function, and Yysc(s) is the equivalent admittance
of the VSC. It is worth noting that a symmetrical VSC model is obtained when only the
current control is considered, and it can be characterised by the complex admittances Yysc(s)
in (2) [16].

Considering (2), the impedance-based equivalent circuit of the grid-connected VSC
system is shown in Figure 1b. The VSC (or any other external power electronics-based
converter) is represented as a current source Ig ;(s), in parallel with the equivalent VSC
admittance Y¢ ;(s), along with the grid. This characterises the entire system without any
partition and accounts for the rotation issue of VSC reference frames [29]. Alternatively,
Figure 1c illustrates the complete equivalent circuit of a multi-terminal grid, where VSCs
are considered integral parts of the grid rather than external components. It should be
noted that the shunt C filter Y/(s) = Cs of the VSC is included in the admittance matrix
of the grid. The potential connection of active and passive damping compensators to
eliminate system instabilities (as discussed in Section 4) is represented in Figure 1a by the
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grey components: the G-feedforward gain of the current control and the RLC—shunt filter
connected to the grid, respectively.

3. Stability Assessment of Multi-Terminal Grid-Connected Power
Electronics-Based Converters

Stability in multi-terminal grid-connected power electronics-based converters in
Figure 1b can be assessed using both time-domain and frequency-domain approaches.

3.1. Time-Domain State-Space Approach

Stability of the grid in Figure 1b can be assessed using the time-domain state-space
approach:
x(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t)} u(t) = Ai(t) y(t) = Av(h), (3)

where A denotes the small-signal variables, x is the state vector, u is the input vector, y is
the output vector, and A, B, C, and D are the model matrices. Stability is addressed from
the eigenvalues A; = 0; £ jw; of the state-space matrix system |A — A-Il =0, where w;
and —o; represent the angular frequency and damping of the system'’s oscillatory mode i,
respectively. The system is unstable if any eigenvalue is in the RHP (i.e., if any eigenvalue
has ¢; > 0, introducing negative damping in the system). The frequency of the oscillations
is f; = w;/2m. Additionally, eigenvalue sensitivity measures the sensitivity of eigenvalues
to the elements of A [2,20]. Based on this concept, PFs are calculated as the sensitivity
of eigenvalues to the diagonal elements of the state matrix [2], i.e., the participation of a
specific eigenvalue in a particular state variable. Under certain initial conditions, these
factors indicate the degree of participation of state variables in the system’s modes. This
facilitates the analysis of how various components of the grid and power electronics
controls, associated with these state variables, affect stability [20,21].

3.2. Positive-Mode-Damping Stability Criterion

Frequency-domain impedance-based approaches are becoming increasingly attrac-
tive for stability assessment as they use fewer complex systems of equations and provide
detailed information with reduced computational effort. As shown in Figure 1b, frequency-
domain stability studies of multi-terminal grid-connected power electronics-based convert-
ers are currently conducted through the characterisation of the entire grid using the voltage
node method [27,28]:

I (s) = Yo(s)Va(s)

= s) g (s s) = S S
1G<s>=13<s>—Yc<s>vB<s>}:WB(S)‘Y“() 1e() Yale) = Yelo) +¥e (o),

where Yg(s) characterises the nxn nodal admittance matrix of the grid and Y¢(s) is an nxn
diagonal matrix with the admittance matrices Yc ;(s) of the external components connected
to the grid buses (including power electronics-based converters). In Y¢(s), the external
components are included in the diagonal position corresponding to their bus number,
and if multiple external elements are connected to the same bus, they are summed in
that position. If no external component is connected to a bus, the corresponding diagonal
element will have a null value. Vg(s) and Ig(s) represent the nx1 bus voltage and injected
current vectors, respectively, and Yg(s) is the nxn nodal admittance matrix of the system
(see Figure 1c) [26,27]. System stability in (4) is commonly assessed by the GNC. However,
the PMD stability criterion has recently been proposed for the stability assessment of multi-
terminal grid-connected power electronics-based converters [26]. This criterion is based
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on the eigenvalue decomposition of the nodal admittance matrix Yg(s) at each frequency f
over the frequency range given by RMA [34-36],

AN 01!
) . () Y B
Vi = | W g () 1) () ©)
. NG Vi :L(f)VB I :L(f)IB
oA
A

Y

where Vi) and I,) are the modal voltage and current vectors, Ay is the diagonal
eigenvalue matrix of Y, and R¥) and L = (RH)~1 are the right (in columns) and
left (in rows) eigenvector matrices, respectively. The peak values of the moduli of the
modal impedances Zm,j(f) =1/ )\y’j(f) of (Ay)~1 (with j=1, ..., nrepresenting the mode
number) are referred to as critical resonance modes (Z, /") at resonance frequency f;.
They are used to assess grid-connected power electronics-based stability. Faster RMA has
recently been proposed as an alternative to traditional RMA to efficiently obtain only the
smallest modulus eigenvalue of Yg(s) (i.e., the largest modulus eigenvalue of Zg(s)) at
each frequency f, i.e., the critical modes Zm,c(f), and therefore the critical resonance modes
Zm /7). Tt should be noted that the result of applying faster RMA is the envelope of all
impedance matrix modes obtained by RMA. All of this aims at assessing grid-connected
power electronics-based stability with the same accuracy as RMA but in a more efficient
manner (see details in [36]).

Regarding multi-terminal power converter-based grids, the PMD stability criterion
relates the angular frequency of the system’s oscillatory mode i, w;, to the resonance
frequency f;. It also connects the damping of the system’s oscillatory mode i, —c7;, to the
ratio between the resistance of the critical resonance modes Rm/c(f’ ) (the real part of Zmlc(f’))
and the slope 1, (/") of the reactance of the critical resonance modes X, ") (the imaginary
part of Z,, () at f,. Accordingly, the criterion states that the grid is stable if and only if

o~ R%})) <0 (m,(gfg) - aX,S{Z/af] Vfr> w; ~ 27t ©6)
sy J=t

It can be concluded that multi-terminal grid-connected power electronics-based sta-
bility can be assessed by examining the sign of the ratio between Ry, () and n1, (") in the
frequency domain. This sign is the same as that of ¢}, as obtained from the time-domain
state-space approach. It should be noted that stability assessment only requires analysing
the sign of both variables, Rm,CW) and mx,c(fr). These variables are the result of the RMA
study, with the latter (m, /") being determined by analysing the values of X,/ at fre-
quencies adjacent to f,. These values provide the information needed to establish the sign of
the slope at f,. Accordingly, if my /) > 0, the grid is stable/unstable when R, ./ becomes
negative/positive, whereas if mx,c(f’) <0, the grid is stable /unstable when lec(f’) becomes
positive/negative. Thus, stability can be analysed based on the damping resistance R, ./
of multi-terminal grid-connected power electronics-based converters at f,. Furthermore, the
PMD stability criterion enables the calculation of the PFs as PF b,c(ﬁ) = Rb,CV' ) 'Lb,c(ﬁ) (wWhere
Rb,c(ﬁ) and Lb,c(ﬁ) are the right and left eigenvectors associated with the critical resonance
modes Zm,c(f’) and b represents the grid buses). These PFs reflect the sensitivity of eigenval-
ues to the diagonal elements of the nodal admittance matrix (see proof in [20,35]), i.e., the
participation of a specific eigenvalue (or mode) at a particular grid bus. Essentially, they
quantify the influence (observability and excitability) of each bus on stability with respect
to resonance modes represented by the eigenvalues, helping to identify which devices may
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affect stability [20,35,39]. Notably, the PMD criterion has recently been extended to include
the calculation of a DM indicator based on PFs and critical resonance modes [37], providing
a simple conductance-/resistance-based measure of system stability. To determine the
system’s DM, the margin associated with the impedance’s critical modes must be calculated
at each resonance frequency (local DM). The DM indicator, derived from the PMD stability
criterion results, is computed as [37]

pemy ~ re{1/ (PRI 2T, @)

where DCM;,,/" denotes the damping conductance margin at f,, and PF;, .() is the PF of the
most affected bus b by the critical mode Z,, ./"). All local DMs are required to evaluate the
overall system stability using a global damping margin, DCM, as detailed in [37].

3.3. Advantages of the Positive-Mode-Damping Stability Criterion Compared to Existing Methods

Stability assessment techniques can generally be categorised into time-domain eigen-
value analysis [2,17] and frequency-domain techniques [18,19].

Time-domain eigenvalue analysis provides detailed insights into the system’s dynamic
behaviour, making it valuable for identifying subsystems contributing to stability issues.
However, it requires extensive knowledge of the system, including linearised models and
parameter data, and is computationally intensive. This limits its practicality for real-time
applications. Moreover, it cannot accommodate black-box models, which are common in
industrial applications [2,19,20,22,25,27].

Frequency-domain techniques overcome some limitations of time-domain eigenvalue
analysis by characterising the grid using impedance-based models. These are typically
divided into two categories: (i) methods that separate the grid into source and load subsys-
tems and apply Laplace-domain eigenvalue [11,12] or Nyquist-based [7,9,12,23] analyses;
(ii) approaches that characterise the full system using the nodal admittance matrix and
apply the GNC [18,25]. The former are not well suited for systems with multiple inter-
connected converters, such as MGs or MGCs, as source-load partitioning may lead to
inaccurate conclusions. The latter captures the full-grid dynamics but suffers from key
limitations [22,26,29-31]: (i) it may yield incorrect conclusions due to misleading associ-
ations in the formulation of the closed-loop transfer function [8,31]; (ii) it is difficult to
interpret, given the number of Nyquist plots linked to each system eigenvalue [13]; and
(iii) it becomes computationally demanding for large-scale systems, requiring the identifi-
cation of unstable right half-plane poles in large nodal admittance matrices [32,33].

In contrast, the PMD stability criterion has several advantages over both time-domain
and GNC-based methods [20,26]:

It identifies the frequency of the closed-loop oscillatory modes.

It can operate with limited system knowledge (e.g., black-box models).
It is insensitive to element associations, avoiding structural ambiguity.
It is computationally efficient and simple to apply.

It provides intuitive, visually interpretable results.

In summary, while time-domain eigenvalue analysis provides a more detailed under-
standing of the internal causes of instability, it is resource-intensive and less adaptable to
practical scenarios. The PMD criterion offers a more scalable and user-friendly solution
that remains valid when full system models are unavailable. Additionally, it avoids the
practical drawbacks of GNC-based techniques, making it particularly suitable for modern
converter-based grids such as MGs and MGCs.
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4. Active and Passive Filter Study

Considering that the sensitivity of the Yg(s) eigenvalues /\y/]‘(f) with respect to shunt
grid components is the same as that of PFs [39], the damping resistance Ry, (/" of multi-
terminal grid-connected power electronics-based converters at resonance frequency f; can
be effectively modified. This is achieved by connecting passive and active damping com-
pensators (mainly resistive at f;) at the bus with the largest PF (i.e., at the most influential
bus in the critical resonance mode at f;). Accordingly, the diagonal term of Yg(s) at this bus

is modified as

Vit moa = Yig + Yoy, ®

where Y}, is the diagonal term of Yg(s) at bus b, Yy, mod") is the modified diagonal
term of Yg(s) at bus b, and Ywmp(f) is the admittance of the passive and active damping
compensators. These compensators can be implemented using the VSC control (active
damping compensators) or RLC-shunt filters connected to the grid (passive damping
compensators), as shown in Figure 1a.

4.1. Active Damping Compensator
The active shunt compensator is obtained from the feedforward filter included in the
current control loop (grey box in Figure 1a), which modifies the equivalent admittance of
the VSC (2) as
—D(s)
Ry + Lys + jLywr + D(s) (Fpi(s) = jLycwr

ngggmp) = Yosc (5) + ) Gcomp (S>/ )

Ycump (S)

where Geomp(s) is the transfer function of the feedforward filter,

B 0.1G§£’)wrs
82+ 0.1wys + w?

Geomp(s) wy =27fy, (10)

with f, representing the centre frequency (equal to the resonance frequency) and ch(fr)
representing the gain at f,. It should be noted that the gain of the feedforward filter has a
resistive behaviour of value ch(fr ) at f,, which allows the compensation of the damping
resistance of multi-terminal grid-connected power electronics-based converters and the
mitigation of system instability, i.e.,

(fr); 2
. 0'1GCP Jw; (fr)
Ceomp(jeor) = — 2 G iR vz~ O - v

4.2. Passive Damping Compensator

The passive damping compensator is obtained from an RLC—shunt filter connected to
the grid in Figure la:

1 1
= Lep27tfy = =
Rp+Lops+ s fr Cep27tfr

Yeomp(s) (12)

It should be noted that the gain of the RLC—shunt filters has a resistive behaviour of
value Ry at f,, which allows the compensation of the damping resistance of multi-terminal
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grid-connected power electronics-based converters and the mitigation of system instability,
ie.,
1 1

ch + chjw;‘ — 7(:;;&] RCP

r

Ycomp (jwr) = (13)

4.3. Design of Damping Compensators Based on the Positive-Mode-Damping Stability Criterion

Given an oscillatory system at the resonance frequency f;, the steps to design the
bandpass filter-based active or passive damping compensators using the proposed DM
indicator with the PMD stability criterion are summarised as follows (see [37] for details):

1.  Calculate all PFs of the critical resonance mode Zm,c(f’) at f;, and select the highest one,
PF, hrc(fr), which identifies the bus b =  with the largest contribution to the resonance.

2. Compute the local DCM;, using (7).

3.  Determine the required compensator admittance ch(fr) to mitigate the resonance:

@ Rey” 1)’} = e v 6 20 w6 2 —peM

4. Design the active compensator using (10). In this case, it is advisable to oversize ch(f’)
by a safety factor of 3-5 to ensure robust damping and adequately compensate for
the first term of (9). Alternatively, design the passive compensator using (12) to be
connected to bus h, where

1 1

= fr = .
Gc({;r) 27T 4 /LC,,CC,,

4.4. Practical Application of Damping Compensators

Rep (15)

Active and passive damping compensators are essential for effectively addressing
harmonic stability issues. While both types are designed to achieve similar objectives and
share comparable methodologies, they have distinct advantages and disadvantages that
significantly affect their applicability in different scenarios. Table 1 provides a comprehen-
sive overview of the benefits and drawbacks of each type, facilitating the determination of
the most suitable compensator for specific applications. In summary, active compensators
are characterised by their flexibility, efficiency, and precise performance, enabling seamless
integration with modern control techniques. However, they may suffer from limitations,
including poor dynamic response, increased complexity, and the potential to interfere with
the overall performance of VSCs. Conversely, passive compensators are generally simpler
and more reliable solutions for addressing harmonic stability problems, offering effective
damping across specific frequency ranges. On the other hand, passive compensators can
be bulky, expensive, and associated with losses, making them less suitable for high-power
applications. Furthermore, they are sensitive to parameter uncertainties and have fixed
characteristics once installed, which limits their adaptability in dynamic environments.
Opverall, while active compensators excel in high-power applications due to their flexibility
and precision, passive compensators face challenges related to scalability and effectiveness
in such contexts. This understanding is crucial for selecting the appropriate damping
compensator based on the specific requirements of each application.
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Table 1. Benefits and drawbacks of active and passive damping compensators [11,46].

Benefits Drawbacks

- Poor dynamic response and accuracy, smaller
bandwidth, and noise immunity.

o, . . .
£ Suitable for use with control techniques. - Undesirable effects on VSC overall control
<] Flexible performance. performance.
= Efficient and precise solution. - Need for VSC and sensors, increasing VSC
g Ability to imitate passive compensators w/o control and system complexity.
Joule losses. - Lack of knowledge of VSC controllers in
actual systems.
3 - Extraloss, bulk, cost, and physical restrictions
& . . , , , phy
g étralghgorlward S(t)ll utlogs. liabl (unfeasible for high-power systems).
o ereraty fess costly and prore fetansie. - Sensitivity to parameter uncertainties and risk of
g Suitable for harmonic stability problems. detuning,
@ Effective damping over a specific - Fixed characteristics once installed (limited
& frequency range.

flexibility and adaptability).

5. Application

The studied MGC-integrated transmission grid, consisting of the modified 33 kV
1 MVA IEEE three-bus test power system and two MGs (one DC type and one AC type),
is depicted in Figure 2a (the detailed characteristic parameters of the system are also
shown in this figure). This experimental design aims to analyse a typical configuration of
MGCs that includes both DC and AC MGs, thus incorporating common renewable energy
loads. The DC MG selected in this study consists of a 2.20 MW wind turbine (WT) [48]
and various ESSs connected to a 1100 V DC bus. The ESSs comprise a hydrogen setup
consisting of a 1 MW fuel cell (FC) [49] and a 1 MW electrolyser (EZ) [50], as well as a
0.5 MW ultracapacitor (UC). Additionally, several DC loads are connected to this MG. The
AC MG is composed of a 1 MW battery energy storage system (BESS) [48], a 1 MW PV
power plant [51], and AC loads. A VSC is used to transform DC into AC in the PV and BESS
connections. Boundary conditions are incorporated based on typical operational ranges and
variations observed in MG configurations, as these are essential for ensuring the robustness
of the MGC model under different scenarios. The energy balance in the modified IEEE three-
bus test power system studied in this work is summarised in Table 2. In the DC MG, the
WT delivers 2.20 MW, and the EZ consumes 0.34 MW. The remaining 1.86 MW is delivered
to the PCC of the DC MG. Regarding the AC MG, the PV power plant injects 0.98 MW,
while the BESS is discharged at rated power, i.e., 1 MW. The AC load consumes 0.3 MVAr.
Therefore, the energy balance results in 1.98 MW delivered to the PCC of the AC MG and
0.3 MVAr consumed from the local grid. This energy balance is one of the operational
scenarios simulated in the MG system and corresponds to an extreme, potentially unstable
operational scenario within the tested MG systems. It should be noted that the high-power
levels of each MG lead to a small SCR at the DC and AC PCC, making the modified IEEE
three-bus test power system more susceptible to potential instabilities. The above energy
balances were obtained from a previous study of the MGC (out of the scope of this paper).
The MGC-integrated transmission grid was modelled in, integrated into, and simulated in
MATLAB/Simulink using complete models of VSCs and MGs. For accurate time-domain
simulation, the PLL and outer loops of VSCs were used. It was then verified using an
experimental setup comprising an OPAL-RT4512 HIL simulator to execute the MGC in real
time and a dSPACE MicroLabBox unit to integrate the local control. The OPAL-RT4512
unit serves as an HIL simulator, facilitating real-time implementation and testing of the
MATLAB/Simulink model of the MGC. It is programmed using RT-LAB 2023 software
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and supports analogue signals within a range of £16 V. With its four cores delivering high
performance, it enables seamless editing, building, loading, execution, and monitoring of
models within a simulated yet controlled setting. The use of MATLAB/Simulink enables
each MG control to be programmed on a dSPACE MicroLabBox unit, which is renowned
for its compactness and versatility in enabling rapid control prototyping and algorithm
testing. This hardware unit boasts a potent dual-core processor, FPGA, and an extensive
array of I/0O interfaces, supporting analogue signals spanning from —10 V to +10 V. In the
experimental setup, the MGC-integrated transmission grid runs on the OPAL-RT4512 unit,
while the controls reside on the dSPACE MicroLabBox unit, and the signals are measured
in real time by a Yokogawa DLM4038 oscilloscope (see Figure 3).

AC Electrical |
Load i
!
!
!
777777777 !
'S,=1MVA' !
| V=33kV i
********* Pl
H—
1 2
7,=0.02 +0.04 pu pcC—r ACMG
7 - Y, =/0.06 pu AC i
001 ryrb | 2 Electrical !
S0 pu Z,=0.01+/0.03 pu Z,=0.0125 +0.025 pul P,=0.4 MW Load 4 |
Y, =/0.04 pu Y,..=0.05 pu Q,=0.25 MVAr 1 2 T ), PV
s Gen. 1 o i
3 # o1 |
z,.- 4 pec (VSC)- BESS|
Gen2
0.01 + 0.1 pu @ylvsc i
I |
(’ s () Ly Y e
1 DCI |JC ;
| l A T g )
. & | | | | i A DC Electrical Load
! Wind i | Ultracapacitor
i Turbine Q }Z i Electrolyzer
i _—'llll" o) | Fuel Cell
| Fuel  Electrolyzer Ultra- DC Electrical i \___ WindTurbine « ___~
‘\\ Cell capacitor Load / DC MG
(a) (b)

Figure 2. Modified IEEE three-bus test power system. (a) General diagram of the MGC-integrated
transmission grid. (b) Equivalent diagram of the MGC-integrated transmission grid showing the MG
connections to PCCs.

Table 2. Energy supply balance of internal MG components.

DC Microgrid AC Microgrid
Wind Turbine  Fuel Cell  Electrolyser  Ultracapacitor DC Electrical Load PV BESS AC Electrical Load
2.20 MW 0.00MW  —0.34 MW 0.00 MW 0.00 MW 098MW  1.00MW  0MW, —0.3 MVAr
Total at PCC = 1.86 MW Total at PCC = 1.98 MW, —0.3 MVAr

Figure 3. Experimental HIL setup.
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In the MGC-integrated transmission grid test, both MGs are represented using the
AC-side equivalent model of VSCs and the above power consumptions of each MG load, as
illustrated in Figure 2b and outlined in Table 2. This simplified model is justified because
the main objective is to assess the stability of the interaction between the MGs of the cluster.
It is important to note that the MGs operate stably when isolated. The DC MG is connected
to bus 3 through a 33/0.69 kV transformer and a VSC, forming the new bus 6. The AC
MG is partitioned into a PQ load directly connected to bus 2 for the AC electrical load, as
well as the PV and BESS connected to bus 2 through 33/0.69 kV transformers and VSCs,
forming the new buses 4 and 5, respectively. The grid-connected VSC model is illustrated
in Figure 1a, and the values of its parameters for each of the three VSCs in the MGC are
detailed in Table 3. Frequency variations are not considered in this study scenario, as the
objective is to investigate harmonic stability across the harmonic frequency range, where
these variations have no impact. It is also worth highlighting that, although all the models
and parameters of the MGC components (i.e., white-box models) are known in this study,
black-box models could be used instead by integrating them into the nodal admittance
matrix at each frequency if these parameters were unavailable [20].

Table 3. Values of the VSC model parameters for each of the three VSCs in the MGC-integrated
transmission grid.

VSC Parameter Units VSC1—PV of ACMG  VSC2—BESS of ACMG VSC 3—DC MG
Transformer reactance (XtRr) pu 0.045 0.045 0.045
Power rating (Pysc) MW 1.50 1.50 3.00
Nominal voltage (V) kv 0.69 0.69 0.69
Fundamental frequency (f) Hz 50 50 50
Connection bus (b) - 4 5 6
Switching frequency (fsw) kHz 25 2.5 2.5
Filter resistance (Rf) mQ) 79.4 79.4 39.7
Inductance (Lf) mH 25.3 25.3 12.6
Capacitance (Cf) mF 23.9 23.9 4.77
PI current controller bandwidth (o) g1 1000 1000 1000
Grid voltage feedforward low-pass
filter bandoridth (o) P s 10 10 10
Time delay factor (qq4) - 0.5 0.75 0.25
Active power supply (Ps) MW 0.98 1.00 1.86
Reactive power supply (Qs) MVAr 0 0 0

The initial three-bus MGC-integrated transmission grid application corresponds to
a case of harmonic instability. It is analysed by the PMD stability criterion (6), which
determines a critical resonance mode at 0.99 kHz with Rm,c(o'%) / mxlc(0'99) > 0 (see Figure 4).
The highest PFs for this critical resonance mode are PF4,C(0'99) and PF5,C(O'99), indicating
that the most affected buses by the critical resonance mode are 4 and 5, respectively. The
results of the study are summarised in Table 4 and Figure 4. This instability is verified by
examining the voltage at bus 2 by OPAL-RT real-time simulations. In these simulations,
the instability is caused when the BESS of the AC-MG is connected to bus 5 through its
corresponding VSC at the 13 s mark. Consequently, the focal point of the instability is
identified at bus 5, which aligns with the candidates determined from the previously
obtained and analysed PFs of the PMD stability criterion results. Finally, it is observed
that the voltage in the unstable region oscillates around 1 kHz (see Figure 5, where the
three-phase harmonic oscillation frequencies f;, f;, and f. are labelled in red). It is worth
highlighting that the results of the analytical study using the PMD stability criterion with
simplified models largely agree with those of the OPAL-RT real-time simulations using
complete models. This validates the simplifications made in the analytical model (2), where,
for example, the PLL was neglected due to its low bandwidth. Despite these simplifications,
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the PMD retains both the generality and accuracy of its analysis when studying harmonic
stability issues. As mentioned before, OPAL-RT4512 serves as an HIL simulator, facilitating
real-time implementation and testing of the MATLAB/Simulink R2022a models.

100 |Zm,c"’ Rm’c’ Xm c (pu) 1 |PFb,c| (pu)
T e, \ \
10.99 kHZ 1. 36 kHz 2.82 kHz PFb,c (0.99 kHz)
500 079kHz | | 240kHz IPF, 07| = 0.497
| |PF, )= 0.5(‘)‘5 ; :
of ‘ ) 20,5 -
| h v 7
i e} i 4 |Zm c| Rm 4 Xm c
RO m om0 TEESEESES ] 1 g3 6
-100 \ L B \ L ‘ oL+ s
0 0.5 1 1.5 2 2.5 3 b

f(kHz)

Figure 4. PMD stability criterion results for the unstable case: a critical resonance mode is detected at
0.99 kHz, primarily involving buses 4 and 5, indicating harmonic instability.

Table 4. Results for the unstable case and values of the damping compensators’ parameters.

Identification Parameter Value

fr 0.99 kHz

Zm, ) (pu) —74.91 —j7.15
Unstable case mx,c(fr) (pu/Hz) ~15.13

| PF5,.) 1 (pu) 0.497

DCM;5%) (pu) —0.03
Passive comp. parameters Rep (pu), Ly (pu), Cep (pu) 18.73,3.22 x 1072,8.04 x 107
Active comp. parameters ch(fr) (pu) 0.16

wwmwm "xh', Y

. 135 SO F : d f‘": 1.00 kHz
H /,=0.98 kHz
/.= 0.98 kHz

4.0000 : 40000V: :
No.0000  -0.08 Is] 012

Figure 5. OPAL-RT real-time simulation results for the unstable case. Instability is triggered at
t =13 s when the BESS is connected to bus 5. Voltage at bus 2 shows sustained ~1 kHz oscillations, as
highlighted by the red-labelled f;, f;, and f..

After the previous study, the focus shifts to designing compensators for system stabil-
isation. The parameters of both the active and passive compensators, determined using
Equations (10) and (12), respectively, are detailed in Table 4 and were designed according
to the methodology described in Section 4.3. After the integration of either compensator, a
clear improvement in system stability is evident from the PMD stability criterion results in
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Figure 6. The OPAL real-time simulations in Figure 7 further support these results. The
simulations show that the voltage response at bus 2 remains stable until the BESS of the
AC-MG is connected to bus 5 through its corresponding VSC at the 13 s mark. However,
stability is restored at the 13.1 s mark, when either the active or the passive compensator is
connected, due to its damping effect.

|Zm. c‘ ’ Rm.c’ Xm,(‘ (pu)

80 ; : : :
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400 0.79 kHz 2.40 kHz s
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L 0.99 kHz 136 kHz zZ, IR, X,
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Figure 6. PMD stability criterion results for the stabilised case using damping compensation: active
(top) and passive (bottom). In both cases, the critical resonance mode at 0.99 kHz is successfully
damped.
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Figure 7. OPAL-RT real-time simulation results for the stabilised case with damping compensation:
active (left) and passive (right). Instability is triggered at ¢ = 13 s when the BESS is connected to bus
5, but stability is restored at t = 13.1 s upon connecting the active or passive compensator, effectively
damping oscillations.

A final study is conducted to evaluate the effectiveness and robustness of the proposed
damping compensators under varying operating conditions. The system’s response to
different MG parameter changes is first analysed with the compensators connected. In
particular, voltage overshoots at the bus terminals most involved in the stability issue are
quantified, as well as the response time required for the system to dampen. The OPAL-RT
results (not shown for brevity) indicate a voltage overshoot of 19.2% at bus 5 after the
BESS of the AC-MG is connected to bus 5 through its corresponding VSC at the 13 s mark,
which is fully damped within 0.12 s. Notably, without the compensator connected, the
system would become unstable (as can be seen in Figure 5). Furthermore, tests involving
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variations in system parameters, such as the gains of the VSC PI controller, reveal that
these changes do not affect the performance of the damping compensators, underscoring
their robustness. The study thus confirms the reliability of damping compensators under
different conditions. Additionally, identical results obtained from MATLAB/Simulink
R2022a simulations further validate these findings.

To complement this, a parametric analysis is performed by gradually increasing the
active power generated by the VSC-interfaced BESS at bus 5 while keeping the damping
parameters fixed. As shown in [16], injecting higher active power levels into the grid
amplifies the negative damping effect introduced by the converter, thereby reducing the
system’s stability margin. Conversely, reducing the power output—or operating the
converter in a consumption regime—tends to improve stability. In this analysis, the
generated power is increased in 5% increments, and the system’s stability is evaluated
using the PMD stability criterion for both active and passive compensation strategies. The
evolution of the system’s stability under these varying power conditions is illustrated in
Figure 8a, where PMD plots reveal a clear trend: (i) the system remains stable up to a 10%
power increase; (ii) it reaches a critically stable condition at 15%; and (iii) it becomes unstable
at 20%. In the critically stable case, this transition is visually characterised by a sharper
resonance peak in the PMD plot (see Figure 8a), indicating reduced damping margins.
These results confirm the effectiveness of the compensators across a practical operating
range and highlight the need for retuning the damping parameters when operating points
shift significantly. In parallel, OPAL-RT time-domain simulations are conducted to observe
the voltage waveforms under each analysed operating condition—stable, critically stable,
and unstable. As can be seen in Figure 8b, these waveforms exhibit dynamic responses
consistent with the analytical predictions derived from the PMD criterion in Figure 8a. It
is verified that by increasing the damping contribution—either from the active or passive
compensator (e.g., in the active case, by raising the total G, 1 t0 0.22 pu, i.e., an additional
0.06 pu above the initial 0.16 pu)—the system can be successfully re-stabilised under the
new, more demanding power flow conditions. This restored stability is reflected in the
rightmost PMD stability criterion plot of Figure 8a, demonstrating the scalability and
adaptability of the proposed control strategies.

To conclude and verify the accuracy of the constant-frequency assumption (as dis-
cussed in Section 1), all of the above tests were validated by sweeping the grid frequency
from 40 Hz to 60 Hz in 1 Hz increments. These simulations confirmed that the frequency
of the resulting instability remained unchanged, consistently matching the value pre-
dicted by the PMD stability criterion. To further support these findings, Figure 9 presents
OPAL-RT voltage waveforms for two representative cases: (a) f1 = 40 Hz and (b) f1 = 60 Hz.
Despite the variation in the fundamental frequency, both cases clearly exhibit the same high-
frequency oscillation near 1 kHz, as also verified by FFT analysis using MATLAB/Simulink
(not shown for brevity). These results confirm that the type of harmonic instability under
study is not affected by typical variations in the grid’s fundamental frequency, thereby
validating the constant-frequency assumption adopted throughout the paper. Further-
more, although the validation is performed on a three-bus MGC-integrated transmission
grid—chosen for clarity and ease of hardware implementation—the scalability of the pro-
posed methods to larger systems is also addressed. In particular, the method is applicable
to more complex MGC-integrated transmission grids involving a greater number of nodes
and converters.
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Figure 8. Stability assessment under incremental power injections: (a) PMD stability criterion plots
evaluating the robustness of the compensators across varying operating conditions. (b) Active and
reactive power waveforms from OPAL-RT simulations corresponding to the stable, critically stable,
and unstable regimes.
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Figure 9. OPAL-RT voltage waveforms under different grid frequencies: (a) f; =40 Hz; (b) f1 = 60 Hz.

In both cases, instability oscillations remain centred around 1 kHz, confirming the robustness of the
constant-frequency assumption.

6. Conclusions

This work presented three main contributions addressing a critical issue in modern
power systems due to the increasing use of power electronics. First, the paper applied
the recently developed PMD stability criterion to study small-signal harmonic stability in
MGC-integrated transmission grids and identify the grid buses with the most significant
impact on stability. This analysis, which had not previously been conducted for this type of
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grid using this stability criterion, extends its generality to new frameworks. The application
of the PMD stability criterion offers an innovative approach to stability analysis in MGC-
integrated transmission grids, overcoming the limitations of traditional methods such as
time-domain eigenvalue analysis and frequency-domain impedance-based characterisation.
The criterion enhances these methods by (i) simplifying the characterisation of oscillatory
modes, (ii) requiring less detailed system information, (iii) enabling stability assessment
using experimental data (e.g., black-box models), and (iv) being user-friendly. During
the application, it was confirmed that connecting MGs to traditional power systems may
lead to grid instability due to the presence of power electronics in MGs and MGCs. This
instability also depended on the power consumption level of the MGs connected to the
grid. Additionally, the paper presented the design and evaluation of bandpass filter-based
active and passive damping compensators. These were implemented by modifying the
equivalent admittance of the VSC with its control and using RLC-shunt filters, respec-
tively. The compensators aim to counteract the damping resistance of multi-terminal
grid-connected power electronics-based converters at a specified frequency and bus, thus
enhancing system stability. Finally, a modified IEEE three-bus power system with two MGs
(one AC type and one DC type) was used to illustrate the MGC-integrated transmission
grid study. The accuracy of the predictions of the PMD stability criterion was demonstrated
by MATLAB/Simulink R2022a (The MathWorks, Inc., Natick, MA, USA) simulation and
experimental simulation using OPAL-RT4512 (OPAL-RT Technologies, Montreal, Quebec,
Canada) and dSPACE MicroLabBox (dSPACE GmbH, Paderborn, Germany) units. These
simulations also highlighted the usefulness of the real-time simulation test-bed for early
control validation before practical implementation in real-world scenarios. The combina-
tion of theoretical analysis, simulation, and real-time experimentation provided robust
validation of the proposed stability evaluation method.

It should be noted that, although the PMD stability criterion was applied under
simplified conditions, such as VSC control characterised only by the inner current control
loop or simplified MG dynamics, this does not compromise the generality of the final
conclusions regarding its applicability to the assessment of MG stability issues, including
near-synchronous instabilities. This was demonstrated in the Application Section by
comparing the analytical results using the PMD stability criterion with simplified models
and OPAL-RT real-time simulations using complete models. Accordingly, the results
suggested its potential to predict instabilities in more complex systems, which will be
explored in future work. Additional future research could investigate the effects of common
frequency variations in MGs on converter-driven stability studies, an aspect not considered
in this study. These variations could be relevant to slow dynamic interactions and may
warrant further investigation.
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