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Abstract—The stability of modern power grids is increasingly
dependent on the performance of grid-forming converters. The
virtual synchronous machine (VSM) has emerged as a key technol-
ogy to guarantee grid support. However, its reliability is critically
challenged by system uncertainties, such as wrong grid impedance
estimation and interactions between neighboring converters. Re-
cent studies have applied the p-analysis to assess the virtual syn-
chronous compensator (VSG) robust stability. However, the supe-
rior robustness offered by the virtual synchronous compensator
(VSC) approach has not been investigated in the literature. This
article fills this gap by presenting a robust stability analysis that
highlights the benefits of the VSC over the VSG. The VSC hybrid
structure, which separates power management from dynamic grid
support, inherently shows higher robustness to system uncertain-
ties. This article highlights this advantage using the p-analysis and
proposes a methodology for its experimental validation. Theoretical
and experimental tests reveal the VSC enhanced performance: it
maintains stability for up to a tenfold increase in grid impedance,
while the VSG fails at a sevenfold increase. Furthermore, this article
demonstrates that in systems with multiple converters, the VSC
mode enhances the overall system robustness compared to the VSG,
making it a more reliable solution for future power systems.

Index Terms—Robust stability, uncertainty, virtual synchronous
compensator (VSC), virtual synchronous machine (VSM).

NOMENCLATURE
Acronyms
CCM  Component connection method.
EM Electromechanical emulation.
HF High frequency.
LFT Linear fractional transformation.
MIMO Multiple input multiple output.
PCC Point of common coupling.
PWM  Pulsewidth modulation.
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Virtual frequency.
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External setpoint current.

Moment of inertia of the Synchronverter.
Excitation gain of the Synchronverter.
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Inverter active power.

External active power setpoints.

Inverter switching commands.
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Raux Aucxiliary shunt resistance connected at the PCC.
*

v Reference inverter voltage.

Robust Stability Analysis

A Perturbation block of the system.
Amin  Smallest perturbation matrix.

A Perturbation matrix.

IL, Set of perturbed uncertain plants.
I1, Uncertainty model set.

II,s . Setof stable perturbed plants.
II,s  Set of stable perturbed plants.
II, . Setof unstable perturbed plants.

System matrix of the Grid model.
Input matrix of the Grid model.
Output matrix of the Grid model.
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Dgariga Zero matrix of the Grid model.

I Identity matrix.

M Matrix which describes the overall system dynamic
considering only the inputs and outputs of NV related to
A.

N Matrix describing the overall nominal system dynamic
(i.e., combination of the generalized plant G and the
controller C').

P, Nominal plant matrix.

W, Impedance amplitude uncertainty matrix.

%% Frequency-dependent uncertainty matrix.

Xarida State variables vector of the Grid model.

Yarid Output vector of the Grid model.

T Smallest maximum singular value.

1 Index of robustness.

Hmax Maximum value of x4 along the frequency range under
study.

C Controller block of the system.

Sose Oscillation frequency.

G Generalized plant, the portion of known system with
no uncertainty.

k. Multiplicative term of the grid impedance.

ka Coefficient of Apjin, strictly related to fimax-

M Block of the system containing M.

N Block of the system containing the matrix IN.

P, mr Plant considering the high frequency resonances.

P, xr Plant considering an uncertainty on the XR ratio.

P, Plant considering an uncertainty on the impedance
amplitude.

W Uncertainty block of the system.

Wy, Uncertainty function.

W, Impedance amplitude uncertainty coefficient.

Physical System

Wy Grid frequency.

€; Inverter output voltage.

g Grid voltage.

ig Grid current.

i Measured inverter current.

ifg Current through L ¢,.

Ly Inverter-side filter inductance.
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L, Grid inductance.

Lyg Grid-side filter inductance.
R, Grid resistance.

Vg Measured voltage.

Upec PCC voltage.

1. INTRODUCTION

ONVENTIONAL SMs ensure grid stability by providing
C ancillary services, such as inertial behavior and reactive
support during faults. However, the decommissioning of ther-
moelectric power plants will reduce the number of SMs con-
nected to the grid. Renewable energy plants, such as solar and
wind, cannot provide inherent inertial support as they connect
to the grid via static power electronic converters. The direct
consequences are the reduction of the total power system inertia
and the risk of compromising the grid frequency and voltage
stability [1], [2], [3].

Therefore, most recent grid codes require that even inverter-
interfaced renewable energy sources must provide ancillary
services [4], [5], [6]. The typical scheme under study consists
of a three-phase inverter connected to the grid through an LCL
filter at the PCC, as depicted in Fig. 1. Control algorithms based
on the VSM concept allow grid-connected converters to behave
such as conventional SMs, by providing grid services [7], [8],
[9], [10].

However, plant uncertainties (e.g., wrong grid impedance esti-
mation), grid reconfigurations, and the influence of neighboring
converters might affect the stability of grid-connected convert-
ers. For this reason, recent papers investigated the robust stability
of grid-connected converters for a given set of uncertainties, by
applying the p-analysis [11], [12].

More in general, the literature is full of methods to per-
form a stability analysis. The most common methods are the
impedance method [13], [14], [15], [16], [17] and the eigenval-
ues method [18], [19]. They both provide a stability assessment
of the system for a specific operating condition. To test a different
condition (e.g., increase of grid impedance), it is necessary to
perform a new analysis.

Consider the generic case in which it is necessary to identify
for which value of the grid impedance the system becomes
unstable. A priori, it is not possible to know the instability
condition with both the impedance and the eigenvalues methods.
Indeed, with these two methods, it is necessary to perform
several arbitrary simulations until the instability condition is
reached. Alternatively, itis also possible to perform Monte Carlo
tests [11]. However, even in this case, many simulations are
needed to obtain the instability condition. In conclusion, both
solutions can identify the instability condition but generally
require a high number of simulations and iterations.

On the other hand, the p-analysis provides information on the
stability boundary through the value of p. It is indeed an index
of robustness, as it directly identifies the minimum condition of
instability. Consider again the goal of identifying for which value
of grid impedance the system becomes unstable. The p-analysis
through the value of i provides such information, resulting in
a powerful tool to easily and quickly identify the instability
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TABLE I
COMPARISON OF STABILITY ANALYSIS METHODS

Feature Impedance Method

Eigenvalue Analysis

Robust Stability Analysis

System Model Uses two separate “’black-box”

models at their interface.

Key Question ”Will these two subsystems be

stable when connected?”

Output A stability assessment based
on the impedance ratio (a

gain/phase margin).

Real-World Applicability = High, especially for modular
power systems and component

integration.

Assumes a single,
“white-box” model.

precise

”Is the nominal model stable?”

A binary stable/unstable result.

Limited, as real systems are
never perfectly known.

Considers a family of models
with defined uncertainties.

”Will the system remain stable
despite uncertainties?”

A guarantee of stability for a
given uncertainty level (a ro-
bustness margin).

High, as it designs for real-
world imperfections and pa-

rameter drift.

condition. Indeed, the value of y relates to the precise value of
grid impedance for which the system becomes unstable. Table I
summarizes the comparison of the stability analysis methods.

Nevertheless, this method has only been applied to VSMs
behaving as VSG. However, a VSM can also operate as a VSC,
when the virtual model is only in charge of the grid services (e.g.,
inertial response or reactive power injection during faults) [20].
This results in a VSM which always operates at a very small
load angle. The compensator approach has been demonstrated to
guarantee faster dynamic response in [20] and higher transient
stability compared to the generator approach [21]. Therefore,
the compensator approach is expected to also guarantee higher
robustness in case of uncertainties into the grid.

However, the literature lacks a robust stability analysis against
plant uncertainties showing the differences between VSC and
VSG operations.

Therefore, this article proposes as first contribution the robust
stability analysis of a VSM able to operate both as a virtual
compensator and generator. The VSM under study is the sim-
plified virtual synchronous compensator [20], but the results are
valid for any VSM capable of operating as VSC and VSG. The
theoretical results of the p-analysis demonstrate that a VSM
working as a virtual compensator shows higher robustness with
respect to the VSG mode operation. Indeed, under the same
nominal conditions, the converter controlled as a VSC is stable
for alarger range of uncertainty. This outcome is valid under both
stiff and weak grid conditions. Therefore, the VSC approach
enhances the robust stability of grid-tied converters compared
to the most common VSG strategy.

As a second contribution, this article proposes for the first
time in the literature a general method to experimentally validate
the p-analysis outcomes. Indeed, papers dealing with this topic
available in the literature only compared the dynamic response
of the models used to perform the analysis to the real system
response [11], [12], [22]. However, none of them provides an
experimental validation of the p-analysis outcome. Therefore,
this article fills the gap in the literature by providing a general
method to experimentally validate the p-analysis outcomes, thus
strengthening the reliability of this kind of analysis.

As a third contribution, the same analysis is repeated for a
grid-tied converter operating in parallel to a grid-forming con-
verter. The grid-forming converter is controlled according to the
Synchronverter algorithm [23]. Indeed, future power systems are
expected to operate in hybrid configurations where grid-forming

and grid-following converters coexist and interact dynamically.
In such contexts, the collective dynamic behavior cannot be di-
rectly inferred from single-converter analyses, as low-frequency
dynamics may interact in complex and nontrivial ways with
the responses of both VSC and VSG units. Accordingly, a
comparative investigation of VSG and VSC performance within
a multiconverter framework can provide meaningful insights
into their respective robustness and dynamic compatibility under
realistic operating conditions. Even in this case, the theoretical
and experimental results demonstrate that the VSC enhances the
robustness of the system under the same operating conditions.
Therefore, the VSC approach represents a more robust solution
for controlling grid-tied converters, whether operating alone or
in parallel with other converters.

This article is an extended version of [24] and brings in
additional value as follows:

1) Step by step description of the procedure to perform the
p-analysis through MATLAB.

Comprehensive theoretical results of the y-analysis under
very stiff and very weak grid conditions for different
virtual inductance values, different converter ratings and
different operating conditions.

Theoretical results and experimental validation of the
p-analysis for the system consisting of two paralleled
converters: the first one is operating either as VSG or as
VSC, while the second one is operating as a grid-forming
Synchronverter converter.

This article is organized as follows. Section Il briefly describes
the main blocks of the VSM under study and the difference
between a virtual synchronous compensator and a virtual syn-
chronous generator. Section Il provides a theoretical description
of the p-analysis together with an example for a simplified case.
Next, Section IV applies the p-analysis on the VSM operating
as VSC and VSG for a more general case and several different
scenarios. Further, Section V repeats the p-analysis for the case
of two converters operating in parallel. Next, in Section VI
experimental tests validate the robust stability analysis and the
higher robustness of the VSC mode operation over the VSG one.
Finally, Section VII concludes the article.

2)

3)

II. VIRTUAL SYNCHRONOUS MACHINE

The control algorithm implemented in this article is illustrated
in Fig. 2 and consists of two main parts: a VSM algorithm



MALLEMACI et al.: ENHANCING THE ROBUST STABILITY OF GRID-TIED CONVERTERS THROUGH

Inverter LCL, Filter \PCC Grid
/ e T
[ B 1 | L |
[ . Leg il 8
Ny 3] so il i
T [ AN H :
o H fes
[ [ |
. P |
\ / AN A ‘\ /
q _Control __
* l/ \\
PWM V" 1| VSM + Current | |
Modulator ! Control |
| [
l\\ //I
Setpoints (e.g., P*, Q%) Feedback (e.g., i;, vg)
Fig. 1. Scheme of the system under study.
e T Ve)
/"~ ™
| e !
L A I
| 1Pset> Oser [ Power to Iser|  _Jo— b |
I = /
P*, 0" vsc|| : Cuj—ient il*l Current \I iv*
N 1T i
—=1 - M vg—“' — Regulator —H—»
VSG : : : I + Delay } :
H > EM [ /|
1Py, 9y Iy | Current Control |
Ne_____ J |
\ VSM )
e ’

Control

Fig.2.  Scheme of the grid-connected VSM control algorithm.

(highlighted in green) and a current control block (highlighted
in gray). The VSM provides the reference current ¢} to the current
regulator. The current control block provides the inverter refer-
ence voltage v* used to calculate the PWM inverter commands
q.

The adopted VSM algorithm can operate either as a VSG or
a VSC [20].

In the VSG approach, the converter’s control system fully
emulates a synchronous generator. The virtual machine model is
responsible for all control actions. It totally processes the active
and reactive power setpoints and inherently provides ancillary
services such as virtual inertia and damping.

The VSC uses a split architecture that separates the desired
setpoints of power exchange and the ancillary services into two
paths. The power exchange between the dc source and the grid is
managed by a conventional control block as for grid-following
converters. Instead, the virtual machine acts as an add-on feature
and it operates at zero active and reactive power references. This
way it only provides nonzero contribution in response to grid
disturbances (e.g., frequency deviations), injecting or absorbing
transient power to provide ancillary services and improve grid
stability.

The control blocks are detailed in Fig. 2 and Fig. 3, respec-
tively [20]. All the quantities are expressed in per unit (p.u.),
referred to the base values listed in Tables II, III, and IV. To
avoid confusion, this control algorithm will be simply named
VSM from now on, operating either as VSG or as VSC.
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TABLE II
EXPERIMENTAL SETUP | PARAMETERS

Inverter Base Values
SN 4 kVA Sb 4 kVA wp 314 rad/s
In 10 A Vp, 12002V L, 344 mH
fsw 10 kHz Zp 10.8 Q Cp 0.3 mF
VSM LCL Filter Grid
Ry, 0.02pu Ly SmH  E; 12012V
L, 02pu Cf 1L5uF Ly 25mH
H 4s Lyg 0.5 mH Rg 0.5 Q
TABLE III
SIMULATION PARAMETERS
Inverter Base Values
SN 100 kVA S» 100 kVA  op 314 rad/s
IN 205 A V, 2302V L, 5.1 mH
Jsw 10 kHz Zy 1.6 Q Cp 2 mF
VSM LCL Filter Grid
R, 002pu Ly 005pu E, 230V2V
L, 0.2 pu Cy 0.03 pu Lg 0.05 pu
H 4s Lyg 0.02 pu Rg  0.005 pu
TABLE IV

EXPERIMENTAL SETUP 2 PARAMETERS

Inverter 1 & 2 Base Values

SN 15 kVA S I5kVA  op 314 radls
In 30 A Vi, 2302V Z, 10.6 Q
Sow 10 kHz
LCL Filter 1 & 2 Grid
Ly 2 mH Eg 230V2V L, 0.32 mH
Lig 3.3 mH fe 50 Hz Rg 0.04 Q
Cy 5 pF
Inverter 1 Inverter 2

R, 0.02 pu J 12kgm? D, 244kgm%s
L, 0.2 pu K 75161 A D, 241 A

H 4

As shown in Fig. 2, the Control block (highlighted in orange)
receives as input four quantities: the reference active power P*,
the reference reactive power Q*, the measured inverter current
1;, and the measured voltage v,. The active and reactive power
references come from a higher level control (e.g., maximum
power point tracking algorithm, dc-link voltage control, droop
control), representing the desired amount of power to exchange
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TABLE V
SUMMARY OF THE EXPERIMENTAL RESULTS COMPARED TO THE THEORETICAL VALUES

k, Josc (Hz)
Theory Experimental Relative Error (%) Theory Experimental Relative Error (%)
VSG 6.95 7 0.72 1.128 1.101 2.39
VSC 9.93 10 0.71 0.972 0.989 1.75
VSG // Synchronverter 6.2 6.25 0.81 1.396 1.375 1.50
VSC // Synchronverter 9.3 9.38 0.86 1.285 1.349 4.98
with the grid. The VSM block (highlighted in green) consists of not used
two main units: Electromechanical emulation (EM) block and -
power to current block. According to the selector position in ’
Fig. 2, the reference power P*, Q* can be applied either to the Pset 0. Qser =0 | Power to
EM block (VSG operation) or to the power to current block Current
(VSC operation). The description of the blocks is summarized v g_“‘
as follows: Y
1) Electromechanical emulation: this block emulates the . — —» EM
electromechanical behavior of the VSM. It is highlighted \P" =PLo =0
in violet in Fig. 2 (EM block). Its inputs are the virtual D el
active power reference P, the virtual reactive power desired reference current
reference ()}, and the measured voltage v,. The output to exchange power
is the virtual current 7,. More in detail, the EM block
. . . . . Fig. 4. Scheme of the VSM model operating in VSG mode.
consists of four main parts, as shown in Fig. 3:
a) Mechanical Emulation: this block embeds the virtual
swing equation by providing the virtual speed w,. and desired reference current
the virtual angle 6, from P, and the virtual active to exchange power
power Py; e -
b) Excitation Control: it calculates the virtual excitation I m A
flux A, from @)}, and the virtual reactive power Q) ,; Pser = P, Oser = Q" [ Power to
¢) Electrical Equations: this block implements the vir- Current "
tual stator equations. It receives as input 6,., w,., the vg_“‘ @ ll_)
measured voltage v, and A. Its output is the virtual Y m
current 7,,, used to calculate P, and @,; - - > EM —
d) Power Calculation: it calculates the virtual active and Py =0,0,=0 \
reactive powers P, and @), from the virtual current ¢, b VSE AN ’
and Vg only in transient
2) Power to Current block: this block calculates the setpoint to provide e.g., inertial current
current ig; from the active and reactive setpoints Py and o
Fig. 5. Scheme of the VSM model operating in VSC mode.

Qs and the measured voltage v,,.

A detailed description of each block can be found in [20].

When the VSM operates as VSG, the virtual power references
Py and )} arerespectively equal to P* and Q*, whereas Py = 0
and Qs = 0, as highlighted in Fig. 4. Consequently, i is equal
to zero and the reference current 7; is equal to the virtual current
1. Therefore, the EM block is in charge of processing the full
power transfer. In this case, the power generation follows the
slower dynamic of the virtual machine (several Hz), slowing
down the response of the grid-connected converter to the varia-
tions of the power references P*, Q* [20].

If the VSM operates as a compensator (VSC mode), the virtual
power references P, and ()} are always set to zero. Therefore,
the virtual part of the control algorithm is in charge only of the
provision of the grid services, leaving the setpoints of power
generation P* and Q* to the classical inverter structure (i.e.,
Pyt = P*, Qe = Q) [20]. Fig. 5 shows the control scheme
of the VSM operating as a virtual compensator. The reference
current ¢; in this case is the sum of the two contributions ¢,

(dynamic support) and s (high level control law). The virtual
current changes only during transients to provide grid services,
such as inertial support. In steady state, it is equal to zero. In
this way, the power generation is linked to the fast dynamic
of the current control loop (hundreds of Hz). This advantage
suggests that the VSC can enhance the robust stability of a grid-
tied converter with respect to the VSG mode operation.

IIT. ROBUST STABILITY ANALYSIS
A. Mathematical Definition and Intuitive Example

In control theory, the concepts of nominal stability and robust
stability are defined as follows [18]:

“Given the description of an uncertainty model set I1,,, sup-
pose Py, € Il is the nominal design model and C' the resulting
controller. Then the closed-loop feedback system is said to have:
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Fig. 6. Block scheme of the nominal system under study.

1) Nominal Stability if C' stabilizes the nominal plant model
I,

2) Robust Stability if C' stabilizes every plant Py, € I1,.”

The nominal stability is the well-known small-signal stability
condition of a closed-loop feedback system where the controller
C ensures that all the system eigenvalues are in the left-half plane
of the complex plane [18]. Robust stability extends this concept
to a set of systems, which differs from the nominal one for a
defined range of uncertainty.

In this article, the nominal system consists of a converter
connected to the grid through an LCL filter. All the parameters
of the control and the filter are known. The equivalent grid
impedance is estimated. With this information, it is possible
to perform a stability analysis of the system. This procedure
evaluates the “nominal stability.”

However, the grid impedance may vary during the day. More-
over, the estimation could be imprecise. In this article, we will
consider an uncertainty of 20%. This results in a set of systems
starting from the nominal one with different values of grid
impedance.

The robust stability analysis identifies the boundary between
the portion of the set that are stable and the portion of set
with unstable systems. Therefore, the analysis quantifies the
robustness of the control, as itidentifies how large the uncertainty
range is for which the system will be still stable. The larger is this
range, the higher is the robustness, because the control accepts
a greater level of uncertainty. The outcome of the analysis is a
number indicated as y. It quantifies the robustness. The lower is
1, the higher is the robustness.

B. System Under Analysis

The goal of the p-analysis is to validate the stability of a set
of systems that differ from a system considered as a reference
(or nominal), due to given uncertainties. The first step consists
of creating a model of the system shown in Fig. 1. In this article,
the system model is a small signal state-space representation in
the Laplace domain, derived by linearizing the nonlinear model
around a specific operating point (e.g., the nominal working
point). The model is written in p.u. values. The schematic block
of the system, illustrated in Fig. 6, consists of the following
subsystems expressed in (d, ¢) reference frame rotating at w,.:

1) Controller C is the state-space model of the inverter con-

trol algorithm (i.e., VSM, current regulator and control
delay). The model is obtained by combining all the blocks

depicted in Fig. 2 (control block highlighted in orange).
The block C has the following inputs and outputs:

uc = [Aidig, Adig, Avga, Avgq, AP*, AQ", Aw,]"
(1

yo = [Aeig, Aeig, Aw, ] 2)

where i, is the inverter current, e; is the inverter output

voltage (assumed equal to the voltage reference v* for the

modeling), while w, is the grid frequency.

The detailed state-space model can be retrieved from [25];
2) LCL is the state-space model of the LCL filter, with the

following inputs and outputs:

urcL = [Aeiq, Aeig, Aigq, Aigg, Aw,]" 3)

. . T
YLcL = [Azid7 Aliqa AUgda A’qu, A'Upccdv A'Upccq]

“

where i is the grid current and vp is the PCC voltage.
The LCL filter features an auxiliary shunt resistance Raux
connected at the PCC [25], [26]. Such resistance is nec-
essary to make the LCL block able to provide the PCC
voltage vpcc as output and to receive the grid current i, as
input. This is the needed structure to properly connect the
LCL block to the Grid block described in the following.
Note that R,,x does not alter the dynamic response of
the overall system and it is set to 10* p-u. [25], [26].
The detailed state-space model of the LCL block can be
retrieved from [25]. The PCC voltage vy is computed as
the voltage drop on Ry« as follows:

Upee = Raux (i — ig) (5)

where i is the current through the grid-side filter inductor
Lyg.

3) Grid is the state-space model of the grid admittance. For
this subsystem, the detailed state-space model is reported
here:

dXGrid
-, = A ri ri B ri ri
{ a GridXGrid T BGridUGrid (©6)
Yerid = CgriaXcerid + DgridUcrid
XGrid = [Aigda AZ.gq]T @)
UGrid = [Avpccdy AUpccqa Aegda Aegq}T (3)
Yaria = [Niga, Nigg)" ©
_% Wyro
AGrida = wy g R,| Caria = I (10)
—Wyo _fg
w, (1 0 -1 0 2wl
Bariq = -2 - Daria = [0
Grid Lg 0 1 0 1‘| ) Grid [ ]

(11)

where e, is the grid voltage, L, is the grid inductance, R,
is the grid resistance, wy is the base speed, and w,., is the
value of the virtual speed at the linearized working point.
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Fig. 7. Bode diagram of the nominal plant P,, and the uncertain plants.

The overall state-space model of the system under study
can be finally obtained by applying the CCM [22], [26], [27].
This is a widely adopted solution available in the literature,
consisting of merging the state-space models of each subsystem
into the overall state-space representation of the entire system
in a modular manner.

C. Nominal Plant and Uncertainty Function

The second step is to identify a nominal plant P,, and a set
of uncertain plants II,,. The uncertainty of a system can be
modeled in several ways (e.g., parametric, additive, multiplica-
tive) [18], [28]. In this paper, the uncertainty is multiplicative as
follows [11]:

I, = (I+W)P, =P, + WP, (12)

where I is the identity matrix, W is a frequency-dependent
uncertainty matrix, and I, is a set of plants which differ from
the nominal one for the given uncertainty W; and WP, is the
uncertain term added to the nominal (i.e., known) one P,.

Note that the uncertainty can be modeled also in a parametric
or additive way. In particular, a parametric uncertainty would
also be a valid alternative for the purpose of this article, as it
directly applies a variation in the values of the grid reactance
and resistance. However, it is a different mathematical starting
point to reach the same result: identify the minimum instability
condition which is independent of how uncertainty is built.

The nominal plant P, chosen for the analysis is the grid
modeled by (6).

Note that the term “nominal” refers to the specific baseline for
the analysis without uncertainty, not the converter rated power.
By considering the scheme of Fig. 6, the Grid block presents a
certain degree of uncertainty, whereas both the controller (block
() and the LCL filter (block LCL) are known, and not affected by
any uncertainty. In grid-connected converters, typical elements
of uncertainty are the estimation of the grid impedance, grid
reconfigurations, and the effect of neighboring converters.

The system is modeled in the (d, ¢) rotating reference frame
and the Bode diagram of the nominal plant P, either on the
d-axis or g-axis is depicted in blue in Fig. 7. It represents an ideal
grid resistive-inductive admittance. Equivalently, the reciprocal
of the grid impedance. Note that P, is bold when it refers to
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Fig. 8. Bode diagram of the uncertainty function W,, and its components
Wu,z, Wu,XR7 Wu,HF-

the total matrix representing the grid model, whereas it is not
bold when it refers to a component on a generic axis (e.g., d or
q). Fig. 7 proposes the Bode diagrams by considering different
plants arising from the blue one by assuming: a 20% different
grid impedance amplitude in red (P, ), or a 33% different
X/R ratio in green (P, x r), or possible resonances in magenta
(Py,mr) [12]. All these represent sources of uncertainty for
the original plant. The single uncertainty function W, ,,, where
x = {z, XR, HF}, can be computed as

Pu,a:_Pn
P, '

The Bode diagrams of the uncertainty functions for the dif-
ferent grid impedance amplitude, the different X/R ratio, and
the high frequency effects are shown in Fig. 8. Finally, the total
uncertainty function W,, is obtained as an envelope of all of
the contributions as demonstrated in [12]. Its Bode diagram is
illustrated in Fig. 8 as well. The uncertainty matrix W can be
finally built as follows:

-

14
0w (14)
where Wy and W, are the uncertainty functions for the d-axis and
g-axis, respectively. Moreover, Wy = W, = W,,. The uncertain

plants belonging to Il are obtained through all the uncertainties
subtended by W,,.

D. Perturbation Matrix and M Structure

This section aims at qualitatively introduce the mechanism of
the p-analysis. The following sections will describe it in a more
formal way.

The third step of the p-analysis is defining a set of perturbed
uncertain plants 1T as follows:

I, = (I+ WA)P, =P, + WAP,, (15)

where A is the perturbation matrix and W AP, is the perturbed
term added to the nominal (i.e., known) term P,.

The perturbation matrix A is the unknown variable and so the
solution of the minimization problem on which the p-analysis
is based. The system is indeed perturbed from its nominal
condition, and the p-analysis aims to identify which is the
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Fig.9. Complete block scheme of the overall system to perform the p-analysis.

minimum perturbation (i.e., the smallest perturbation matrix
A hin) that makes the system unstable. At this preliminary and
qualitative stage, it is possible to state that the p-analysis consists
of perturbing the system with generic perturbation matrices A
until the smallest perturbation A,,;, that makes the system
unstable is found. The size of the perturbation is quantified
through its H, norm (i.e., || A]|x0)-

A priori, A is a generic matrix, which can be real or complex,
diagonal or full, structured or unstructured [18], [28]. It is pos-
sible to impose constraints on the perturbation matrix through
the variable BlkStruct. This variable defines the constraints of
the p-analysis solutions. For example, the matrix can be forced
to be real and diagonal. This way, the analysis will provide a
solution within the imposed constraints.

Note that the set of perturbed uncertain plants II; of (15)
is retrieved by perturbing the set of uncertain plants IT,, with
a perturbation A, weighted through the uncertainty matrix W.
This translates in modifying the uncertain term WP, of (12) in
the perturbation term W AP,,. Therefore, the set of uncertain
plants II, contains all the perturbed uncertain plants IIj for
which the H,, norm of A is ||Al|, < 1. Based on this, it is
already possible to qualitatively state that:

1) If the minimum perturbation matrix that makes the system
unstable features an H, norm higher than 1, all the plants
in the considered set uncertain will be stable, because
the smallest perturbed unstable plant is outside of the
considered set of uncertainty;

2) On the opposite, if the minimum perturbation matrix that
makes the system unstable shows an H ., norm lower than
1, some plants in the considered set of uncertainty will be
unstable, as the smallest perturbed unstable plant will be
inside of the considered set of uncertainty.

All these qualitative considerations will be mathematically

described in detail in Section III-E.

Next, the final state-space model of the system can be built
by adding the uncertainty block W and the perturbation block A
into the scheme of Fig. 6 to obtain the final scheme illustrated in
Fig. 9. The uncertainty block contains the uncertainty matrix W,
whereas the perturbation block contains the perturbation matrix
A.

The CCM allows building a more compact representation of
the block scheme, consisting of three blocks: the generalized
plant G, the controller C, and the perturbation block A. As
highlighted in dark blue in Fig. 9, the generalized plant G is

7999

YA

I
- L

I

() (b) ©

u

Fig. 10.  Structure steps for the p-analysis: (a) CGA; (b) NA; and (c) MA.

the portion of the system that gathers the known part of the
system (i.e., LCL block), the nominal plant (i.e., Grid) and the
uncertainty block W.

Therefore, it merges each block of the system which is not
related to the control and the perturbation matrix. A more
compact representation is illustrated in Fig. 10(a). The structure
of Fig. 10(a) is called CGA structure. This is the first milestone
of the procedure to perform the j-analysis. Next, the CGA struc-
ture is reduced to the NA structure shown in Fig. 10(b), through
the LFT [18], [28]. Through this operation, the generalized plant
G and the controller C' are merged into the N block.

Finally, the M block is retrieved by considering only the inputs
and outputs of N related to A. The MA structure of Fig. 10(c) is
thus obtained. The MA structure is the system suitable to apply
the p-analysis.

In the MA structure, M is the matrix which describes the
overall system dynamic. Indeed, it contains the overall state
matrix of the system. Next, the overall system has in general
multiple inputs and outputs. However, the p-analysis focuses
on identifying the response of the system to the perturbation
matrix A. Therefore, all the other inputs and outputs that are
not related to M and A are neglected [18]. It is equivalent to the
well adopted method to calculate the SISO transfer function
of a MIMO system by considering only one input and one
output [18]. In conclusion, the M block contains the state-space
model of the entire system, only considering the inputs com-
ing from the perturbation block A and the outputs which are
perturbed by A.

E. Theory of the p-Analysis

In control theory, the structured singular value (denoted as
SSV, or pu, here) is a mathematical concept that is defined to
get necessary and sufficient conditions for robust stability [28].
The definition of p is strictly related to the theorem described
below [28].

Theorem 1 (Determinant stability condition): Assume that
the nominal system M (s) and the perturbations A () are stable.
[...] Then, the MA structure is stable for all allowed perturbations
(we have robust stability) if and only if:

detI - MA(jw)] #0 VYw,VA. (16)

The complete theorem and its proof can be found in [28].
Starting from (16), the p-analysis consists in finding, at each
frequency w, the smallest structured perturbation matrix A ,in
(i.e., A with the smallest maximum singular value ©) which
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makes the matrix I — MA((jw) singular (i.e., makes its deter-
minant equal to zero). The maximum singular value G is equal to
[|Al|o. Then, u is defined as the inverse of ©. Mathematically,
it results to

1
- min{G(A) | det(T— MA) = 0}

>

w(M) a7

where 1 is defined as i = 1/0(Amin) at each frequency.

Equation (17) is strictly valid for structured A (not full ma-
trix). However, (17) can be extended to the general unstructured
case (full matrix) as demonstrated in [28].

By applying the p-analysis, it results that

1) At each frequency value, the determinant of (17) may be
null for different values of A. Among all the possible
solutions, the robust stability condition is satisfied by
choosing the smallest matrix A p,;,. Such a matrix iden-
tifies, at each frequency, the minimum condition to make
the system unstable (measured in terms of the amplitude of
its maximum singular value ). Therefore, the p-analysis
operates as a minimization problem looking at the smallest
matrix Ay, at each frequency under analysis;

2) Since (17) is calculated at each frequency value in the
considered range, A,in is a function of the frequency
as well. Among all the A ,,;,, matrices calculated at each
frequency wy,, there is a value of frequency wy, such that

| Amin(jWk) [l < [[Amin(fwn)lle , VA F#E
Amin(jwi) = AMin
Hmax = ,U/(wk) = 1/6(AMIH)

(18)

According to (18), Angin is the smallest perturbation

matrix along the entire range of frequency and fimax 1S

the peak of p along the entire range of frequency, both
calculated at the frequency wy,. Therefore, the minimum
perturbation to make the system unstable is A i, . Indeed,
according to (17), there exists no smaller matrix A which
nulls the determinant (i.e., makes the system unstable).

Moreover, the system will diverge at the frequency wy.

Consequently, fmax represents an index of robustness be-

cause it allows to identify:

— The minimum condition to make the system unstable.
The condition is fulfilled by Angin for the specific
frequency wy;

— The oscillation frequency of the smallest unstable sys-
tem (i.e., Wg);

— The set of perturbed stable plants within the given set
of uncertainty.

3) The set of stable perturbed plants I s is obtained for all
the matrices A such that G(A) < 1/ pimax;

4) The set of unstable perturbed plants II , is obtained for
all the matrices A such that G(A) > 1/ pmax and for which
det(I — MA) =0.

In conclusion, based on the value of fimax, the following

conditions apply:

1) If pmax = 1, all the plants in the set of uncertainty II,, are
stable;
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2) If pmax > 1, not all the plants in the set of uncertainty IT,,
are stable, but only the plants belonging to the set I .
Therefore, the higher iS fiy,a., the smaller is the set of
stable plants for the given uncertainties;

3) If pmax < 1, all the plants in the set of uncertainty 1T,
are stable. Moreover, even the perturbed plants for which
1 <T(A) < 1/pmax are stable.

Therefore, f1m,x provides the information on how large is set
of stable plants for the given uncertainty. Indeed, the lower is
Imax, the larger is the set of stable plants. In other words, it
quantifies the robustness of the system (i.e., the larger is the set
of stable plants, the more robust is the system).

E Physical Meaning of the u-Analysis

The p-analysis is performed for a simplified case to clarify
its physical meaning. This and all the following results of the
p-analysis are retrieved through a MATLAB script. For sim-
plicity, the only element of uncertainty is the amplitude of the
grid impedance. Considering an uncertainty of 20% in the grid
impedance amplitude, the uncertainty matrix W, can be written
as follows:

W, = w, [I O} = w,I?*? (19)
0 1
where w, = 0.25 for the entire frequency range, as it can be

observed in Fig. 8. Consequently, the set of uncertain plants can
be defined as follows:

I, , =I+W,)P, = (1+w,)Py. (20)

Next, the set of perturbed uncertain plants is defined as
follows:

II,, = I+ W,A)P,. 21

As the uncertainty is applied only on the grid impedance
amplitude, it means that all the reasonable perturbed plants differ
from the nominal one for a real multiplicative coefficient of the
grid admittance. Therefore, the perturbation matrix can be forced
to be real and diagonal (i.e., perturbations are not cross-coupled).
Moreover, the elements of A are forced to be equal, as there is
no reason to consider solutions with different perturbations for
the d and q axes. All these constraints are forced in MATLAB
through the variable BlkStruct. The p-analysis is performed
with the parameters listed in Table II and for an inverter active
power injection of P; = 0.2 p.u. The parameters are the same as
for the experimental setup.

As soon as the system is arranged in the MA structure,
the p-analysis is performed through the command mussv in
MATLAB. It provides a vector z which contains the value of
for each frequency of the considered range. The range and step
size can be chosen by the user.

The results for the VSM working both as VSC and VSG
are shown in Fig. 11. The variable p is zero across the entire
frequency range except for one point as, for the considered
condition (i.e., operating point, control and setup parameters),
the instability is triggered only by that nonnull condition. In the
following section, 1 will be nonzero across the entire frequency
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Fig. 11.  p-analysis results considering only the grid impedance amplitude as
uncertainty: VSC operation in red, VSG operation in blue.

range, as for each frequency, there exists a perturbation that
makes the system unstable. The minimum perturbed unstable
plant P,y min is obtained for the smallest perturbation matrix
Ain Which fulfills (17), as follows:

—_ iI2I2P

Pp,u,min = (I + WZAMin)Pn A (22)
where:
Anin = kal?*?
|kA‘ = ||AMinHoo = 1/,Ufmax (23)

ko = 1/(1 + w.ka).

Equations (22) and (23) define the link between the theoretical
outcome of the analysis and its physical meaning. Indeed, the
theoretical analysis provides the minimum perturbation matrix
Anin that makes the system unstable. Then, this translates in
identifying the minimum increase k, of grid impedance that
makes the system unstable through (22) and (23). So, perturb-
ing a system with a multiplicative uncertainty weight W, on
the impedance amplitude it is equivalent to multiply the grid
impedance of k, times. Therefore, the minimum condition to
make the system unstable is met for a grid impedance £, times
the nominal one. The set of stable perturbed plants can be written
as follows:

1
M. = (1+W,A)P, = —I*7?P,

2,8

(24)

where
As — kA,sI2x2
kasl = [[As]lo < [|Aminllec = [kal
kz,s = 1/(1 + wzk‘A73) <k,.

(25)

According to (24) and (25), the systems for which the grid
impedance is lower than k. times the nominal value are stable.
As it can be observed from Fig. 11, pim,y is equal to 0.278 at
a frequency of 0.972 Hz and Apngip, is —3.6 - 1272 for the VSC
mode operation. Consequently, k. is equal to 9.93 (= 10). This
means that the minimum condition to make the system unstable
is to increase the grid impedance by 10 times. In this limit case,
the system will diverge with an oscillation frequency of 0.972
Hz. Similarly, for the VSG mode, Fig 11 shows that fiy,,x is 0.292
with an oscillation frequency of 1.128 Hz, A iy is —3.43 - 1272
and k, is 6.95 (= 7).
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Fig. 12.  p-analysis result of the VSC with the uncertainty W of (14).

Therefore, in the VSG mode operation, the system becomes
unstable for a lower increase of the grid impedance. This the-
oretical result demonstrates the higher robustness of the VSC
compared to the VSG because, starting from the same nominal
conditions, the VSM in VSC mode is stable for a larger set of
perturbed plants (i.e., plants with a grid impedance from 7 to 10
times the nominal value). This result is experimentally validated
in Section VI.

IV. ROBUST STABILITY ANALYSIS OF THE SINGLE CONVERTER

In this section, the robust stability analysis of the VSM is
performed by considering the uncertainty function W of (14).
The parameters used for the analysis are listed in Table III. In this
case, the system is linearized around the nominal working point
of the inverter (i.e., P* = 1 p.u.). The result of the p-analysis
for the VSM in VSC mode operation is proposed in Fig. 12. At
each frequency, the value of u is related to specific dynamics.
For instance, the virtual electromechanical dynamics of the
VSM (i.e., swing equation) influence the value of i only at low
frequency (i.e., range between 0.1 to 10 Hz). On the opposite,
the value of y at high frequency (100 Hz to 10 kHz) is mostly
dependent on the current dynamics (i.e., current control and LCL
filter). Finally, the excitation VSM dynamics (i.e., related to the
virtual flux A, ) influences the value of 1« around the nominal grid
frequency (i.e., 50 Hz).

Next, the p-analysis is performed for the VSG mode oper-
ation. The results for the VSC and the VSG mode operations
are compared in Fig. 13. It can be noted that in the VSG mode
operation, the peak of 1 at low frequency is higher than the VSC
case, whereas in the high frequency range the behavior of the two
modes is almost the same. Therefore, the difference between the
VSC and VSG mode operation influences only the response to
low-frequency phenomena. It can be concluded that even in this
general case, the VSM is more robust when operating as a virtual
compensator because fimax,vsc < Umax,vsG. Indeed, under the
same conditions, the converter controlled as a compensator is
stable for a larger number of perturbed plants (or, equivalently,
for a larger set of uncertainty).

This result is obtained under a specific operating condition.
To comprehensively highlight the benefits of the VSC over the
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VSG, the p-analysis is performed for different scenarios related
to:

1) virtual inductance values (i.e., different L,);

2) working operating conditions (i.e., different P*); and

3) ratings of the converter (i.e., different Sp).

All cases are tested for different values of grid impedance,
from a really stiff condition (SCR = 100) to a really weak one
(SCR = 1). The nominal values are expressed in per unit in
Table III. The analysis is performed considering the uncertainty
on the grid impedance amplitude (w, = 0.25). The results are
respectively illustrated in Figs. 14, 15, and 16.

In all cases, the grid resistance R, is constantly equalto L, /10
as R, is always L, /10. Fig. 14 shows that the higher are the grid
and virtual inductances, the higher is imax (i-€., the lower is the
robustness).

Next, Fig. 15 provides the results obtained by changing the
operating condition of the converter (i.e., the active power refer-
ence P* and therefore the inverter active power P;) from O to 1
p.u. At zero power the VSC and VSG show obviously the same
robustness. Then, (1max €Xxponentially increases by increasing the
working operating point.

Finally, the same analysis is performed for several ratings of
the converter by changing the base value S; from 10 to 100
kVA. The results are illustrated in Fig. 16. It can be observed
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Fig. 16.  pimax value for different values of L, (from 0.01 to 1 p.u.) and Sy,

(from 10 to 100 kVA).

that for each grid impedance condition, the value of fip,x is
almost constant independently of the converter size. Therefore,
in per unit values, the robustness of a system is independent of
the converter size. Notably, in all three cases, under the same
condition, the VSC enhances the robust stability of the grid-tied
converter compared to the VSG.

V. ROBUST STABILITY ANALYSIS OF THE PARALLELED
CONVERTERS

The same analysis of Section IV is repeated for a system of two
paralleled converters. The scheme of the system under study is
depicted in Fig. 17. Two inverters, named Inverter 1 and Inverter
2, share a common ideal dc source. They are connected to the
grid at the PCC through their own LCL filter (Filter 1 and 2), as
highlighted in Fig. 17. The two filters are equal as the inverters
(e.g., same size, switching frequency). All the parameters are
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collected in Table IIT and they are the same of the single converter
analysis.

Inverter 1 is the same converter of the previous section.
Therefore, the block Control 1 of Fig. 17 is the control already
described in Fig. 2.

Inverter 2 operates as a grid-forming converter and its control
algorithm is described in the following section.

A. Synchronverter Model

Inverter 2 operates as a VSG grid-forming converter and it
is controlled according to the original version of the Synchron-
verter [23]. The control scheme is depicted in Fig. 18.

The Synchronverter implements a swing equation (high-
lighted in green in Fig. 18) to retrieve the frequency w, and the
angle 0, of the virtual machine and an excitation block (high-
lighted in blue in Fig. 18) to control the virtual flux M i ;. Then,
the P, (), V calculation block calculates the inverter active power
P;, the reactive inverter power ();, and the voltage amplitude V

as uncertainty: Synchronverter in parallel to the VSC (green) and to the VSG
(black).

from the measured inverter current ¢; and the measured voltage
Vg.
The flux amplitude M iy, the virtual frequency w,., and the
virtual angle 6, are used to calculated the three-phase virtual
electromotive force e,. The electromotive force is the voltage
reference v* used to retrieve the inverter commands ¢. Therefore,
Inverter 2 operates as a grid-forming because it directly imposes
its voltage reference with no current regulator.

B. p-Analysis of the Paralleled Converters

The p-analysis of the paralleled converters system is per-
formed according to the procedure described in Sections III
and IV. First, the robust stability analysis is evaluated for the
simplified case of uncertainty only on the grid impedance am-
plitude (20%). The parameters used for the analysis are the
experimental setup 2 parameters listed in Table IV. Note that
the values are different from the setup 1 parameters because
the tests have been performed in two different laboratories. The
control parameters of Inverter 1 and 2 are tuned according to [20]
and [8], respectively, and listed in Table IV. Inverter 1 operates
at P; = 0.2 p.u., whereas Inverter 2 operates at P; = 0.1 p.u.

Fig. 19 illustrates the theoretical outcomes. The system of
a VSG in parallel to the Synchronverter shows a i, value
of 0.298 at 1.396 Hz, which corresponds to a k. equal to 6.2.
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Therefore, if the grid impedance increases by 6.2 times, the
system will diverge at a frequency of 1.396 Hz. The same test
is repeated for the VSC in parallel to the Synchronverter. The
result demonstrates the superior robustness of the VSC, as fmax
is equal to 0.28, which corresponds to a k, = 9.3. Therefore, the
system VSC+Synchronverter is more robust as it needs a higher
variation of grid impedance to become unstable. The theoretical
instability frequency is equal to 1.285 Hz. This result will be
experimentally demonstrated in the following section. Note that
this result cannot be directly compared to the results of the single
converter system, as the two systems are from two different
setups in two different laboratories, with different base values
and parameters.

Next, the theoretical analysis is performed for a more generic
case as in Section I'V using the simulation parameters of Table III
for both Inverter 1 and Inverter 2.

The Synchronverter parameters used for the simulations are
tuned according to [8] and they are equal to

D, = 205.3 kg/s - m?
D, = 2562 A.

J =8.1kg -m?
K = 80487 A

Both Inverter 1 and Inverter 2 operate at their nominal set-
points, i.e., P;; = Pjo = 1 pu. As it can be observed in Fig. 20,
even in the general case the VSC enhances the system robustness
compared to the VSG as it features a lower pmax value. The u
profile along the frequency is quite similar to the one of the
single converter case. There are three different peaks related
to the mechanical dynamic of the VSM, the VSM excitation
dynamic and the current control dynamic. At high frequency,
there are no differences between the VSC and the VSG, as for
the single converter case.

To better appreciate the differences between the single con-
verter and the paralleled converters cases, the results are com-
pared in Fig. 21. It can be noted that y« increases at low frequency
and decreases at high frequency.

At high frequency, the peak decreases because of the mode
operations of the two converters. Inverter 1 operates as a grid-
following converter (independently of the VSG or VSC op-
eration), whereas Inverter 2 is a grid-forming converter. The
grid-forming is equivalent to an ideal voltage source connected
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Fig.21. Comparison between the single converter and the paralleled convert-
ers systems.

atthe PCC. Therefore, the current regulator of the grid-following
converter is connected to an equivalent grid stiffer than the sin-
gle converter case. Consequently, the high-frequency instability
condition is reached for a higher increase of the grid impedance,
as demonstrated in [12].

At low frequency, instead, the mechanical dynamic of the
VSC and VSG interacts with the mechanical dynamic of the
Synchronverter, thus resulting in a system more prone to low-
frequency instabilities (i.e., subsynchronous oscillation issue
among parallel VSMs) [29], [30], [31].

To better appreciate the effect of paralleling Inverter 2 with
Inverter 1, the article provides an eigenvalues analysis for the ex-
perimental setup 2 into two cases: Inverter 1 operates alone [see
Fig. 22(a)]. Inverters 1 and 2 operate in parallel [see Fig. 22(b)].

For both cases the analysis is first performed in nominal condi-
tions. The results are reported in Fig. 22(a) and (b) respectively,
with the poles highlighted with blue circles “0.” The closest
poles to the half-right plane are the poles related to the virtual
speed (indicated as p.,) and virtual rotor angle (indicated as
pp) dynamics. Note that under the same conditions, the two
poles of the parallel system are closer to the half-right plane
[see Fig. 22(b)] than the ones of the single converter system
([see Fig. 22(a)].

Next, the analysis is repeated under the instability condition
k, = 6.2. The poles are the black “x.” From the p analysis,
the paralleled converters system is expected to be unstable.
Indeed, it exhibits two poles slightly on the half-right plane [see
Fig. 22(b)]. This is the minimum condition which makes the
system unstable. Under the same condition, the poles of the
single converter system move from left to right [see Fig. 22(a)].
They are closer to the instability condition, but they are still in
the half-left plane, i.e., the system is still stable.

VI. EXPERIMENTAL VALIDATION

In this section, the theoretical results of the u-analysis are
experimentally validated. The single converter system is vali-
dated on the experimental setup 1, depicted in Fig. 23(a). The
experimental results for the two paralleled converters system are
retrieved from setup 2, shown in Fig. 23(b).
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Fig. 23.  (a) Picture of the experimental setup 1: single converter connected
to the grid. (b) Picture of the experimental setup 2: two converters operating in
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A. Experimental Setup

The experimental setup consists of a three-phase, two-level
inverter connected to a power amplifier through an LCL filter.
The converter is controlled through the dSPACE MicroLabBox
platform. The power amplifier is controlled by a real-time digital
simulator (RTDS) and emulates the grid. Fig. 23(a) illustrates a
picture of the setup, while its main data are collected in Table II.

In the following experimental stability tests, the setpoint is set
to 0.2 p.u. for three main reasons:

1) Observability: Operating at a low power level ensures

a large time window to safely observe and accurately
capture the dynamics of the instability.

2) Safety: Performing this test near rated power would cause
high-amplitude oscillations, immediately triggering the
hardware’s protective relays and preventing any meaning-
ful data collection of the divergence itself.
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Eingenvalues stability analysis: (a) poles of the single converter system and (b) poles of the paralleled converters system.

3) Hardware constraints: The experimental validation re-
quires a careful match between the theoretical scenario and
the physical components available in the laboratory. Since
it is only possible to add discrete set of physical inductors
and resistors to change the grid impedance, the 0.2 p.u.
active power setpoint represented an optimal match that
allows us to precisely replicate the instability conditions
predicted by the theory using the available hardware.

B. Single Converter

Two kinds of experimental tests are performed to validate the
theoretical results of the p-analysis. As a first test, the state-space
(S-S) models used to perform the ji-analysis have been validated
through power references step variations.

Fig. 24(a) and (b) shows the responses to the active power
reference step of the VSM working as VSC and VSG, respec-
tively. Both figures display the inverter active power P;, the
virtual active power P, and the virtual frequency f. Fig. 24(c)
illustrates the response to the reactive power reference step
in VSG mode, showing the inverter reactive power ();, the
virtual reactive power @, and P;. In all cases, the responses
of the state-space models match the PLECS simulations and
the experimental results, thus demonstrating the validity of the
modeling procedure.

The uncertainty function used to perform the p-analysis in
Section IV replicates a general case taking into account several
sources of uncertainty. However, it is not possible to experimen-
tally validate such a general case. For this reason, the outcome
of the p-analysis has been validated for the simplified case
described in Section III-F.

The first test consists of using a grid impedance seven times
higher than the nominal one and applying an active power refer-
ence step from 0 to 0.2 p.u. The experimental result for the VSG
mode operation is proposed in Fig. 25(a). Three inductors of 17.5
mH and three resistors of 3.5 2 replace the nominal inductors and
resistors of 2.5 mH and 0.5 €, respectively. It can be observed
that the VSG diverges at 1.101 Hz, matching the theoretical
results of 1.128 Hz. Under the same conditions, the VSC slowly
converges as illustrated in Fig. 25(b), demonstrating the higher
robustness of the virtual compensator operation. Finally, the grid
impedance is increased by ten times (inductors of 25 mH and
resistors of 5 2). The VSC slowly diverges at a frequency of
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Fig. 25.  Stability tests in: (a) VSG mode with k£, = 7 (unstable); (b) VSC mode with k, = 7 (stable); and (c) VSC mode with k, = 10 (unstable).

about 0.989 Hz (against the theoretical 0.972 Hz), validating
the theoretical outcomes of the p-analysis as demonstrated in
Fig. 25(c).

C. PFaralleled Converters

The experimental setup consists of two three-phase, two-level
converters connected to a grid emulator through their own LCL
filter. The converters are connected in parallel at the PCC as
illustrated in the scheme of Fig. 17. A picture of the experimental
setup is depicted in Fig. 23(b). The two converters are controlled
by the same dSPACE platform. The main data of the two invert-
ers are listed in Table IV, where Inverter 1 is the VSM (VSG
and VSC) under study and Inverter 2 is the Synchronverter. As
already stated in Section VI-B, the outcome of the p-analysis
is validated for the simplified case of uncertainty on the grid
impedance amplitude.

According to the theoretical analysis of Section V, the min-
imum increase of grid impedance to make the system unstable
for the VSG mode operation is 6.2 times. Therefore, the first
test consists of increasing the nominal grid impedance 6.2 times
and applying an active power reference step from 0 to 0.2 p.u.
to Inverter 1, while Inverter 2 is injecting an active power of

P =0.1 pu. to the grid. A 2-mH three-phase inductor is
inserted as a new grid inductor (0.32 - 6.2 ~ 2 mH). By using a
2 mH inductor, the experimental value of &, is 2/0.32 = 6.25.
Moreover, three resistors of 200 m{2 are added to match the
desired increase of grid resistance. The experimental result for
the VSG mode operation is shown in Fig. 26(a).

The active power and the frequency slowly diverge at
1.375 Hz. This first result corroborates the theoretical analysis,
according to which the system must diverge with a frequency of
1.396 Hz.

Next, the same test is applied while Inverter 1 operates as
VSC. The result is illustrated in Fig. 26(b). In this case, the
system is underdamped because it is close to the instability
condition. However, it slowly converges, as foreseen by the
theoretical analysis. Indeed, the minimum instability condition
for the VSC operation is matched for an increase of 9.3 times.
Therefore, the test is repeated by increasing the grid impedance
by 9.3 times. Two three-phase inductors of 1.25 and 1.75 mH
are inserted as new grid inductors (0.32 - 9.3 ~ 2.98 mH). By
using a total inductance of 3 mH, the experimental value of
k. is 3/0.32 = 9.38. They feature a total internal resistance
of 60 mS) . Therefore, three resistors of 300 m{2) are added to
match the desired grid resistance increase (0.04 - 9.3 =~ 0.37 Q).
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Fig. 26(c) shows the experimental results. It can be observed that
the system slowly diverges according to the theoretical analysis
with a frequency of 1.349 Hz, close to the theoretical one (1.285
Hz).

These experimental results remark the superior robustness of
the VSC mode compared to the VSG mode even in multiconvert-
ers. Indeed, the VSG mode becomes unstable with a 6.2 times
increase of the grid impedance, while the VSC mode remains
stable up to a 9.3 times increase.

Finally, Fig. 27 provides additional experimental tests with
values of grid impedances as close as possible to the minimum
instability conditions, within the limitations of the inductors
available in the laboratory.

For the VSG case, the test is performed with a 1.7 mH inductor
and a 180 m{2 resistor. By considering the series resistance of
the inductor, the total grid resistance is equal to 215 mS2. This
combination of inductor and resistor corresponds to an increase
of the grid impedance of 5.27 times. Note that the instability
condition is reached with an increase of 6.2 times. Therefore,
the testing scenario which differs from the theoretical instability
case of about 15%. The experimental results of Fig. 27(b)
demonstrate that the VSG does not diverge, as expected by

the analysis. Moreover, it slowly converges with the foreseen
frequency of the state-space model.

Next, the VSC test uses a 2.66 mH inductor and 270 m{2
resistor. By considering the series resistance of the inductor,
the total grid resistance is equal to 330 m§2. This combination
of inductor and resistor corresponds to an increase of the grid
impedance of 8.27 times. As for the VSG case, this is the closest
testing condition according to the availability of inductors in the
laboratory. Note that the instability condition is reached with an
increase of 9.3 times. Therefore, the case study differs from the
theoretical instability condition of about 11%. The experimental
results in Fig. 27(c) demonstrate that the VSC does not diverge.
Moreover, it slowly converges with the foreseen frequency of
the state-space model. On the opposite, as expected from the
theoretical analysis, the VSG diverges under the same testing
conditions [see Fig. 27(b)].

In conclusion, note that the article focuses on the small-signal
stability of the system. As shown in Figs. 25, 26, and 27,
the system dynamic response shows significant and persistent
oscillations even for the stable cases, as the system is close to the
instability condition. To explain the origin of this behavior, refer
to the example of Fig. 22. The eigenvalue results confirm that the



8008

system is technically stable, as all modes reside in the left-half of
the complex plane. However, the overall system features a low
damping which is the direct cause of the oscillatory response
observed in the experimental results. Therefore, while the system
meets the criteria for small-signal stability, its poor damping
compromises the system frequency stability.

VII. CONCLUSION

This article proposed a robust stability analysis of a VSM
operating as both a VSC and a VSG. The theoretical analysis
demonstrates that a VSM operating in VSC mode exhibits
superior robustness compared to the VSG mode. Specifically,
under the same nominal conditions, VSC operation maintains
stability across a larger range of grid impedance uncertainty, both
in weak and stiff grid conditions. Moreover, this article proposes
a method to experimentally validate the p-analysis outcomes.

Under identical experimental conditions, the VSC mode con-
sistently outperforms the VSG. The key results are the following:

1) In a single converter system, the VSC remains stable for
up to a tenfold increase in grid impedance, whereas the
VSG becomes unstable at a sevenfold increase;

2) The enhanced robustness is confirmed in a multiconverter
system, where the VSC tolerates a 9.3 impedance increase,
far surpassing the 6.2 stability limit of the VSG.

Considering a multiconverter plant that already has a pri-
mary grid-forming unit, the article demonstrates that the VSC
represents a superior grid-following strategy compared to the
VSG for the secondary unit control. Adopting a VSC approach
over a VSG approach indeed ensures higher robustness. In
conclusion, the theoretical analysis, supported by experimental
validation, highlights the advantage of VSC mode operation over
VSG mode in enhancing the system robustness against plant
uncertainties whether operating alone or in parallel with other

converters.
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