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The Compensator Approach: Solving the
Transient Stability Issues of Virtual Synchronous
Machines
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Member IEEE, and Radu Bojoi, Fellow IEEE

Abstract—The continuous integration of renewable en-
ergy sources (RES) into the grid through power electronics
impacts the power system stability, posing new challenges
for control techniques implemented on power converters.
The Virtual Synchronous Machine (VSM) represents a vi-
able power converter control solution for the RES inte-
gration, providing natural grid support capability resulting
from the emulation of the synchronous machine behaviour.
However, the VSM control faces transient stability issues
under large voltage sags due to the significant accelera-
tion of the virtual rotor. The literature reports numerous
transient stability analyses, proposing different control so-
lutions to improve the transient response of Virtual Syn-
chronous Generators (VSGs). However, they increase the
complexity of the control algorithm, requiring additional
tuning. Furthermore, they often mitigate rather than elimi-
nate the transient stability issues. Therefore, this paper pro-
vides a new perspective on VSM implementation, proposing
the Virtual Synchronous Compensator (VSC) concept as
a straightforward and definitive solution to eliminate the
VSM’s transient instability. The VSC maintains its synchro-
nism under large and prolonged voltage sags, overcoming
the transient stability issues implied by conventional VSG
algorithms without additional control modules. The VSC’s
transient response is verified theoretically and experimen-
tally, proving the claimed benefits.

Index Terms—Power electronic interface for power gen-
eration, Virtual Synchronous Machines, Transient Stability.

[. INTRODUCTION

N modern power systems, the integration of renewable

energy sources (RES) has faced a significant increase
during the last decade. Several RES, such as photovoltaic and
wind sources, interface to the grid through power converters.
However, the interaction between RES and the grid revolves
around the control approach implemented on the power con-
verter level, thus impacting the power system’s reliability
(i.e., lack of inertia and fault ride-through capability [1]-
[4]). The Virtual Synchronous Machine (VSM) control enables
power converters to provide ancillary services to the grid
by mimicking the synchronous machines’ (SMs) behaviour.
For instance, VSM control reduces the Rate of Change of
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Frequency (RoCoF) [1]-[8] thanks to its inertial dynamic [1],
[2], [5], [6]. Furthermore, the excitation control injects reactive
power, supporting the grid during faults [7], [8]. Therefore,
VSMs represent a promising solution in the RESs’ integration,
improving the power system’s stability [6], [7].

Several VSM solutions are proposed in the literature. The
majority of them operate as Virtual Synchronous Generator
(VSG), regulating the power exchange to the grid through
mechanical and excitation control emulations. However, the
mimicking of Synchronous Generators (SGs) implies transient
stability issues during large disturbances [9]. The imbalance
between the required active power and the transmissible one
determines a significant acceleration of the virtual rotor, with
possible loss of synchronism. Therefore, the study of VSM’s
transient stability has assumed a central role in the RES’s
integration challenges.

The literature provides numerous transient stability mod-
els and analyses for traditional SMs [9]-[12], re-elaborating
them for modern VSMs [13]-[15]. Nevertheless, some of the
proposed approaches rely on too restrictive assumptions. For
instance, the authors in [13] consider the Equal Area Criteria
(EAC), a suitable approach only for constant transmissible
power during the fault [9], [10]. On the other hand, the
authors in [16] carry out a more extensive stability analysis
but without including the excitation control dynamic. A more
in-depth study is provided in [14], pointing out the effect
of the excitation control on the VSM’s transient response.
Nevertheless, the available papers focus on VSMs operating as
VSGs, which exhibit transient stability issues. Therefore, these
studies propose control modifications to improve the transient
stability (i.e., power reference variation [14], [17], inertia
adaptation [18], [19], and virtual impedance variation [20]).
The baseline VSG algorithm is indeed modified to mitigate
the transient stability issue, thus increasing the complexity of
the control.

However, the VSG control does not represent the only
VSM-based solution that provides ancillary services to the
grid. The VSM can indeed operate as a Virtual Synchronous
Compensator (VSC) [8]. In this case, the control incorpo-
rates two components: a traditional inverter control structure
responsible for power exchange to the grid and a VSM
component dedicated to providing grid services. This con-
figuration enables the converter to exchange power with the
rapid dynamic of a conventional control while simultaneously
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Fig. 1. Schematic overview of a grid-tied inverter.

offering ancillary services [8]. Furthermore, the VSC operates
at zero power reference for the mechanical emulation of SMs,
thus improving the transient stability without requiring dedi-
cated control units. Nevertheless, the available studies do not
explore the VSC mode, not considering a more straightforward
solution to enhance the VSM’s transient stability.

Therefore, the paper main contribution is to demonstrate,
theoretically and experimentally, the immunity of the VSC
approach to transient stability issues. For this purpose, the
paper provides a comprehensive transient stability analysis
based on Lyapunov’s Direct Method. The proposed stability
analysis is experimentally validated, proving the remarkable
transient stability improvement obtained with the VSC.

The VSC control indeed overcomes the limitation of the VSG
solutions available in the literature and features the following
advantages:

e No loss of synchronism during large and prolonged
voltage sags, hence no transient stability issues;

o The same control scheme is used for normal and abnor-
mal conditions;

o No fault detection algorithm is required;

o No parameter variation or tuning is needed.

The paper is organized as follows. Section II recalls the
VSM model, deriving the equivalent circuit and the mathe-
matical model needed for the stability analysis formulation.
Section III describes Lyapunov’s direct method. In Section 1V,
the transient stability analysis is then experimentally validated
for VSG and VSC controls. Finally, Section V concludes the

paper.

[I. VIRTUAL SYNCHRONOUS MACHINE MODEL

The system under study, illustrated in Fig. 1, consists of a
three-phase inverter connected to the grid through an LC filter.
The grid is represented as a voltage source eg in series with
its line impedance Z; = R, + jL,. Fig. 2a shows the overall
VSM control scheme, which combines the Electromechanical
(EM) emulation with a parallel power injection of Pse; and
Qset [8]

The VSM algorithm employs a current regulator to control
the inverter current through the voltage reference v* according
to the reference current ¢. As illustrated in Fig. 2a, the
reference current z;° consists of the sum of two contributions:
the virtual current reference i, from the EM emulation and the
set point reference current ig, which results from the Power
to Current block.

This control architecture can operate as VSG and VSC [8].
A higher control level (e.g., Maximum Power Point Tracking
(MPPT), droop control) defines the power references P* and
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Fig. 2. (a) VSM control in VSG mode and VSC mode, (b) EM emulation
of VSM.

@*, which are applied to the EM part in VSG mode or Power
to Current block in VSC mode according to the selector in
Fig. 2a.

Starting from the EM part in Fig. 2b, it emulates the
dynamic of the SM via the swing equation (1) and the
excitation control (3). The first one mimics the mechanical
behaviour of an SM through the inertia constant /. Moreover,
the implemented damping strategy consists of the droop-based
damping. The coefficient D, is tuned according to [21]. Eq.
(1) defines the virtual rotor speed dynamic, which varies from
the nominal grid angular speed wg as w, = Aw, + wy. Fur-
thermore, the rotor angle 6, is derived from w, as in (2). The
excitation control (3) sets the dynamic of the electromotive
force amplitude E, = AFE, + E,o with the time constant T,
and the gain integral k., tuned according to [22].

Pr—P, = QHC%;’r + DyAw, (1)
d6,
T Aw, + wo 2)
T, dAE
* L= e v 3
Qv -@ wrke dt 3)

The EM control indeed emulates the electromotive force e,
via the electrical relations (4) and (5) in the synchronous
reference frame (d, q), where the Z, = R, + jL, represents
the virtual impedance. Moreover, the output of the EM control
block is the virtual current 7, which is sent to the current
regulator. Therefore, the EM emulation can be represented as
a controlled current source, as illustrated in Fig. 3.

. . diy q

€y.d — Vgd = Ryiv.d — wrLyiy g + Ly c;t 4)
. | diy

ev,q — Vgq = Ryviv,q +wrlyiva + Ly dt ®)
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Fig. 3. Equivalent circuit of a grid-tied inverter with the VSM control.

A. VSM Operating Modes: VSG versus VSC

When operating as VSG, the parallel power injection does
not act (i.e., (Pset, @set) = 0), and the term iz is conse-
quently equal to zero. Thus, the EM control is in charge of
managing the power exchange to the grid according to the
power references P} = P* and Q) = @Q* through the term
1. Therefore, the output power follows the slow dynamic of
the mechanical emulation and excitation control.

On the other hand, the VSC control operates through the
sum of the two terms g and i,. As shown in Fig. 2a, the
power references P* and @Q* are applied to the Power to
Current block (i.e., Pyt = P* and Qg = @QF), whereas
the virtual power references P; and )} are equal to zero.
Therefore, in steady state operation, is.¢ executes the power
exchange to the grid, while i, is equal to zero. Moreover, the
VSC responds dynamically to the power system perturbations
thanks to the virtual current reference i, (i.e., the EM’s out-
put). Therefore, the VSC structure is able to provide ancillary
services to the grid (e.g., inertial behaviour, reactive current
during faults) [8]. In VSC mode, the current references in
dg-frame iset,d, Iset,q are calculated from Pyser and Qger, as
expressed in (6) and (7) according to [8]. The injection of
Piet and Qget takes place with a faster dynamic than P and

¥, being directly injected from the inner current controller.

P@etvg,d + Qsetvg q

Z.set,d = — ) 2 : 6)
Yg,d TV

. o Psetvg,q B Qsetvg,d 7

Zset,q - ’U2 + ’U2 ( )
g,d 2,9

B. Equivalent Circuit and Dynamic Model

This subsection presents the equivalent circuit of the VSM
control shown in Fig. 2. Based on the equivalent circuit, the
VSM dynamic model is then derived to perform the transient
stability analysis.

For the sake of simplicity, the following assumptions have
been considered:

o The current controller is assumed to be ideal, being fast

enough and thereby not affecting the VSM’s outer control

loops (i.e., i ~ i});
o The effect of the filter capacitor Cy is neglected (i.e.,
i R dg).

Therefore, the VSM equivalent circuit results as in Fig. 3,
where the EM and Power to Current block equivalents operate
in parallel. Starting from the EM part, the controlled current
source behaves as an equivalent Thevenin circuit. Indeed, the

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

virtual current ¢, follows the electrical relations (4) and (5).
Therefore, the EM block in Fig. 2 is modelled as the equivalent
Thevenin circuit, consisting of an ideal voltage source E, in
series with its impedance Z,, as shown in Fig. 3. The swing
equation (1) and excitation control (3) vary the electromotive
force in phase and amplitude, leading to the power exchange
P, and ), with the point of common coupling (PCC). On the
other hand, a current source in parallel to the PCC represents
the power injection of Pst and (st. Note that the current
injection is immediate, assuming that 4; ~ .

From the equivalent circuit in Fig. 3, the system is described
by a set of differential and algebraic equations for the theo-
retical analysis. The swing equation (1) and excitation control
(3) rule the system dynamic, identifying the state variables as
x = [Ad Aw, AEFE,]. Eq. (8) summarizes the differential
equations, where § = Ad + Jg is the phase-shift between the
electromotive force E, and the grid voltage E.

dAS .
20 A= Aw,
X !
w
L AW = * — 8

5 Awy, = 5 — (P — P, — DpAwy) (8)
dAE, AL k oW Q-0

dt ( v)

The algebraic variables are the Voltage amplitude and phase
at the PCC, indicated as y = [V, ¢;], obtained by solving the
active and reactive power balance equations at the PCC node.
The active power balance equation is (9), where P.s are the
active power losses between E, and Vg due to R, calculated
as in (10) [23]. Moreover, the active power P, is defined as
in (11), whereas the term P; is the active power exchanged
between the PCC and the grid, expressed as in (12).

OZ(PV_PIOSS)+Pset_Pg (9)
R,

Pioss = R, = Z (E? + V7 —2E,Vycos(8 — ¢g)) (10)

R, L, R,
P, = Z—VE Z2E v Vesin(d — ¢g) — Z2E v VeCos(d — ¢g)
(11)
P—Rgv2 gVE i —RgVE 12
g Zg + -5 ¢sin(¢g) 7§ e Egcos(gg)  (12)

The reactive power balance equation is described by (13),
where ), and (), are expressed as in (14) and (15), respec-
tively.

0= Qv + Qset - Qg (13)
L LV Rv .
Qv = ﬁE2 2E\,Vgcos(é — ¢g) — ﬁE‘,Vgsm(é — ¢g)
V v (14)
R
Qe = Z§ Vi - ZZVE cos(pg) — ZQVEgsm(qbg) (15)

The expressions for P, can be modified as in (16) utilizing
the admittance matrix Y = G + jB between the VSM and the
grid. The admittance matrix considers the equivalent circuit in
Fig. 3. Therefore, G and B depend on the virtual impedance
Z,, grid impedance Z,, and a negative load, which represents
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Fig. 4. Examples of system trajectory during a large voltage sag: stable
(a) and unstable (b) cases. The different power-angle curves are: pre-
fault PP"¢(5) in blue, fault P (5) in orange, and post-fault P2°%*(§) in
yellow.

the power injection of Psey and Qget at the PCC [10]. For a
detailed description of G and B refer to the Appendix.

Py = G11E2 + B12Ey Egsin(0) + G12Ey Egcos(8)  (16)
1. TRANSIENT STABILITY ANALYSIS WITH LYAPUNOV’S
DIRECT METHOD

This section describes a transient stability evaluation method
for the VSM-based control. For this purpose, the underlying
transient stability mechanism of a VSM is qualitatively de-
scribed by observing the virtual angle trajectory in the power-
angle characteristic.

Let’s consider a scenario where the VSM operates as VSG
(ie., PF # 0, Pset = 0) with zero reactive power reference.
The stationary conditions of (8) define the equilibrium points
in the pre-fault state. Similarly, the intersection of the power-
angle characteristic and the active power reference identifies
the stable 65" equilibrium point, as shown graphically in
Fig. 4. During a symmetrical voltage sag, two main scenarios
can occur: (a) the fault characteristic PJ(J) still presents a
stable equilibrium point; (b) P;(§) does not present a stable
equilibrium point.

In case (a), the virtual rotor accelerates along the fault
characteristic until reaching the stable equilibrium point c;,
where it settles for the remaining fault period, as depicted
in Fig. 4. The system will be stable in post-fault if a stable
equilibrium point exists in the post-fault condition. In this
example, the system features a stable equilibrium point in post-
fault, indicated as e; in Fig. 4a.

For case (b), the virtual rotor continues to accelerate and
moves along the power-angle fault characteristic P/ () until
the fault is cleared at d), as illustrated in Fig. 4. Then, the
virtual rotor follows the post-fault characteristic PP?5!(§). In
this condition, the system can either move to the unstable

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

part of the power-angle curve or return to the pre-fault state.
The system dynamic in the post-fault state depends on the
energy accumulated during the fault and the potential energy’s
capability to lead the system back to the pre-fault state.

As it emerges from these qualitative considerations, a more
thorough analysis is necessary to assess the system’s stability.
For this purpose, this paper adopts the Lyapunov’s direct
method to estimate the clearing time after which the system
is unstable, also called critical clearing time ¢, [9], [24]. In
contrast to the EAC [11], this method can also be applied in
the case of variable PJ(§) [9], [10]. The Lyapunov’s direct
method is therefore discussed in the following subsection.

A. Lyapunov’s Direct method

The Lyapunov’s direct method utilizes a generic Lyapunov’s
function, which is the energy function W (t), traditionally
adopted for the study of SMs system [9]. Based on the energy
concept, Lyapunov’s direct method evolves into the following
transient stability assessment. The stability evaluation revolves
around the comparison of two energy function values observ-
ing the last instant of the disturbance [9]:

o The energy function at the clearing time ¢. of the fault,
indicated as W = W (ta1);

o The critical energy value W, is the value of W (t) at
the unstable equilibrium point for the given post-fault
condition.

If Wag < W, the system will be stable in the post-fault
condition, whereas if W, > W, it will be unstable in the
post-fault condition. Moreover, the clearing time for which
We = W, identifies the critical clearing time t.,. Therefore,
tey represents the clearing time after which the system is
unstable in post-fault.

Note that the transient stability assessment based on the
energy function is not general but depends on the pre-fault,
fault, and post-fault conditions. This paper applies the Lya-
punov’s method for a three-phase symmetrical voltage dip. For
an asymmetrical fault, the analysis can be applied separately
to the positive sequence, while the negative sequence causes
a zero average oscillation in the total system response.

1) Energy Function: The energy function, indicated as
W (t), is the sum of the kinetic (Wkg(¢)) and the potential
energy (Wpg(t)) of the dynamic system. When considering
the damping factor in the swing equation (1), W (t) includes
an additional term for the mechanical energy losses due to the
movement of the virtual rotor, indicated as Wp (t). Therefore,
the general formulation is given by (17).

W (t) = Wkg(t) + Wer(t) + Wn(t) (17)

The energy function can be written in terms of state vari-
ables as W(xz) = W(z(t)), implying the dependence on the
time. The kinetic energy Wxkg depends on the virtual rotor
speed variation Aw;, as written in (18), where M = 2H /.

1
WKE(.%‘) = WKE(AUJr) = iMAwf (18)

The potential energy of the system Wpg depends on the
difference between the transmissible power and the active
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power reference, as expressed in (19) [9]. As derived in
Section II-B, the active power P, depends on § and F.,
generally referred to as P, (x).

)
Woe0) = [

According to [9], the energy losses Wp due to the mechan-
ical damping are defined as in (20).

Py(z) — PJ) da (19)

5
Wp(d) = Dy Aw,do

pre
60

(20)

The potential energy and damping energy losses are further
analyzed in the next subsections.

2) Potential Energy: The potential energy represents the
capability of the system to increase or reduce its speed, moving
toward the unstable or stable area in the (P — ¢) frame.
Therefore, Wpg depends on the VSM transmissible power P,
[9]. When considering the excitation control (8), the active
power, in turn, is a function of the two state variables F.
and §. However, it is not possible to analytically express P,
as only J-dependent to solve the integral in (19) [9], [14],
[25]. Therefore, a common approximation is to assume F.,
as a constant inside the potential energy integral, meaning
dBv/4s = 0 [9]. Under this assumption, the potential energy is
calculated as in (21).

Weg(8) = (Gu By — P) (6 —65") o)

— B2 EyEgcos(d — 08") + G2 Ey Egsin(6 — 687°)

3) Damping Factor Effect: The energy losses due to the
mechanical damping depend on the virtual rotor speed, as
expressed in (20). By replacing (8) in (20), the term Wp
can be written as in (22). The obtained equation does not
feature an analytical solution, being linearly dependent on
the trajectory of the state variable during the fault. Numerous
approximations for the state variables trajectory are available
in the literature [9], [26]. Despite this, assuming negligible
energy losses leads to a more conservative estimation of the
critical clearing time t., [27]. Therefore, the term Wp is not
further considered in the analysis, accepting a conservative
estimation error for ¢.,.

)
da
Wi (5) = /5 (Dpdt) da
0

4) Energy Function Clearing Value: The transient stability
assessment states that W, is the energy function value at
the clearing time. Therefore, W, is identified by applying its
definition. The energy value W, is obtained by combining
(18) and (21) as follows:

(22)

Wcl = WKE(Awr,Cl) + WPE((SCla AE’v,cl) (23)

where 6(:1 = §(tcl)7 AWr,cl = Awr(tcl)7 AEjv,cl = AEﬂv(tcl)
are the state variables at the clearing time .
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5) Energy Function Critical Value: The critical value W,
is the system energy at the unstable equilibrium point in
post-fault, indicated as 0F%5f. Being 225! an equilibrium
point, the stationary conditions (24) are met. Note that the
angular stationary condition leads to zero kinetic energy (i.e.,

Ad=0= Aw, = 0= Wige = 0).

Ad=0, Aw, =0 (24)

However, the unstable equilibrium state does not imply
the electromotive force stationary condition if considering the
excitation control dynamic (i.e., AE, # 0) [25]. Therefore,
the proposed approach to identify the critical value W, is the
following:

o Assume knowing numerically F in the post-fault, named

Egost;

o EP°" is a numerical vector, where the i-th term EfﬁSt is
EVTY = EPt (1) with t; > te;

« The unstable equilibrium point §7%°
for each value of E?%* by imposing (24), obtaining the
numerical vector §2%°;

o For each pair [6&03‘:7“ EP%"], the local critical energy
is defined as W, ; = WPE(éﬁf;ii,EfﬁSt), according to
(2D

e By calculating W, ; for each ¢; > t., the numerical
vector W, is defined in the post-fault period;

o The chosen critical value for the stability assessment is
the minimum critical energy W/", meaning a more
conservative estimation of the critical clearing time.

. 1s calculated locally

max,i

The proposed approach is summarized in (25).

Wgun — min (wcr) — min (WPE((SPOSt Epost))

~max’) —v

(25)

Note that the energy function discussed so far does not
include either the converter’s limitations (e.g., current control
saturation) or the energy source’s limitations (e.g., electro-
chemical dynamics [28]). Indeed, the paper’s main purpose
is to highlight the fundamental differences between VSC
and VSG operations while maintaining the generality of the
analysis.

B. Numerical Implementation

The system dynamic is simulated in MATLAB through the
differential and algebraic equations specified in Section II-B.
Three time spans define the simulation’s steps for the transient
stability analysis:

1) Pre-fault condition: from the initial time ¢y to the fault
time ¢¢. In the pre-fault condition, the stable equilibrium
point is calculated, defining the initial condition for the
next time span;

2) Fault condition: when a symmetrical voltage sag is
applied to the grid from the fault time ¢; to the clearing
time tq;

3) Post-fault condition: after the fault is cleared at ¢;.

The first step consists of calculating the stable equilibrium
point in the pre-fault condition, thus meeting the following
relations:

ASPTE =0, AwPe =0, AEPC=0 (26)
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Fig. 5. Simulation example of critical W¢, and clearing W, values for a
symmetrical voltage sag.

Replacing (26) in (8), (27) is derived.
Adrre =0 = AwP™® =0
AwPre =0, AwPr*=0 = P, =P}
ABPe =0 = QU=Q;

27

Therefore, the algebraic equations can be written as follows:

0 = (P‘j( — 131{;2:) —|— Pth — PgTG (28)
0= QT/ + Qset - Qgre (29)

The equations system consisting of (27), (28), and (29) is
solved, thus obtaining the state and algebraic variables in pre-
fault condition. Next, the fault is applied until ¢.;, at which
the energy function value W is calculated according to (23).
After simulating the post-fault condition, the minimum critical
energy value W/" is computed according to Section III-A5.
The described algorithm is repeated for different clearing
times, obtaining the numeric values W (t.) and W (t ).
Then, the critical clearing time t., is estimated by comparing
We(ta) and W (t.). Fig. 5 shows a simulation example
of the clearing and critical energy values plotted to the
variation of ¢, for a symmetrical voltage sag. The virtual
rotor accelerates while the fault persists, thus increasing the
energy W, with the clearing time. On the other hand, the
critical energy decreases while the fault persists, meaning a
lower potential energy to bring the system back to its stable
point. The intersection between clearing and critical energy
identifies the estimated critical clearing time ¢.,. According to
the stability assessment, the system is stable in post-fault if
ta < %vcr whereas unstable if ¢, > %vcr. From now on, W,
refers to W™ for simplicity.

IV. EXPERIMENTAL VALIDATION

The system shown in Fig. 1 has been tested to evaluate its
transient stability analysis, as discussed in the above sections.
The assessment stated in Section III gives a general procedure,
which is applied in two cases: the control operating as VSG
and VSC. As presented in Section II, the VSG control applies
the power references through the swing equation and excitation
control (i.e.,(Py, Q%) # 0, and (Pret, Qset) = 0). On the other
hand, the current controller directly sets the power references
during the VSC operation (i.e., (Pset, Qset) # 0). In VSC
mode, the VSM part operates at P; = 0, thus expecting to
improve the transient stability. Therefore, these two control
approaches are tested, observing their transient responses for
the same fault conditions.
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Fig. 6. Experimental setup.

TABLE |
EXPERIMENTAL SETUP PARAMETERS.
Inverter Base Values Grid
Sy 15KkVA  Spase 1.5 kVA Ve 12002V
In 60 A Vhase 1202V Ly  0.037 pu
fsw 10 kHz  wpase 314r1ad/s V. Rg 0.005 pu
VSM LC Filter

Ly 0.1 pu Dy 232.4 pu Ly 0.006 pu
Ry 0.02 pu Te 1s Ct 0.199 pu
H 6s ke 0.1368 pu

A. Experimental Setup

The experimental setup is depicted in Fig. 6. A 15 kVA,
two-level three-phase inverter is connected to a grid emulator
through an LC filter and an additional impedance Z,. An ideal
DC source supplies the inverter, which is controlled through
the dSPACE platform. The considered base power Spase iS
1.5 kVA, thus allowing not to trip the over-current protection
during the fault and safely test the unstable conditions. Table
I summarizes the main system and control parameters, tuned
according to [6], [8].

B. Experimental Results

In pre-fault conditions, the VSG and VSC work at zero
reactive power reference, while P = 1 pu and Py = 1
pu, respectively. Then, a symmetrical voltage sag of —0.7 pu
occurs at tr = 1 s. Moreover, the post-fault condition coincides
with the complete restoration of the grid voltage, meaning
Eg"” = E}"°. The experiment is repeated for several clearing
times t.;. Next, the energy function values W, and W, are
computed for each ¢ to estimate the critical clearing time %vcr.

VSG Results: Starting from the conventional VSG oper-
ation, Fig. 7 illustrates the energy values, W, and W, to
the variation of ¢, obtained from the experimental tests and
compared with the simulation ones. As shown in Fig. 7, the
simulation and experimental results match well, thus validating
the mathematical model presented in Section II-B. As expected
from Sections III-A3 and III-AS5, the approximations accepted
for Wp and W, lead to a conservative estimation error. The
tested system is indeed stable for ¢, = ir = 5.85 s as
shown in Fig. 8, namely a conservative estimation of %vcr.
Therefore, the fault is applied for ¢, > t~Cr and the actual
critical clearing time t., results in 6.01 s. The VSG indeed
reaches the unstable condition for ¢, = 6.01 s, as shown in
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Fig. 7. Critical W, and clearing W, values for a symmetrical voltage
sag of —0.7 pu when operating as VSG.
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Fig. 8. Virtual angle § for a symmetrical voltage sag of —0.7 pu when
operating as VSG, with ¢, = 5.85 s in magenta, and ¢, = 6.01 s in
yellow.

Fig. 8. Despite the conservative estimation of ter, the system
responds according to the transient stability assessment within
an acceptable deviation of Ate, = 0.16 s = Ate, = 2.63%.

VSC Results: The same type of fault is applied to observe
the system response in the VSC mode. Fig. 9 shows the results
in terms of energy, comparing simulated and experimental
ones. Note that the energy values behave analogously for
the experimental and simulation results. However, the critical
energy W, is lower in the simulation than in the experimental
validation. This effect is due to the voltage variation at the
PCC, which is included in the analytical model as an algebraic
variable V,, neglecting the dynamic of the filter capacitor Cf,
as described in Section II-B.

In the VSC case, the clearing W, and critical W, values
never intersect, independently of the fault duration, as shown
in Fig. 9. According to the stability assessment, this result
implies that the VSC is always stable for this type of fault.
The VSC stability is confirmed by observing the virtual rotor
angle response in Fig. 10. As stated in Section II, the VSC
operates at P; = 0 pu. Therefore, the virtual rotor does not
continue to accelerate during the fault but stops at a stable
equilibrium point Jg = 23.9°, explaining why W, does not
increase and is lower than W,. The stable equilibrium point
in the fault condition, 5{; , can be analytically calculated by
imposing the stationary conditions of the differential equations
in (8), with B, = Eg = 0.3 pu and P’ = 0 pu. Therefore,
the VSC control reacts to large voltage sag by maintaining its
synchronism independently of the fault duration.

Then, the test is conducted with the same clearing time for
VSC and VSG modes to compare their transient performance
within the stable area. Fig. 11 shows the resulting voltage
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Fig. 9. Critical W, and clearing W, values for a symmetrical voltage
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Fig. 10. Virtual angle ¢ for a symmetrical voltage sag of —0.7 pu when
operating as VSC, with t,; = 20 s.
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Fig. 11. Voltage amplitude at the PCC V; and output current amplitude
I; for a symmetrical voltage sag of —0.7 pu operating as VSC in green
and VSG in orange, with t.; = 6 s.
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Fig. 12. Active virtual power Py, active virtual power reference P, set
point reference power Pt and grid power P, for a symmetrical voltage
sag of —0.7 pu with ¢,; = 6 s. From top to bottom: VSG operation and
VSC operation.

amplitude V, at the PCC and the output inverter current
amplitude I;. Considering the VSC operation, the output
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Fig. 13. Active virtual power P, to the variation of the rotor angle ¢ for
a symmetrical voltage sag of —0.7 pu operating as VSC in green and
VSG in orange, with t,; = 6 s.

current is the sum of the Power to Current block and the EM
part, as presented in Section II. Before the fault occurs in
VSC mode, the Power to Current block manages the power
exchange by injecting the current i; = i5¢ = 1 pu, whereas
iy = 0 pu. At the fault occurrence, the EM part reacts to
the system perturbation by injecting the reactive current ¢, to
support the grid. Therefore, the VSC output current is given
by 4 = iset + oy for ¢t > .

For the VSG mode, only the EM block manages the power
exchange, thus determining the current injection of #; = i.
Fig. 12 shows the virtual power P, with its reference P,
Py, and the grid power P, to clarify their different roles
while operating as VSG and VSC. Considering the VSG
operation, the Power to Current block does not operate (i.e.,
Fyet = 0 pu). Therefore, the virtual P, and grid power P, are
equal, excepting for the losses in normal operating conditions.
During the fault, the virtual power P, is always lower than
the reference P, thus causing the rotor angle acceleration.

On the other hand, the EM block operates at zero power
reference for the VSC, whereas Py, = 1 pu. When operating
as VSC, the virtual P, and output power P, differ for the Py,
injected by the Power to Current block. Note that the EM block
rules the VSC transient response. Therefore, the VSC reacts at
the fault occurrence according to the EM dynamics, returning
to zero virtual power injection during the fault (i.e., P, = P;).
As the EM block operates with zero power reference, the VSC
can maintain the synchronism even when the grid-tied inverter
cannot exchange power with the grid (i.e., short circuit at the
point of common coupling).

After the fault clearance, the VSC returns to the pre-fault
state (i.e., I; = 1 pu, Vz = 1 pu) within 5 s, whereas the
VSG within 12 s. The post-fault dynamic can be explained by
observing Fig. 13, which shows the control trajectory in the
P — § frame. When the fault occurs, the VSG cannot provide
the reference power, thus determining the rotor acceleration to
the point ¢y at 120°. Therefore, the VSG fits case (b) presented
in Section III. The VSG’s post-fault trajectory indeed depends
on the clearing time and, in this condition, returns to its pre-
fault state. On the other hand, the VSC operates at zero power
reference and covers a shorter trajectory toward its new stable
equilibrium point ¢; at P, = P; = 0 pu. Therefore, the
VSC fits into case (a), hence stable independently of the fault
duration. Furthermore, the VSC returns to the pre-fault state
faster than the VSG, thanks to the shorter trajectory, thus
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explaining the different control dynamics in the post-fault.
The VSC response is a significant result, leading toward a
new paradigm in the VSM control. The VSC approach indeed
combines the SG features (i.e., inertia capability) with the
advantages of a fast inverter, determining a control able to:

o Maintain the synchronism during a fault without any
additional adjustments, overcoming the limitations of the
proposed VSG algorithm modifications available in the
literature;

« Provide ancillary services in normal and abnormal oper-
ating conditions.

V. CONCLUSION

This paper demonstrated the benefits of VSC control via a
comprehensive transient stability analysis. The transient stabil-
ity analysis based on Lyapunov’s Direct Method is validated
experimentally by applying a —0.7 pu voltage sag. In VSG
mode, the virtual rotor accelerates during the fault, reaching
the instability condition consistently with the transient stability
assessment. The same stability analysis was conducted for the
VSC operation, showing that the system never reached the
unstable condition. The virtual rotor response further supports
the analysis results. The VSC reaches a stable equilibrium
point during the fault and maintains the synchronism as it
operates at zero virtual power reference. Therefore, the VSC
mode overcomes the transient stability challenges through
its compensator-based control without additional dedicated
units or parameter adaptations. Notably, the VSC approach
leads to a more advanced VSM-based control capable of
providing grid services and maintaining synchronism, even
with large voltage sags. Note that this paper does not discuss
the current limitation effects on the VSM behaviour but rather
demonstrates the operational differences between the VSG and
VSC modes. The authors are currently analyzing the effect of
the current limitation on the VSG case [29] and will extend
the analysis to the VSC case in a dedicated paper. Moreover,
the paper considers a system consisting of a grid-tied inverter
controlled by a VSM-based algorithm connected to an infinite
bus. In the future, the stability analysis will be developed for
multi-VSM systems in grid-connected and islanded mode.

APPENDIX

The virtual admittance Y, and grid admittance Y, are
defined as in (30). Moreover, the power injection at the PCC
is represented as a negative PQ load, as expressed in (31).

1 1
Vo= V= — 30
Ry +jLy "® Rg+jL, (30)
Pset .Qset
Y. = V2 +J V2 31

The admittance matrix Y of the equivalent circuit is the matrix
such that:

(32)
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The admittance matrix elements for the power calculation are:

Y2
Y11 :yv_i"
Y, + Y, +Y, (33)
Y, = Y
BT Y Y, 1Y,

Therefore, the elements G171, G12, and By, can be calculated
as in (34).

G11 =Re(Y11),
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G2 =Re(Y12), Biz =1Im(Yi2) (34)
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