POLITECNICO DI TORINO
Repository ISTITUZIONALE

The Virtual Power Feedback: Enhancing the Transient Stability of Virtual Synchronous Generators
Under Current Limitation

Original

The Virtual Power Feedback: Enhancing the Transient Stability of Virtual Synchronous Generators Under Current
Limitation / Camboni, A., Mallemaci, V., Mandrile, F., Bojoi, R.. - In: IEEE OPEN JOURNAL OF INDUSTRY
APPLICATIONS. - ISSN 2644-1241. - 6:(2025), pp. 490-505. [10.1109/0JIA.2025.3586412]

Availability:
This version is available at: 11583/3002064 since: 2025-07-24T11:01:58Z

Publisher:
Institute of Electrical and Electronics Engineers Inc.

Published
DOI:10.1109/0J1A.2025.3586412

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

27 June 2026



IEEE Open Journal of

= Industry Applications

Received 24 February 2025; revised 26 June 2025; accepted 2 July 2025. Date of publication 7 July 2025;
date of current version 18 July 2025.

Digital Object Identifier 10.1109/0JIA.2025.3586412

The Virtual Power Feedback: Enhancing the
Transient Stability of Virtual Synchronous
Generators Under Current Limitation

ALESSIA CAMBONI “ (Student Member, IEEE), VINCENZO MALLEMACI“ (Member, IEEE),
FABIO MANDRILE “ (Member, IEEE), AND RADU BOJOI " (Fellow, IEEE)

Dipartimento Energia “G. Ferraris,” Politecnico di Torino, 10129 Torino, Italy
CORRESPONDING AUTHOR: ALESSIA CAMBONI (e-mail: alessia.camboni@polito.it).

This work was supported by Project Reliable pOwer to Cloud multiKilowatt ElecTronics (ROCKET), funded by the Piedmont Region, in the framework
Programma Pluriennale Attivita Produttive 2018/2020 Misura “Contratto di Insediamento.”

ABSTRACT The virtual synchronous generator (VSG) concept is a well-established control solution that
facilitates the integration of power electronics-interfaced renewable sources into the electric grid. The VSG
algorithm enables power converters to support the grid in case of voltage dips by injecting a large short-circuit
current. However, a current limitation strategy must be implemented to address the hardware limitation of
power converters. As demonstrated in the literature, the current constraint affects the VSG’s dynamics by
limiting the output power, thus causing a substantial acceleration of the virtual rotor and potentially leading
to a loss of synchronism. Several available solutions utilize the measured actual active power as feedback,
thereby modifying the VSG with complex control algorithms. On the other hand, this article proposes
a different approach, highlighting the benefits of using the virtual power instead of the measured power
feedback for the most adopted limitation strategies available in the literature. This paradigm shift leads to
a significant improvement in stability without requiring fault detection capability or switching the control
structure, as demonstrated both theoretically and experimentally in this article.

INDEX TERMS Current limitation, virtual synchronous generator (VSG), virtual feedback, transient

stability.

I. INTRODUCTION

In the last decades, modern power systems have faced a signif-
icant increase in integrating renewable energy sources (RES).
However, the massive connection of RES to the electrical
grid determines significant challenges to the power system’s
reliability (e.g., fault ride-through capability, lack of iner-
tia [1], [2], [3], [4], and low-frequency oscillation [5], [6]).
The virtual synchronous generator (VSG) concept represents
a viable solution for power electronic-interfaced RES, such
as photovoltaic and wind sources. The VSG control allows
power electronic converters to provide ancillary services to
the grid (e.g., inertial behaviors [1], [2], [7], [8], grid sup-
port during faults [9], [10]) by mimicking the synchronous
generator (SG) dynamic. The VSG’s mechanical emulation
enables the converter to inject active power during frequency
perturbations (i.e., inertial behaviors), thus reducing the rate

of change of frequency [1], [2], [3], [4], [7], [8], [9], [10].
Furthermore, the excitation control emulation reacts to voltage
variation, sustaining the grid with reactive power [9], [10].
When a voltage dip occurs, the SG emulation supports the grid
by injecting a large short-circuit current several times higher
than the nominal one.

However, power converters face limited current capabil-
ity compared to SGs. Consequently, the power converter
must be protected at the hardware level by employing cur-
rent limitation techniques. Different limitation strategies are
available in the literature [11], prioritizing active or reactive
power injection [12], [13], [14], [15], [16], depending on
the application purpose. Independently on the strategy, the
VSG control faces critical stability issues during the current
saturation [13], [15], [16], particularly under large voltage
dips.

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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For this purpose, the impact of the current limitation on
VSGs’ transient stability has been widely studied in the tech-
nical literature, and different papers analyze the power-angle
curve under current limitation conditions [13], [15], [16].
The authors in [15] and [16] have demonstrated how some
current limitation strategies modify the output power-angle
curve, leading to unstable operating conditions [17]. More-
over, the current limitation results in output power limitation,
thus causing virtual rotor acceleration due to the difference
between reference and transmissible power. This significant
virtual rotor acceleration can potentially lead to the VSG’s
loss of synchronism.

Therefore, the literature provides numerous control solu-
tions to avoid the VSG instability under current limitation
conditions [12], [14], [18], [19], [20], [21], [22], [23], [24].
Nevertheless, most proposed solutions add complexity to the
control, inserting dedicated control blocks or requiring fault
detection capability [12], [21], [22], [23]. For instance, Ge
et al. [21] proposed voltage and power reference variations
but utilizes complex formulations that require knowledge of
the grid impedance. Moreover, Ma et al. [22] modified the
power feedback in the mechanical emulation according to
proportional coefficients. In [23], the rotor angle or speed is
saturated during a fault, impacting the quality of the ancillary
services provided by the VSG concept. In addition, some of
the proposed approaches consider adaptable control parame-
ters, such as virtual inertia [18], [19], impedance [14], [20], or
damping [12].

Nevertheless, the available studies only consider the tran-
sient response of VSGs using the measured active power
as feedback, even though it may lead to unstable operating
conditions. Indeed, the measured active power is saturated
under current limitation conditions, and it features a cosine
power angle curve depending on the applied limitation tech-
nique [15], [16]. Therefore, this article proposes the virtual
power feedback to improve the transient stability of the VSG
control. The virtual power is calculated in the control algo-
rithm using the nonsaturated virtual current, thereby avoiding
the saturation and unstable operating conditions caused by the
limitation strategy.

The main contribution of this article is to demonstrate,
theoretically and experimentally, the transient stability en-
hancement achieved thanks to the virtual power feedback. The
second contribution is the calculation of the virtual power
angle curves, analytically derived under different current limi-
tation strategies. Moreover, a qualitative analysis of the virtual
power angle curves is presented to evaluate the impact of the
current saturation on the control’s transient stability.

Notably, the VSG approach with virtual power feedback
leads to the following benefits.

1) Transient stability improvement independent of the

adopted current limitation strategy.

2) The same control scheme is utilized for normal and

abnormal operating conditions.

3) No control parameter variation or tuning is required.

4) No fault detection algorithm is needed.
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FIGURE 1. Schematic overview of a grid-tied inverter.

This article is an extended version of [25], in which
the benefits of the virtual power feedback are theoretically
and experimentally validated considering the limitation with
reactive power priority. The conference paper has been mod-
ified by including the most adopted limitation strategies (i.e.,
limitation strategies with active power injection priority and
angle priority). For each additional strategy, the following
studies are presented.

1) Analytical derivation of the virtual power angle curve

under current limitation conditions.

2) Qualitative transient stability analysis.

3) Experimental validation, underlining the differences in
the control transient response depending on the limita-
tion technique.

The rest of this article is organized as follows. Section II
recalls the VSG model, while Section III derives the power-
angle curves for the virtual active power feedback with
different current saturation strategies. Section IV provides a
qualitative transient stability analysis, comparing measured
and virtual power feedback implementation. Then, Section V
experimentally validates the improvement in transient stabil-
ity with virtual power feedback. Finally, Section VI concludes
this article.

Il. VSG MODEL

The system under study, schematically represented in Fig. 1,
consists of a three-phase inverter connected to the grid through
an LC filter. The voltage at the point of common coupling
(PCC) is indicated as v, whereas the grid is represented as
a voltage source e, in series with its impedance Z, = R, +
JXg. Moreover, Fig. 1 highlights the measured output powers
corresponding to the powers at the inverter output.

Fig. 2 provides an overview of the VSG control scheme,
which consists of three main blocks: the mechanical emu-
lation, the excitation control, and the electrical equations.
Moreover, each control block is represented in detail in Fig. 3.
The control input variables are the active P and reactive Q7
power references, defined by a higher control level (i.e., droop
control, maximum power point tracking). The virtual current
Iy is used as inverter reference current . However, i, can ex-
ceed the inverter current limit /i, in case, for instance, of grid
faults. In such a scenario, the reference current is limited to the
maximum value I, allowed by the inverter according to the
saturation block in Fig. 2. The reference current i is sent to a
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FIGURE 3. VSG control blocks in the continuous frequency domain. From
top to bottom: (a) mechanical emulation, (b) excitation control, and (c)
electrical equations.

current regulator, which controls the inverter output current i;
through the voltage reference v*. Note that the output current
i; is limited by saturating the reference current i [13], [15],
[16]. Moreover, the voltage reference v* is limited to %,
while the current regulator is equipped with an antiwindup to
avoid error accumulation on the integral part [26], [27].

Starting from the mechanical emulation in Fig. 3(a), the
swing equation (1) mimics the mechanical behavior according
to the inertia constant H. Furthermore, the damping strategy
is droop-based and implemented through the factor D, tuned
based on [28]. The mechanical emulation sets the virtual an-
gular speed w, considering the variation from the nominal grid
angular speed wq (i.e., w, = Aw, + wp). Moreover, the virtual
angle 6, is calculated from the angular speed w, as in (2). The
excitation control (3) in Fig. 3(b) defines the electromotive
force amplitude E, = AE, + E,( depending on the time con-
stant 7, and gain k., set according to [29]

Wr

dA
P¥— P, =2H

; —2 4 Dy, (1)
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FIGURE 4. (a) VSG equivalent circuit with virtual power feedback P, and
Qy. (b) Inverter-grid side equivalent circuit. (c) Vectorial representation of
the virtual voltage E,, PCC voltage Vg, and grid voltage E;.
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The VSG control acts as a voltage source in series with
its virtual impedance Z, =R, + jX,, tuned according to [30],
[31]. Indeed, the electrical equations in the synchronous
reference frame are (4) and (5). Moreover, the reference
currents i, 4 and i, , are obtained from (4) and (5), as shown
in Fig. 3(c)

. . div,d

€y, d — Vgd = vav,d - erulu,q + Ly di 4)
. . div,q

eyq — Vgq = Ryiy g + o Lyiy g + Ly o (3)

As shown in Fig. 2, the swing equation (1) and the ex-
citation control (3) utilize the virtual power P, and Q, as
feedback, calculated inside the VSG control through the terms
e, and i, according to [10]. Moreover, a selector allows chang-
ing the power feedback in (1) and (3) with the measured
powers P; and Q;, respectively. Note that the selector will be
employed to experimentally test the transient response of the
VSG when using either the virtual feedback or the measured
one.

The equivalent circuit in Fig. 4 represents a grid-tied in-
verter with the VSG control, described by two equivalent
circuits coupled via the PCC voltage v.

1) As illustrated in Fig. 4(a), the VSG control can be rep-
resented as a voltage source e, connected to the PCC,
with voltage v, through its virtual impedance Z,, as
widely demonstrated in the literature [7], [8], [10], [12],
[15], [16], [22], [28], [29]. Indeed, the virtual current i,
is obtained from the electrical equations (4) and (5), as
shown in Fig. 3(c).

2) The output circuit, in Fig. 4(b), represents the connec-
tion between the inverter and the grid. The inverter
operates as a controlled current source. Indeed, the con-
trolled variable is the inverter current i;, as depicted in
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FIGURE 5. Equivalent circuit of a grid-tied inverter with VSG control in
normal operating conditions.

Fig. 2 [10], [15], [16], [20], [28], [29]. The voltage v,
depends on the output current #; and the grid voltage e,.

Note that the adopted output circuit representation allows
for direct analysis of both the normal and current limitation
conditions [15], [16]. As shown in Fig. 4(c), the virtual volt-
age E, is considered aligned with the g-axis, while § is the
phase shift between £, and the grid voltage E,. Moreover, the
virtual power P, is the power at the virtual voltage source e,
whereas the output one P; is the power at the inverter output,
as underlined in Fig. 4.

As it can be noted in Fig. 4(b), the reference current i¥ and
the virtual one 7, are equal if |i,| < Inax, 1.€., normal operating
condition. Otherwise, the virtual current i, still flows in the
virtual circuit with no limitation, whereas the inverter injects
the limited inverter current |if'| = Inax.

Note that the LC filter dynamic is neglected to study the
transient response of the VSG control due to the different
time scales (i.e., i; & i,). Moreover, the current regulator is
assumed to accurately track the reference current (i.e.,
i) [13], [15], [16].

In normal operating conditions, the overall equivalent cir-
cuit in Fig. 4 evolves into the circuit in Fig. 5. According to
the circuit in Fig. 5, the virtual power can be calculated as in
(6) [32], where Z; = R, + jX; = (Ry + Rg) + j(Xy + X,)

i ~

R,

P, = 7

2 R; X .
—E; 72 — EyvEgcos(8) + ?EvEgsm(S). (6)
t 1
Considering R; < X; (i.e., medium or high voltage connec-
tion), the expression in (6) can be approximated as follows:

1
P, ~ )?EUEgsin(S) = ——E,Egsin(6). (7
t

Xy + X,
In normal operating conditions, utilizing the virtual power
rather than the measured power feedback does not affect the
VSG control, being P, and P; equivalent except for the voltage
drop on Z,. Note that the active power reference P* can be
modified by adding the term Ruii2 to compensate for the virtual
losses, thus obtaining equal virtual P, and actual powers P; in
normal operating conditions.

IIl. CURRENT LIMITATION TECHNIQUES

This section analyzes the system behavior when the VSG
control operates in current limitation conditions, considering
three different limitation techniques available in the litera-
ture [12], [13], [14], [15], [16]. The virtual power-angle curves

VOLUME 6, 2025

are derived for each saturation strategy to evaluate the VSG
transient stability with virtual power feedback.

Let us consider a scenario where a large symmetrical volt-
age sag occurs. The VSG algorithm reacts with a virtual
current i, that exceeds the maximum allowed value. Conse-
quently, the control enters the saturation condition, limiting
the output current (i.e., iy # i = i;). Indeed, virtual P, and
output P; powers differ under current limitation conditions.

1) The output power P; is limited as it depends on the

saturated output current i;.

2) The virtual power P, at the virtual voltage source is not
limited, as it depends on the nonsaturated virtual current
iy.

Since the swing equation (1) utilizes the virtual feedback,
the virtual angle response depends on the P, characteris-
tic [33]. Therefore, the equivalent circuits in Fig. 4 must be
solved when 7, # i; to analyze the VSG transient stability.

On the inverter-grid side circuit, the saturated output current
is generally indicated as i; for the different limitation tech-
niques. The PCC voltage v, can be expressed in the (d, q)
frame, rotating at w,, as a function of the inverter current i;
and the grid voltage e,. Note that w, is approximated as equal
to one in (8) and (9) [16]. Moreover, the dg-components of
the grid voltage can be expressed in terms of the rotor angle
& by following the vectorial representation in Fig. 4(c) (i.e.,
egq = Egsin(8), and e ¢ = Egc0s(8))

Voad = — Xglig + Rglia + ega (8)
Vo g = Xoli g + Rglig + €g4. ©)]

According to the VSG equivalent circuit in Fig. 4(a), the
virtual current i, can be expressed in terms of e, and v, as
follows. For the detailed calculation, refer to the Appendix

Xy Ry

. v

lnd = =>€vd t+ 55€v,q — 55 Vgd — vgq (10)
Z2 72 72 72

. Ry Xy R, Xy

lyg = Z—gev,q - z_ge""’ — Z—gvg,q + Z_Svgd (11D

Therefore, the virtual active power P, is calculated according
to (12), where the electromotive force vector is aligned with
the g-axis (ie., ey 4 = E, and e, 4 = 0), as underlined in
Fig. 4(c)

RUE2 Ry

. X
Py =eyq4ivg = 72 E Z2E wVg g + E wVgd- (12)
v

Next, the virtual active power can be expressed as in (13) by
replacing (8) and (9) into (12), where the terms Py, and Ps are
as in (14) and (15), respectively

Py = Pgy + Ps (13)
R, . Xy . .
P = Z—gEv (—Xgiia — Rgiig) + UE (—Xglig + Ryiia)
(14)
Ps = R”E R, — EyE,cos(8) + —E E,sin(8). (15)
72 7278 &

U
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FIGURE 6. Vectorial representation of the current references with d-axis
priority technique (i.e., reactive power priority).

Conceptually, the virtual power P, can indeed be divided into
two contributions, Py, and Ps.

1) The component Py, represents the current limitation

effect and depends on the applied limitation technique.

2) The term Ps coincides with the active power exchange

between the virtual generator e, and the grid e, through
the virtual impedance Z, as if no current limitation is
applied.

Therefore, the saturation condition generates an additional
power component Py, varying the term Ps. The effect of Py
is analyzed in the following sections, considering the differ-
ent limitation techniques available in the literature [12], [13],
[14], [15], [16] that are described in the following sections.

A. D-AXIS PRIORITY

This limitation strategy saturates the reference current module
|i;"| to Imax, prioritizing its reactive component, as shown in
(16). The resulting current vector i is schematically repre-
sented in Fig. 6

it = min (Jiv.al, Imax)
) .. )
|zzq = min <|lv,q|a\/m>'

When the current module reaches the maximum allowed
value Iy, the saturated components become as follows:

(16)

il = I, 1if,1 =0. (17

By replacing (17) in (14), the virtual power component Ps”ét

results, as shown in the following equation:

R X

sat — __;Ev (Xglmax) + _;Eu (Rglmax) .
Z Z:

v

(18)

Assuming R, + R, < X, + X, the effect of the saturation
condition can be neglected, thus determining a virtual active
power Pff as in the following equation:

19)

v

1

P!~ Py = —E,Egsin(3).
Xy

Assuming the condition in (17), the expression in (20) com-

pares the virtual power P{f and the measured one Pl-d. As
pointed out in [15] and [16], the output power Pl.d faces a

494

FIGURE 7. Vectorial representation of the current references with g-axis
priority technique (i.e., active power priority).

significant limitation in the maximum transmissible power as
it depends on the saturated output current

1 .
Pud = X—EUEgsm(S) (20)
v

Pd = IynaxEgsin(9).
B. Q-AXIS PRIORITY

Complementary to the previous one, this strategy limits the g-
component of the reference current to the maximum allowed
value Iy, prioritizing the active power injection, as shown in
(21). Fig. 7 illustrates the current reference if“ when applying
the g-axis priority technique

{|i;jd| = min <|iv,d|, 2. — i*@)

: (2D
|i;'k,q| = min (|iv,q|» Tmax ) .

When iy 4| > Imax, the reference current components are set
as in (22). Therefore, the virtual power component P2, can be
expressed as in (23) by combining (22) and (14)

iyl = 0, 1if o) = Inax (22)
X,

z

v

R
Ps(fn = - ?EU (Rglmax) - Ev (Xglmax) . (23)

Differently from the previous case, P&, still plays a role in
the virtual power flow when neglecting the resistive part. No-
tably, the current saturation affects the virtual power exchange
between e, and e, by reducing it through the term Pl as
expressed in the following equation:

q _ p4 Xe 1 :
Pl = Py + Ps = — = Eylnax + - EyEgsin(8). 24)
X X,

v
Nevertheless, the obtained virtual power shows a sinusoidal
characteristic, whereas the output power Piq has a cosine be-
havior [15], [16], as expressed in the following equation:

p X, 1 )
P = _ZEUImaX + ZEUEgsm((S)

P! = InaxEgcos(8).

1

(25)

VOLUME 6, 2025



IEEE Open Journal of

Industry Applications

FIGURE 8. Vectorial representation of the current references with angle
priority technique.

C. ANGLE PRIORITY

Contrary to the previous ones, this limitation technique pri-
oritizes the angle of the reference current vector [15], [16]
(i.e., the magnitude is limited while preserving the angle of
the reference current vector), as schematically represented
in Fig. 8. Therefore, the magnitude of the reference current
vector is limited to Iyax rather than individually prioritizing
the dg-components, as expressed in the following equation:

. ) . . Imax
|54l =min | [iy gl |iy,a| ———=
’ (26)
- . Imax
|li q = min

liv,ql, liv.gl ===
v,gls 1lv,g 2 _|_i2
V v.d v,q

In this case, the saturated output current i; is not indepen-
dent of the virtual one i,. Therefore, the application of (14) is
not straightforward.

Let us simplify the virtual power calculation by introducing
the term {gy, expressed in the following equation:

.2 .2
vV lv,d + lqu

Imax

27)

gsat =

Next, the PCC voltage in the (d, ¢) frame can be written as in
(28) and (29)

X, R,
Vg d = —lyg+ —ld + €d (28)
geat Csat
X, R,
Vgg = —lpg + ——lyg+e€q (29)
sat geat

The VSG equivalent circuit in Fig. 4(a) can be solved, thus
obtaining the virtual current i, as follows:

i Rsat Tsat Xsat Jeat Rsat v Xsat v (30)
vd = —5 €vd 5 Cv,g = S5 Ved = —5 Vgq
Zsat Zsat Zsat Zsat
. Rsat Xsat Rsat Xsat
lng = =5 Cvg— —5€vd — =5 Voqg+ = Voud a3
q Z2 q Z,% v Zz 8.9 Z2 8

sat sat sat

VOLUME 6, 2025

where Zg,; is defined as in (32)

+—>+ <X +ﬁ) (32)
Csat AN Csat)

Therefore, the virtual active power Py results, as shown in the
following equation:

Zsat = Rsat + szat = <R

R R X,
P8 = —SRE} — S EyEgc0s(8) + —5-E,Egsin(8).  (33)
Z@at Zsat sat

The obtained expression shows that the angle priority tech-
nique acts as an impedance variation on the virtual power
flow P¢. Notably, the equivalent impedance Zg, features the
following aspects:
1) varies with g (i.e., depends on the operating condi-
tion);
2) the coefficient s is always higher or equal than 1
(i.e., |ij] < liy]), meaning that X;, < Xsar < (Xp + Xp).
Furthermore, the virtual active power can be approximated
as (34) by assuming negligible resistance
P} = LEUEgsin((S). (34)
XSﬁt
Indeed, the virtual active power P is still characterized by
a sinusoidal trend. On the contrary, the angle priority results
in a cosinusoidal output power exchange P{ [15], [16], as
expressed in the following equation:

v

sat 8 (35)
P¢ = InaxEgcos (5) .

IV. CURRENT LIMITATION EFFECT ON TRANSIENT
STABILITY

This section qualitatively analyzes the transient stability of
the VSG control under current limitation conditions through
power-angle curve considerations. The different limitation
strategies are presented separately for the same fault condi-
tion, comparing the actual and virtual power characteristics.
Moreover, the nonlimited power-angle curve is considered for
the qualitative analyzes to highlight the impact of the current
saturation.

1
Pt = X—EuEgsin((S)

A. D-AXIS PRIORITY
Assuming the saturation condition in (17), the Pf character-
istic corresponds to the active power exchange between the
virtual generator e, and the grid e, through the only virtual
impedance Z,. Therefore, the virtual active power does not
depend on the grid impedance Z,. When [i; 4| = Inax and
li; 4| = 0, the resulting power-angle curve differs from the
ones available in the literature (e.g., [13], [15], [16], [21]) in
the following two main aspects.
1) The reactance involved in the power transmission is
only the virtual one X,, thus determining a higher
maximum transmissible power in current saturation
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FIGURE 9. Examples of system trajectory in fault condition during a large
voltage sag for (a) d-axis, (b) g-axis, and (c) angle priority techniques. The
power-angle curves are: prefault curve in grey, no current limitation in

yellow, current limitation with virtual feedback P, in green, and current
limitation with measured feedback P; in red.

than in no limitation conditions (1.e.,)TvEUEgs1n(5) >

XU+XgEUEgsin(8)).

2) When using the actual measured power Pl.d as feedback
and under current saturation conditions, the maximum
transmissible power is limited to /yaxEg [15], [16].

Fig. 9(a) shows an example of power-angle curves for a
symmetrical voltage sag considering the saturation condition
in (17). During the prefault condition, the control operates at
point a. Then, the system follows the power-angle characteris-
tic in the fault condition. The system trajectory differs for the
following three power-angle curves in Fig. 9(a) as follows.

1) The virtual rotor continues accelerating when utilizing

the saturated actual power feedback Pl.d (red curve), and
in the no-limitation case (yellow curve), due to the im-
possibility of reaching the power reference;

2) When utilizing the virtual feedback Pf (green curve),
the control can virtually inject the required power (i.e.,
an intersection exists between P,ji and P;) thanks to the
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FIGURE 10. Experimental setup.

higher power-angle curve. Therefore, the system settles
on the stable equilibrium point c;,.

When considering a higher reference P, the VSG with vir-
tual feedback cannot inject the required power, and the rotor
accelerates during the fault. Nevertheless, the saturated virtual
power Pf (green curve) achieves the highest transmissible
power, determining the lowest rotor angle acceleration, i.e.,
transient stability improvement.

B. Q-AXIS PRIORITY
As derived in Section III-B, the g-axis priority reduces the
virtual power exchange through the term Psqat if iy ¢l > Imax-
Nevertheless, the total virtual power P{ characteristic features
the following aspects.

1) When using the virtual power feedback P, the g-axis
technique results in a sinusoidal virtual power-angle
curve. On the contrary, the actual output power Pl.q fol-
lows a cosine waveform, as derived in [15] and [16].

2) The maximum transmissible power max(PJ) can be
higher than in nonsaturation conditions, depending on
the fault scenario and system parameters.

By imposing (36), the condition for a higher maximum

transmissible power can be retrieved as follows:

max (PJ) > max (P,) =
1 (36)

X, 1
— B Eylnax + —EyE, > ———E,E,.
X, 8T X+ X, ¢

Xy
From (36), the relation (37) is derived. More in detail, the
condition in (37) shows that the g-axis saturation condition
determines a lower or higher virtual power depending on the
grid reactance (i.e., lower with a weak grid and higher with a
strong grid)

(37
max
Fig. 9(b) indeed shows an example where the system virtually
injects a higher maximum power max (P} ) in saturation (green
curve) than in a nonsaturation condition max(P,) (yellow
curve). As shown in Fig. 9(b), the negative term’s impact
is higher for small-angle operations (i.e., P/(8) < 0 if § ~
0). Depending on the angle operating conditions, the vir-
tual power can be lower or higher than in the case without
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FIGURE 11. d-axis priority. Experimental results for a symmetrical voltage sag of —0.7 p.u. and 2.2 s with (a) virtual feedback and (b) measured feedback.
From top to bottom: voltage amplitude at PCC V; and virtual electromotive force amplitude E,, nonsaturated reference currents i, in (d, q) frame, dgq
output current i; 4, and output current amplitude /;, virtual power P,, and measured power P;.

(a)

FIGURE 12. d-axis priority. Experimental results for a symmetrical voltage sag of —0.7 p.u. and 2.2 s with (a) virtual feedback, and (b) measured
feedback. From top to bottom: line to line three-phase PCC voltage (C1, C2, F1) and three-phase grid current iy (C4, C5, C6).
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FIGURE 13. d-axis priority. Virtual power P, and measured power P; to the
variation of the rotor angle § for a symmetrical voltage sag of —0.7 p.u. and
2.2s.

limitation. Therefore, a lower rotor angle acceleration is not
guaranteed for the g-axis priority technique.
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FIGURE 14. d-axis priority. Rotor angle § dynamic with measured and

virtual power feedback for a symmetrical voltage sag of —0.7 p.u. and 2.2 s.

For the scenario in Fig. 9(b), an intersection exists between
the power reference and the virtual power angle curve (green
curve). Therefore, the virtual rotor accelerates and settles in
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FIGURE 15. d-axis priority. Experimental results for a symmetrical voltage sag of —0.7 p.u. and 3.5 s with virtual (a) feedback and (b) measured feedback.
From top to bottom: voltage amplitude at PCC V; and virtual electromotive force amplitude E,, nonsaturated reference currents i, in (d, q) frame, dgq
output current j; 4, and output current amplitude /;, virtual power P,, and measured power P,.

the stable equilibrium point ¢, when utilizing the virtual feed-
back. Note that the rotor accelerates during the fault if a higher
power reference is set, both in nonlimited conditions (yellow
curve) and with virtual feedback (green curve).

When considering the measured feedback, the g-axis pri-
ority leads to a cosinusoidal output power Piq (red curve)
if |i; 4| = Imax» as represented in Fig. 9(b). When the fault
occurs, the system moves to the point b;. Then, the rotor angle
increases while the transmissible power decreases (i.e., pos-
itive feedback in the control [34]). The saturation condition
with the feedback Pl.q indeed determines the control operation
in the unstable power-angle area. Consequently, the VSG con-
trol with the P,.q feedback must be modified to avoid the loss
of synchronism [18], [19], [20], [21], [22], [23].

Therefore, the virtual power feedback improves the VSG’s
transient stability also when applying the g-axis limitation
technique.

C. ANGLE PRIORITY

As discussed in Section III-C, the angle priority technique
affects the equivalent impedance between the virtual volt-
age generator e, and the grid e,. Moreover, the saturated
impedance Zg, is not constant but depends on g, Wwhose
lowest value is 1 (i.e., |i;| = |iy| = Imax = Xsar = Xy + Xp).
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Therefore, the resulting virtual power P during the angle
priority limitation is characterized by the following aspects.

1) The equivalent reactance in the virtual power trans-

mission is Xga¢ < X, + X,. Therefore, the virtual power
during the saturation condition is higher or equal than
without saturation;

2) The virtual power P{ still features a sinusoidal behav-

ior, while the actual output power P a cosinusoidal
one [15], [16].

Fig. 9(c) provides an example where g, is equal to 3. With
the virtual feedback and angle priority (green curve), the con-
trol can inject the required active power during the fault. Note
that the stable equilibrium point existence is not guaranteed
but depends on the parameter g. For &g = 1, Py indeed
coincides with the power-angle curve without limitation (yel-
low curve); hence, the system cannot reach a stable point.
Therefore, the rotor angle accelerates during the fault both
for limitation with virtual feedback and without limitation.
Nonetheless, the limitation condition with the P feedback
(green curve) allows lower or equal rotor angle acceleration
thanks to the higher transmissible power.

The same considerations for the output power with g-
axis limitation are valid for the angle priority strategy.
With the measured power feedback P{ (red curve), the
control indeed operates in the unstable area independently
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of the power reference value. Therefore, the VSG algo-
rithm must be modified with additional blocks to avoid
unstable operating conditions [18], [19], [20], [21], [22],
[23].

Once again, the virtual power feedback improves the con-
trol transient response with the angle priority technique.

D. CONCLUSIVE REMARKS

As stated in Section II, the virtual power P, represents the
power at the virtual voltage generator e,. Therefore, the vir-
tual feedback is not saturated even under current limitation
conditions, thus enhancing the transient response under a
fault. Moreover, the virtual power P, features a sinusoidal
power angle curve for the three limitation strategies, thereby
avoiding unstable operating conditions for low values of the
rotor angle (i.e., § < 7).

In contrast with the measured power, the virtual power P,
depends on the virtual reactance X, (i.e., w,L,), although the
output current is saturated, as derived in Section III. Even
though a lower X, value increases the virtual power, a vari-
ation of L, can cause synchronization issues when the fault is
cleared. Therefore, the virtual inductance L, is not modified
during the fault.

Note that the virtual and output power are zero if a short-
circuit occurs at the PCC. Therefore, utilizing virtual or
measured feedback does not affect the system’s response dur-
ing the fault, as both powers are equal to zero. Nevertheless,
the virtual power feedback is also beneficial in a short-circuit
scenario. Indeed, the overall transient response depends both
on the fault and postfault power-angle curve [35]: the higher
the power, the larger the potential energy in the postfault.
Therefore, the control features a larger potential energy capa-
bility to lead the system back to synchronism when utilizing
the virtual power feedback rather than the measured one. The
advantages of the virtual power feedback are valid for any of
the three limitation strategies analyzed so far.

V. EXPERIMENTAL VALIDATION

The VSG transient stability has been evaluated considering
the system illustrated in Fig. 1. Moreover, the experimental
setup is shown in Fig. 10 and consists of a 7.5 kVA, three-
phase, two-level inverter connected to a grid emulator through
an LC filter. Moreover, the output filter parameters are de-
signed according to [27], [36]. The inverter is supplied by an
ideal DC source and controlled through the dSPACE platform.
The main system and control parameters are summarized in
Table 1.

Based on the qualitative analyses in Section IV, the virtual
power feedback is expected to improve the VSG’s transient
response for the three limitation techniques presented so far.
Therefore, the system dynamic is evaluated for the VSG con-
trol with virtual and measured power feedback during a fault.
More in detail, the test consists of applying a symmetrical
voltage sag of —0.7 p.u. for 2.2 s while observing the VSG
response with a current limitation of In,x = 1 p.u. Before
the fault occurrence, the VSG works at P, = 0.8 p.u. and
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TABLE 1. Experimental Setup Parameters
Inverter Base Values Grid

SN 75kVA  Shase 7.5 kVA \A/g 1202 V

In 30 A Vhase 1202V Lg  0.0720 pu.

fsw 10 kHz  wpage 3l4rad/sV. Rg  0.0131 pu.

VSM LC Filter

L, 0.1 p.u. Dy, 267.6 pu. Ly  0.0297 p.u.

R, 002pu. T¢ 05s Cy  0.0398 p.u.

H 10 s ke 0.344 p.u.

0, = 0 p.u. Moreover, the postfault condition coincides with
the complete restoration of the grid voltage (i.e., Eg = 1 p.u.).

A. EXPERIMENTS FOR D-AXIS PRIORITY

Fig. 11(a) shows the overall experimental results for the
VSG control with virtual power feedback and d-axis current
limitation strategy. During the prefault operating condition,
virtual and measured active powers coincide and are equal
to the power reference P;’ = 0.8 p.u. At the fault occurrence,
the voltage amplitude at the three-phase PCC V, quickly
decreases, as shown in Fig. 11(a). Moreover, the excitation
control emulation reduces the voltage amplitude at the virtual
generator E, according to the time constant 7, of the exci-
tation control. In more detail, Fig. 12(a) provides the PCC
line-to-line voltage and grid current iy within 40 ms from the
fault occurrence.

When the fault occurs, the VSG reacts to the voltage varia-
tion by generating reactive reference current i, 4 to support
the grid. Due to the fault’s occurrence, the control enters
the limitation condition, saturating i; 4 t0 Imax, as shown in
Fig. 11(a). Consequently, the virtual active power P, differs
from the output one P;, as the system behaves according to the
equivalent circuit discussed in Section II. When i; 4 = Imax
and i; , = 0, the virtual power indeed follows the curve ex-
pressed in (19), resulting in a higher transmissible power, as
shown in Fig. 11(a).

In the postfault condition, the excitation control still tries
to inject a high reactive current component because of the
voltage difference between the virtual generator E, and the
grid E,, thus determining the VSG’s operation in the current
limitation condition. After the fault, the control returns to the
prefault state within 1.8 s (i.e., P, = P; = 0.8 p.u).

On the other hand, the VSG can operate using the mea-
sured output powers P; and Q; as feedback in (1) and (3),
respectively. Fig. 11(b) depicts the system response for the
same fault condition as before. The control with measured
feedback reacts as with virtual feedback when observing the
first instants after the fault occurrence. As shown in Fig. 12(b),
the PCC voltage quickly reduces, determining the reactive
current injection and the control operation under the saturation
condition i; 4 = Imax and i; , = 0. Contrary to the previous
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FIGURE 16. d-axis priority. Virtual power P, and measured power P; to the
variation of the rotor angle § for a symmetrical voltage sag of —0.7 p.u. and
35s.

test, the virtual and output power coincide when utilizing the
measured output power feedback. Furthermore, the saturation
condition i; y = Imax and 7; ; = O persists throughout the fault,
significantly limiting the output power. At the fault clearance,
the system slowly returns to the prefault state within 6.5 s.

Fig. 13 depicts the virtual P, and measured P; power to the
variation of the rotor angle, thereby comparing the different
power-angle trajectories where point a indicates the prefault
condition. As shown in Fig. 13, the output power-angle char-
acteristic that rules the system’s dynamic is significantly lim-
ited in transmissible power when using the measured power
feedback. Therefore, the difference between the reference P}
and the transmissible power causes a high acceleration of the
rotor angle, as shown in Fig. 14. Consequently, the measured
power feedback determines a broader trajectory in the power-
angle frame, leading to a slower recovery in the postfault. On
the other hand, the virtual power feedback features a higher
transmissible power during the current saturation. Therefore,
the rotor angle accelerates significantly less for the same fault
condition, as expected from Section I'V-A.

Next, the test is repeated for a symmetrical voltage sag of
—0.7 p.u. and 3.5 s. Even with a prolonged voltage sag, the
VSG with virtual feedback returns to the stable condition dur-
ing the postfault, as shown in Fig. 15(a). On the contrary, the
limited output power leads to the loss of synchronism when
applying the same type of fault to the VSG with measured
power feedback, as depicted in Fig. 15(b). Consequently, the
control with the output feedback slowly oscillates following
the power-angle curve in Fig. 16.

Nonetheless, the VSG with virtual feedback cannot in-
ject the required power during the fault, thus causing the
rotor angle acceleration, as illustrated in Fig. 16. The fault
duration is prolonged to experimentally observe how long
the VSG with virtual feedback can withstand the fault, re-
turning to the synchronism in the postfault condition. As
depicted in Fig. 17, the loss of synchronism occurs after a
7 s fault. In this scenario, the rotor angle accelerates so that
the control cannot maintain the synchronism in the postfault,
as shown in Fig. 17. Nevertheless, this result demonstrates
the remarkable improvement in transient stability achieved
by implementing the virtual feedback. Notably, the high vir-
tual power-angle curve allows the control to ride through
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the fault for 3.5 s longer than when utilizing the measured
feedback.

B. EXPERIMENTS FOR Q-AXIS PRIORITY

The g-axis strategy is implemented in the VSG control with
the virtual feedback, resulting in the transient response, as
shown in Fig. 18(a). The system operates in the same pre-
fault condition as before when a symmetrical voltage sag of
—0.7 p.u. is applied for 2.2 s. During the first second of the
fault, the VSG control has some current margin to inject reac-
tive power through the term #; 4. Then, the control enters the
saturation condition i; ; = Imax and i; 4 = 0, which persists
until 1 s after the fault clearance. In this limitation condition,
P] follows the characteristic derived in Section ITI-B, while
the Pl.q curve is cosinusoidal [15], [16]. When the fault is
cleared, the system returns to the prefault state within 2 s, after
which P, and P; are again equal.

The g-axis technique is then applied to the VSG control
with measured power feedbacks P; and Q; to observe the con-
trol response for the same fault condition. Right after the fault
occurrence, the output current is saturated to i; ; = Imax and
i;4 = 0. As pointed out in [15] and [16], this saturation con-
dition determines a cosinusoidal output power characteristic.
The output power behavior can be better observed in Fig. 19,
where the power-angle curves are displayed. The measured
power indeed decreases while the rotor angle increases, thus
leading to the control instability and loss of synchronism in
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FIGURE 19. g-axis priority. Virtual power P, and measured power P, to the
variation of the rotor angle § for a symmetrical voltage sag of —0.7 p.u. and
2.2s.

the postfault, as depicted in Fig. 18(b). Therefore, additional
control strategies must be implemented to operate with the
g-axis limitation and output power feedback P; [18], [19],
[20], [21], [22], [23]. On the other hand, the VSG with virtual
feedback returns to the stable equilibrium point in postfault, as
shown in Fig. 19. Therefore, the virtual feedback significantly
improves the VSG transient stability also when applying the
g-axis priority strategy.

C. EXPERIMENTS FOR ANGLE PRIORITY

The system is then tested using the angle priority strategy and
virtual power feedback. Fig. 20(a) illustrates the experimental
results obtained for a symmetrical voltage sag of —0.7 p.u.
applied for 2.2 s. As discussed in Section III-C, this limitation
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strategy saturates the output current, prioritizing the angle.
Therefore, the output current components i; 4, follow the vir-
tual ones i, 44, rescaled in terms of amplitude, as shown in
Fig. 20(a). Consistent with Section III, the virtual and output
powers are different when the control operates in limitation
conditions. Furthermore, the virtual power is higher than the
measured one throughout the fault. Once the fault is cleared,
the system returns to the prefault state after 1.8 s.

Next, the VSG control with the output power feedback P,
is tested under angle priority limitation when applying the
same fault. As depicted in Fig. 21, the VSG with measured
power determines a significantly higher rotor angle acceler-
ation, which reaches around 90° at the fault clearance. Then,
the virtual rotor continues to accelerate while the output power
decreases consistently with the studies in [15] and [16]. The
saturated output power behavior rules the control response,
leading to the loss of synchronism in the postfault condition,
as illustrated in Fig. 20(b).

Conversely, the virtual power feedback allows the system
to return to synchronism after the fault, as shown in Fig. 21.
Hence, implementing virtual power feedback enhances the
VSG’s transient response also with angle priority limitation.

D. FINAL CONSIDERATIONS

The VSG control transient dynamic varies depending on the
limitation techniques due to the different virtual power angle
curves derived in Section III. Therefore, Fig. 22 compares the
virtual rotor angle response obtained from the experimental

501



CAMBONI ET AL.: VIRTUAL POWER FEEDBACK: ENHANCING THE TRANSIENT STABILITY OF VSGs UNDER CURRENT LIMITATION

Angle Priority

Virtual Feedback

1 T T
. Fault
E —V
-_F,
~ 0.5 :
1 1 L
5F I \‘ [ iv,d 4
— —_—
a q
~ 0
& 1 !
1
-5k i . . E

is (pu)

e —
1
-1 1 ! L
— —p,]| ]
2 — 2]
Ay -
0 1 32 4 6 8
Time (s)
(a)

Measured Feedback
2 T T T T
1 1
= le Fault » /
21 _—
>
0 1 1 ! —Ve —E
30 . - - T iv,d — iv,q -
1 1
= 20 ¢ 1 1 i S
& 10 } ; — ]
>
T 0 ! 1 g
1 1 ! i
T T | ii,d — Z‘iyq — [ |'
1 [ 1
g :

5 0.5 F f— 4
ook 1 g
1 1 | |

) ¥ . -
— — P,
é — —P
A, Or 1 1 i
1 1
1 1 1 ; ;
0 1 32 4 6 8
Time (s)
(b)

FIGURE 20. Angle priority. Experimental results for a symmetrical voltage sag of —0.7 p.u. and 2.2 s with (a) virtual feedback and (b) measured feedback.
From top to bottom: voltage amplitude at PCC V; and virtual electromotive force amplitude E,, nonsaturated reference currents i, in (d, q) frame, dgq
output current j; 4, and output current amplitude /;, virtual power P,, and measured power P,.

TABLE 2. Comparison of the Virtual and Measured Power Feedback for the Three Limitation Strategies

Type of limitation d-axis Priority g-axis Priority Angle Priority
Proposed | Conventional | Proposed | Conventional | Proposed | Conventional
Type of feedback Virtual Measured Virtual Measured Virtual Measured
Feedback Feedback Feedback Feedback Feedback Feedback
2s Voltage Dip Stable Stable Stable Unstable Stable Unstable
Sinusoidal Power-Angle Curve v v v X v X
Higher Power-Angle Curve than Ideal Scenario v X - X v X

validation for the three limitation strategies to observe the
different control responses. Furthermore, Fig. 22 considers the
rotor angle dynamic without current limitation, obtained from
a PLECS simulation, to comprehensively evaluate the analysis
carried out in Section I'V.

As expected from Section IV-A, the d-axis technique re-
sults in the lowest rotor angle acceleration thanks to the
highest transmissible virtual power. Note that the rotor angle
accelerates more if no limitation is applied. This result is con-
sistent with Section I1I-A, which demonstrates that the virtual
power flow with the d-axis limitation is only dominated by the
virtual reactance X,, when |i; 4| = Imax.

With the angle priority technique, the virtual power is
higher or equal to the nonlimitation scenario, as demonstrated
in Section III-C. Therefore, the control results in a similar
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rotor angle response for the cases with and without limitation.
Furthermore, the virtual power flow depends on X > X,
thus leading to a lower transmissible power than the d-axis
priority strategy (i.e., higher rotor angle acceleration).

The g-axis technique leads to the highest rotor angle ac-
celeration, as illustrated in Fig. 22. This experimental result
aligns with the theoretical one in Section III-B, which shows
how the virtual power flow obtained with the g-axis is lower
than that with d-axis saturation.

Moreover, Fig. 23 depicts the experimental virtual power P,
to the variation of the rotor angle §, comparing the theoretical
power-angle curves derived in Section IIl. For d-axis and
g-axis priority strategies, the theoretical expressions are valid
when [i; 4| = Imax and |i; 4| = Imax, respectively. As can be
seen from Fig. 23, the experimental results are consistent with
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the theoretical ones for the three limitation strategies, thus
validating the analysis in Section III.

From the theoretical analysis and experimental validation,
the following advantages emerge for the VSG control with
virtual power feedback.

1) For the d-axis technique, the virtual power-angle curve
is higher than the actual output power characteristic,
thus achieving a remarkably lower rotor angle accelera-
tion for the same fault condition.

2) The d-axis technique modifies the equivalent reactance
that rules the virtual power flow in the saturation con-
dition i; 4 = Imax. The power exchange indeed only
depends on the virtual reactance, hence, independent of
the grid reactance.

3) The virtual power under the g-axis and angle priority
saturation conditions maintains a sinusoidal curve, con-
trary to the cosinusoidal actual output power.
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in green, (b) g-axis priority in red, and (c) angle priority in yellow.

Table 2 summarizes the results obtained from Section III
and the experimental validation underlying the main charac-
teristics of the virtual power feedback for the three limitation
strategies.

VI. CONCLUSION

This article demonstrated the improvement in the VSG tran-
sient stability achieved by implementing the virtual power
feedback. The virtual power angle curves are analytically
derived and analyzed considering the most adopted limita-
tion strategies. The qualitative stability analysis is validated
experimentally by applying a —0.7 p.u. symmetrical voltage
sag. The experimental results are consistent with theoretical
considerations, demonstrating the significant improvement in
transient stability obtained with the virtual power feedback
for the three limitation strategies. With the d-axis technique,
the VSG algorithm can virtually inject a higher transmissible
power, remarkably reducing the rotor angle acceleration than
when utilizing the measured power feedback. In contrast with
the measured power, the virtual power features a sinusoidal
power-angle curve with g-axis and angle priority techniques,
thus allowing the control to maintain synchronism after the
fault without modifying the control structure. Notably, no
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additional dedicated control units are required to avoid the
unstable operating conditions caused by the cosine output
power behavior. Therefore, virtual power feedback represents
a robust and straightforward concept that enhances the VSG
transient stability independently of the adopted limitation
strategy without modifying the control algorithm or requiring
fault detection capability.

APPENDIX

The virtual current can be calculated considering the virtual
equivalent circuit in Fig. 4(a). In the synchronous reference
frame, the circuital equations are as follows:

(38)
(39)

€y.d — Rviv,d +Xviv,q — Uy,d = 0
evg — Rylyg — Xyiy g — vy g = 0.
Then, (38) can be written, as shown in the following equation:

. €v.d Vg,d Ry .
= 2d 4 8d 40
fv.q X, + X, +lev’d (40)

Next, the obtained expression for i,, is substituted
in (39), thus deriving the relation in (10). Note that
iy,g 1s calculated with the same procedure, thereby
obtaining (11).
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