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Transient stability enhancement of virtual synchronous generators
with virtual resistance

Emmanuel Ebinyu !, Omar Abdel-Rahim 2, Sobhy M. Abdelkader %3,
Masahito Shoyama 4, Diaa-Eldin A. Mansour 1°*

Virtual synchronous generators (VSGSs) incorporate virtual resistance (VR) in inverter control as a damping mechanism for
oscillations that appear around the synchronous frequency due to interactions between the inverter impedance and the line
impedance while operating in low inertia grids. Damping is critical for synchronization stability in the small-signal and large-
signal disturbance scenarios to suppress oscillations that threaten system stability. While VR enhances stability in the steady
state, it is shown that its conventional application affects the transient stability of VSGs by reducing the angle overshoot range
in the dynamic behaviour of the power angle 8, illustrated using the power-angle (P — &) and frequency-angle (§ — &) curves.
In this article, a novel damping mechanism to improve the transient stability of VSGs using VR to enhance the power angle
dynamics is proposed. By using the concept of virtual point of common coupling, the virtual power of the internal VSG is
introduced in the active power feedback during a voltage sag, providing an equivalent damping effect proportional to the VR
applied. In this way, the negative effects of VR on transient stability are averted while VR is used to improve the power angle
dynamics of conventional VSG. Simulations of different transient stability scenarios are carried out in MATLAB/Simulink to
verify the proposed method.
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1 Introduction The virtual synchronous generator (VSG) is, there-
fore, a natural choice for low-inertia systems to tackle
frequency and voltage disparities by the emulation of the
swing equation characteristic of the SG, providing
damping and inertia for stability [4]. VSGs may possess
low-frequency oscillations, sub-synchronous resonance,
and synchronous resonance due to interactions with
elements in the electrical grid [6]. Unlike SGs in power
systems, inverters possess fast actuation while lacking
sufficient inertia making the interactions between
controllers and line dynamics more profound which may
lead to instabilities [7]. While inertia can be emulated in
the VSG, it is desirable in small signal stability but
aggravates transient synchro-nisation stability. On the
other hand, damping is pivotal in low inertia, inverter-
dominated grids, enhancing both small signal and large

With the proliferation of renewable energy resources
into the electric power grid, electronic converters are
becoming the dominant power interface devices for
energy sources in the grid resulting in the gradual loss of
rotational mechanical actuation provided by the syn-
chronous generators (SGs) and a low-inertia paradigm
[1]. These low-inertia systems face a range of issues
including loss of robust rotational synchronisation,
heightened difficulty in voltage and frequency control,
and proneness to fault severity owing to the loss of
stored energy [2]. Moreover, the fast-actuating power
electronics digital controllers introduce a new dynamic
scenario that deviates from slow rotating machine-
oriented network set-ups of conventional power grids.

Consequently, the design of inverters has veered towards
conventional grid-friendly designs, which incorporate
SG characteristics. To this end, the grid-forming (GFM)
control of voltage source converters (VSCs) is being
adopted as the preferred control paradigm of grid-
interfacing converters [3].

signal stability [9].

To achieve spectra of digital control applications in
VSGs, virtual impedance (V1) has been implemented in
various ways, and at different locations in the VSC
control structure [10]. For example, VI applied in series
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with the outer impedance of the LC filter achieves
power-sharing enhancement, and improvement of the
X/R ratio of the grid impedance to achieve decoupled
control of the active and reactive power in droop control
[11]. Virtual impedance current limitation has been
designed for overcurrent protection of the power
electronics in converters [13]. Whereas virtual resistance
(VR) can be applied in LC resonance suppression and
harmonic mitigation in VSCs [15], this article focuses on
its use in system damping to suppress synchronous
frequency resonance (SFR) present in the fundamental
power signals of VSGs in low R/X systems. SFR
threatens the stability of VSGs when high amplitude
oscillations appear near the synchronous frequency and
should therefore be eliminated [16]. By increasing
system damping through increasing the resistive part of
the impedance, SFR can be suppressed, with VR
preferred to grid resistance for power efficiency
purposes [18]. VI has also been used to suppress power
oscillations in multi-VSG grids, being applied adap-
tively to eliminate the frequency differences which cause
oscillation in microgrids [19].

The application of VR to enhance transient synchro-
nisation stability has taken on many approaches in
literature. Transient VR is used to suppress resonance
oscillations [20], with a high pass filter used to avoid
coupling in the steady state caused by increased resistive
impedance, especially in stiff grids. VR has also been
applied to suppress oscillations that appear in GFMs
postfault, with a fixed VR scheme proposed in [21] and
an adaptive scheme as proposed in [22]. However, the
application of VR in VSGs has a negative effect on large
disturbance stability, narrowing the possible overshoot
angle range of the power angle. A power reference
reduction method based on the voltage drop magnitude
was subsequently proposed to eradicate this anomaly
in [23]. It remains desirable in VSGs to improve
transient stability, especially in inverter-dominated
grids, and many approaches have been explored to
address this issue. In [24], the positive feedback modes
of the power angle control which represent instability are
adaptively switched to the negative modes to keep the
VSG operational even beyond the critical clearing time
of the VSG under fault. Ref. [25] proposed an angle
estimation method to adaptively control the transient
stability of a GFM based on the virtual orthogonal
power. A transient damping method, dependent on the
frequency difference between the grid and the VSG is
proposed in [26] and is designed to harmonise inertia
response and synchronisation stability in the presence of
high inertia. In [27], a design-oriented study of second-
order GFMs such as the VSG reveals that the damping
factor plays a key role in transient stability in
comparison to the inertia term. The reactive power loop

can also be used to enhance the transient stability, with
methods proposed in [28]. In [30], the VSG structure is
modified to include a Pl controller and virtual power
feedback in the active power loop to enhance the
operation of VR in the transient stability of the VSG.
However, there is no analytical explanation for the case
of the virtual power feedback, apart from graphical
analysis using attraction regions.

In this article, the virtual power concept is adopted to
track the power reference during transients, showing
a better performance than active power tracking, pro-
ducing better transient synchronization stability
performance of the VSG. The VSG incorporates the VR
in the steady state to suppress synchronous oscillations
through the improvement of the damping of the line
dynamics, retaining its conventional structure in the
steady state, while transforming to apply virtual power
in the active power loop to improve the transient angle
stability and thereby improving the transient stability of
the system. The analytical equivalent damping of the
proposed method is derived, being a function of the VR,
the inverter voltage and the grid voltage for practical
application.

The emphasis in this article is on the transient angle
stability of the VSG, which differs from transient voltage
stability [31], in the transient synchronisation stability,
based on the use of VR damping. The concept of virtual
point of common coupling (PCC) is adopted to show the
effect of the conventional use of VR on transient
stability, and virtual power feedback is implemented
under fault conditions. This is shown to have
equivalence to VR damping which enhances transient
stability.

Other sections in this article are organized as follows:
Section 2 stipulates the application of VR in VSG to
suppress resonance oscillations in the small signal
stability. In Section 3, the power transfer characteristics
of the VSG with VR are derived, using the concept of
virtual PCC. The proposed method is presented in
Section 4 with subsequent analysis to show its efficacy.
The concluding Section 5 includes the simulation set-up
and results in MATLAB/Simulink showing improved
transient synchronization stability of the proposed
method compared to conventional VSG.

2 Application of virtual resistance in VSG

Figure 1 shows the layout of the VSG GFM inverter,
modelled in the synchronous rotating frame (dq) to
necessitate controller design. VR is included as R,, in the
power loop.
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Fig. 1. Schematic layout of Virtual Synchronous
Generator

2.1 VSG description

The structure contains the outer power loops
consisting of the active power loop (APL) and reactive
power loops (RPL), inner voltage and current controller
whose bandwidth is designed higher than the outer loops
to ensure their transparency when modelling grid
interactions with the VSG outer loop. The connected
grid is modelled by a voltage source with a constant
voltage V46, and a series impedance containing line

resistance Ry and inductance Ly.

The VSC is modelled with a constant DC bus when
considering the interaction on the grid-facing side, given
energy storage and intermittent renewables supplying
the DC bus can be controlled to supply steady DC power
[32]-[35], which is approximated as constant. An LC
filter is added to the VSC at the PCC to interface with
the grid.

The PCC voltage Vpe is assumed to track the
reference voltage, E;ef with the outer loop bandwidth
much smaller compared to that of the inner controllers,
making their effect negligible. Vyee = Ve £0pcc 18 the
voltage vector at the PCC while Vg =V, 20, is the
grid voltage vector. The phase difference between these
two vectors is § = O, — 6, with the grid voltage
vector taken as the reference aligned with the d-axis of
the rotating frame of the converter. 8, = wyt, where wy,
is the nominal grid frequency.

The APL is derived from the swing equation and
adjusts the angular frequency based on real power
feedback using the relationship

1
W= wot (Pres — Fe) 6]
where wy, is the set frequency equal to the grid frequency
wy, J 1s the virtual inertia term, Dy, is the damping term,
which is the reciprocal of the droop value, Ppes is the
reference power, P, is the real output power at the PCC.

The RPL follows a droop relationship between the
PCC voltage and the reactive power, with the reactive
power feedback implemented for reactive power sharing
[36]. This is given by

Ed,ref = Eger + Dq (Qref —Qe) 2

where Eg,, is the set value of the grid voltage, Dy is the
droop coefficient, Qr.f is the reference reactive power,
and @, is the reactive power at the PCC.

P, and @, are obtained by feeding the instantaneous
power P and g, given by (3) through low pass filters with
the cutoff frequency w. to remove high-frequency
components in the power signals. The delivered signals
into the control loops are therefore fundamental
components.

. _ (,pCC. pcc .

p=Vy g, + Vg i, (3a)

~ cC. cc .

qa="v bgq ~ VS g, (3b)
We o~ _ we  ~

Fe = stwe P, Qe = st )

VR is implemented as a voltage drop on the reference
voltage according to (5) and (6), to effectively be in
series with the grid impedance Ry + jwgLg by using the

grid current, i; = [igq ig,q]T as the feedback signal

[10][30].
E:l,ref = Ed,ref - ig,dRV (5)
Eqrer = 0= lgqRy (6)

Due to this implementation, the application of VR is
limited to the bandwidth of the voltage controller, given
that it alters the reference input value for the voltage
controller of the PCC voltage. VR may be applied at
different points in the VSC according to the purpose of
design [10], however, in the case of grid interactions, VR
is implemented in series with grid impedance.

2.2 Virtual resistance in small signal stability

Dynamic modelling is preferred to static modelling
in the small signal analysis of VSGs to incorporate the
effect of the fast actuation of power electronics [37]. In
the case when the power system is dominated by
mechanical rotary machine dynamics which are slow in
comparison to the line dynamics, then phasor modelling
is sufficient. The dynamics at the PCC for the circuit in
Fig. 1 are given by

di . . .
VPCC,dq - Vg,dq = Lg _Z'tdq + Rglg,dq +]0JLg : lg,dq (7)
T T . . .
where Voce = [Va V| 5 Vgaq = [Vg 0] » ig = [iga igq]™-

Then, the complex power, S at the PCC follows (8)
according to the instantaneous power theory.
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S = 1-5-Vpcc,dq : i;.dq =P +j0Q. )
where ig 4, is the conjugate of the grid current ig 4.

By taking the Laplace transform of (7) and applying
linearisation about an operational point denoted by
subscript “0”, the small signal model of the output power
P, and Q, can be expressed by a state matrix relating
AP,,AQ, to A6, AE. The transfer functions are derived
and expressed in the matrix system by

H H
ap] _ [fps  Hpv]| 1as
2o = e oo 12 ©)
where the transfer functions Hps, Hpy, Hys, Hoy are
given as

AP VpccVgXg cos 8o+(sLg+R)VpccVy sin 8,

Hps = — = 10
P& ™ 45 (ng+Rg)2+ Xg? (10)
.o = AP _ (sLg+Rg)(2Vpcc—Vy cos 8o)+VpccXg sin 8, (1)
PV "y (sLg+Rg)"+X42
_AQ _ —(sLg+Rg)VpccVy cos 8o +VpccVyXg sin 8g
Hos =25 = LR+ Xy (12
(sLg+Rg)"+ Xg
_ AQ _ —(SLg+Rg)VpCC sin 60+Xg(2VpCC—Vg cosdy)
Hoy =22 = L (13)
(sLg+Rg)"+ X4

It is deduced from the transfer functions of the
Jacobian matrix in (9) that a pair of conjugate poles
exists in the system given by

R
S1p= —2 % ju, (14)
g
where w, represents the synchronous frequency equal to
the grid frequency. The location of the poles s;_, in the
complex cartesian plane determines the stability of the
system according to eigenvalue analysis [38]. The poles,
being complex conjugate, represent the existence of
oscillatory modes whose characteristic depends on the
real and imaginary parts. When the ratio Ry /Ly is small,
translating in a small damping ratio, the system drifts
into potential instability characterised by amplitude
excursions with oscillations at the synchronous
frequency w, owing to the shifting of the poles towards
the imaginary axis. Therefore, SFR in small signal
stability of GFMs manifests as oscillations around the
grid frequency with —180° phase jumps which cause
system instability. The system damping ratio with
eigenvalues given in (14) determines the rate of decay of
oscillation amplitude and is given by

R
— g
(sl_z =

(15)

2
Rg*+ (Lgwo)

By increasing the magnitude of the real part of s;_,,
the damping of the system can be increased, thereby

suppressing oscillations. For this purpose, VR is used in
preference to real resistance due to power efficiency
purposes according to (16).

Rg+Ry

Corma = — (16)
J®gR)+ (Lgw)

The synchronous resonance phenomenon is

demonstrated in Fig. 2(a) where VR is reduced from 0.05
p.u. to 0.001 p.u. in a VSG connected to the grid at
t =2 seconds. From the waveforms, instability is
observed in the P and Q waveforms owing to instability
due to insufficient damping in the system. The
suppression of resonant peaks of the system by the
adoption of VR is shown by bode plots in Fig. 2(b).

2.3 Designing VR for VSG damping application

The design of VR falls under VI design which
considers the power transfer capacity of the generator,
the P-Q decoupling coefficient to maintain droop
operation of the APL and RPL, and the desired damping
of the system to ensure stability [11]. In this article,

given the small R/X value of the grid ( Re 0.04) ,

wolg

the value of R, chosen must keep this ratio within a
desirable range to ensure decoupled APL and RPL. The
system damping is also given consideration, being
deduced from (17) based on eigenvalue analysis of the
power transfer characteristics [11].

Ry = Gasalonts) _ g

g
/ . 2
1- 4512

Considering the system parameters used in this article,
Table 1 shows the system damping and R /X ratio for the
values of Ry, used. Damping is required between 0.1 <
{s,_, < 0.7 for an underdamped system with appropriate
rise time and asymptotic stability while the R /X ratio is
desired to remain as low as possible.

(17)

Table 1. VR values and related damping and R /X ratio

R, (p.u.) $o1mn (Ry +R,)/X
0.01 0.06 0.06
0.02 0.08 0.08
0.05 0.14 0.14
0.1 0.23 0.24
0.2 0.40 0.44
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Fig. 2. (a) Synchronous resonance when VR changes
from 0.05 p.u. to 0.001 p.u. (b) Bode plot of Hps to

demonstrate the suppression effect of VR in the steady
state.
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3 Effects of VR on the power transfer
characteristics of VSG

The insertion of VR in the control structure in Fig. 1
affects the voltage at the PCC, V... Without VR, V¢,
easily directly follows its reference E,..; assuming the
transparency of the inner control loops. With VR, the
voltage drop implemented to model the effect of
resistance changes the relationship between the
reference voltage, E,.s, and V., so that V.. now
tracks Ey..g. Accordingly, it becomes difficult to model
power relationships between P, and & using the VSC
parameters to sufficiently study the P,—9§
characteristics [23]. For this purpose, the internal VSG
is adopted for analysis which gives rise to the concept of
virtual PCC. This is illustrated in Fig. 3.

Virtual

rcc R, Ve R,

VSG

—»
Pm‘rr Qm‘r

Ercféeref

Fig. 3. Equivalent circuit layout of the VSG considering
the virtual PCC

3.1 Modelling P, and Q,, using the virtual PCC

Consider the equivalent circuit diagram in Fig. 3 of
the VSG with R,, connected to the grid. The use of virtual
PCC considers the inner VSG denoted by the vector
Erer£8ref. The virtual PCC with respect to the grid has

an angle 8y;, = 0.y — 6. In the presence of VR,

Erefejsvir —Vg

jé =F Jvir — R, -
Vpece ref€ Y Ryt RgtjwXg

(18)
Therefore, the expressions for the power at the virtual
PCC and that injected into the grid are given by the (19)
to (21) at the bottom of the next page. From the
expressions, it is observed that the introduction of R,
alters the power transfer equations at the PCC ideally,
which has consequences on the characteristics of power
at the PCC, as shown in the next section.

3.2 Effects of R,, on the transient stability of VSG

Primarily in power systems, transient angle stability
is related to the dynamics of the power angle & upon a
large disturbance [27]. Given that overcurrent saturation
techniques are used in GFM during faults, transient
stability is considered for instances where the current
saturation is not triggered, as this would result in a
different analysis [26]. A voltage sag is the type of
disturbance considered therefore, given it is common-
place in weak grids [23]. It is necessary to sustain
synchronization of GFMs for fault-ride through or
extend the critical clearing time so that the protection
systems of the grid can clear the fault within the
acceptable time. Using the traditional P —§
relationship, the transient stability is analysed using the
equal area criterion and is intuitively analysed using the
critical clearing angle and the critical clearing time [38].
Then, transient stability is categorized based on the
existence of equilibrium points on the P —§ curve
during and after the fault. When a fault causes a change
in the power transfer of the VSG, the P — & curves in
Fig. 4 show the possible outcomes. The occurrence of
a fault will alter the positions of equilibrium points,
categorised as stable equilibrium point (SEP) or unstable
equilibrium point (UEP), either causing their existence
as shown in Fig. 4(a) or their non-existence as shown in
Fig. 4(b).
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Fig. 4. Types of transient synchronisation stability scenarios: (a) Type 1 in which there is the existence of
equilibrium points after the disturbance (b) Type 2, in which the fault causes the non-existence of equilibrium

points and subsequently the need for equal area analysis.

Figure 4(a) shows the behaviour of the system when
a disturbance causes a reduction in power transmitted,
but the system remains stable because of the transition
from point ‘a’ to ‘b’ to ‘c’, where ‘a’ is the SEP before
disturbance, and ‘¢’ is the SEP after the disturbance. This
therefore represents systems that remain stable even
when a disturbance is present. Fig. 4(b) shows the
instance when the fault causes the transmitted power to
fall below the reference power, and thus the non-
existence of equilibrium points. When the system
dynamics follow the path ‘a’ to ‘b’, the system starts to
accelerate towards the point ‘c’. When this happens, it is
critical to clear the fault before point ‘c’ which
represents the critical clearing point beyond which the
angle dynamics accelerate out of control, and instability
ensues.

The P, — 6, relationship can be derived compre-
hensively by replacing E,.r in (21). Eyf is a function of
the power angle &,; as shown in (22), with the
expression derived by replacing Q in (2) with the
expression in (20). Therefore, the P, — &, curves for
the VSG, using the expression of P, derived by replacing

Erer in (21) by (22) are plotted in Fig. 5 with different
values of R, to illustrate the effect of VR on the angle
overshoot range, which represents the range of
excursions of the angle §,;,- without the loss of syn-
chronism.

The P, — 6, characteristics for different combi-
nations of grid resistance R, and virtual resistance R,, are
plotted to establish the effect of each parameter on the
maximum transferable power, represented by the peak
of the curve, and the angle difference between the SEP
and UEP which represents the overshoot angle range.
From Fig.5, it is observed that R, increases the
maximum transferrable power and enlarges the angle
range displayed by Case 2 and Case 3. On the other hand,
R, reduces the maximum power and narrows the
available angle range for overshoot which is the case for
Case 4 and Case 5. With a decreasing overshoot angle
range, the tendency to loss of synchronism increases,
showing that R, negatively affects the power angle
dynamics when the active power at the PCC P, is
designed to track its reference P,..r with VR installed.

. 2
XgErefVg Sin 8yir+(Rg+Ry)(Efef—ErefVy €OS Syiy)

P, = 1.5- 19

vir (Rg+Rv)2+ ng ( )
Xg(EZef~ErefVg €08 Syir)— (Rg+Ry)ErefVy Sin Syir
Quir = Qe =1.5- 7) 2 (20)
(Rg+Ry) "+ Xg4

P =p 2 (Poir®+ Quir® R = 3 Ry(ErefVy COS Syir—VE )+ XgErefVg Sin 8yir + Rg(Efep—ErefVy COS Syir 1

e — fwvir T 3 E2 vy 2 2 ( )
ref (Rg+Ry) "+ Xg4
1.5VyDq@ COS 8yir+1.5 Dg Vg Sin Syjr — 1 + J(l.SVqua €0s 8yir+1.5 Dg Vg sin 6,,,-r—1)2+6an(Eset+Dquef)
Eref = 3aD, (22)
X Ry+R
where a = g B i

(Rg+Ry) +x2’

(Rg+Ryp) " +X2
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The dynamic response of the power angle can be
more qualitatively studied using the phase portrait [27]
which quantifies the behaviour of 8,,;,- — &, and further
entrenches the findings in the P, — 6, curves. In the
Fig. 6, two cases are narrowed out: Case4 with
R, =0.02p.u. and R; =0p.u. and Casel with
Ry =0.1p.u. and R, = 0 p.u. It is observed that the
application of VR narrows the range of the angle
overshoot, which is the difference between the SEP
denoted by subscript ‘e’ and the UEP denoted by ‘m’.
From Fig. 6, &,,,, for Case 1 without VR is a greater
overshoot range and represents better dynamic
performance than &,,,4 for Case 4. It is also observed on
the 6,;,- — axis of Fig. 6 that there is a decreasing angle
overshoot with an increased magnitude of R,, which
points to the increased transient instability with VR
magnitude increase. Also, on the Aw — axis, trajectories
of the phase portrait show that increased R, leads to
greater differentials which is an indication that the
application of VR in the conventional way jeopardizes
the frequency stability of the VSG. Cases 5 and 6 are
also considered where the application of R, = 0.05 p.u.
and R, = 0.1 p.u. cause instability in the dynamics of
the VSG upon a voltage sag from 1 to 0.65 p.u. of the
grid voltage. These cases show that the application of R,
can cause instability, even when designed to damp
oscillations within the critical damping range in the
steady state.

A P — —Casel: R =0pu,R =0p.u
P max & N
—————————————— Case 2: Rg =0.05p.u, R =0pu
Case 3: Rg =0.1p.u., R‘ =0 p.au
PN —-=-=Case 4 Rg =0 p.u., RV =0.05 p.u
Ao, NN\ e Case5: R =0pu,R =0.1p.u.
///" . N 3 v
(g AN
7 SN
A A
i A
W \‘ \
Y
Y \
A
A
P \
vefl e o 5
eml 3 \
: \
I em5 o > vy
) J 5 S ‘sml
i L e AP >
0 1 2 3 35 4. (rad)
vIir

Fig. 5. Effect of R; and R, on the P — §,;,- curve

1\Aw (rad/s)y - Case 1: Ru =0.1p.u.R =00p.u
3 Case 2: Rg =0.05 p.u. R‘ =0.0 p.u.
—m=e=Case 3: R =0.0 p.u. R_=0.0 p.u.
- 8 v
2.5 —Case 4: R, =0.0 pu R =0.02 p.u.
2t ——Case 5: Rk =0.0 p.u. R\ =0.05 p.u.
Case 6: RE =0.0 p.u.R_=0.1p.u.
1.5F '
1F kY
'1‘ “.
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Fig. 6. Phase portrait showing the SW — 0, beha-
viour when the V; drops from 1 p.u. to 0.65 p.u. with

J=5p.u.and D, = 25 p.u.

4 Proposed improvement in VSG during voltage sag

Based on the observed effects of VR such as
reduction in angle overshoot, and the increased maxi-
mum frequency deviations, it is expedient to design the
VSG to retain VR in the steady state, while averting its
detrimental impact on the transient stability.

4.1 Modification in VSG

By introducing the virtual power given by (23) in the
active power loop during fault conditions (transient
periods), the VSG is modified as shown in Fig. 7.

Pyir = 1.5 (Erefa * iga + Erefq * igq) (23)

where Ererq, Ererq are the dqcomponents of the
voltage at the virtual PCC in Fig. 3. Equation (23) is the
controller implementation of (19).

Fig. 7. The modification in VSG with P,;, applied as
the power tracking variable instead of P, upon a fault
to provide damping for transient synchronisation
stability



442 Emmanuel Ebinyu et al.: Transient stability enhancement of virtual synchronous generators with virtual resistance

The switchover from P, to P,,;,. is activated upon fault
detection, using methods that are beyond the scope of
this article but are widely covered elsewhere [22][39].

Compared with the modified VSG introduced in [30]
which incorporates a PI controller and virtual power P,;,
negative feedback in the power loop and designed to
track the power reference in the steady state, the
proposed method eliminates the PI controller which
takes away the need for tuning, and the pole introduced
by the PI which can cause instability in the closed loop.
The proposed method retains the conventional VSG in
the steady state, with the active power loop control law
given by (1). In the transient state, when the fault has
been detected, the P,; is activated into the VSG
changing the APL control law to

1
W= Wyt '(Pref_Pvir)

Js+Dp (24)

When the grid voltage falls below 0.95 p.u. to imply
a voltage sag [23], with the acceptable range of voltage
stability, the controller is set to implement virtual power
to replace the real power in the VSG in tracking the
power reference, to change the power angle dynamics of
the VSG.

As shall be elaborated in the next section (Section
4.2), it is shown that the proposed method is equivalent
to a VR damping method for transient stability.

The use of P,;,. in the transient period and not during
normal operation is based on the need for real power P,
to track its reference P..; in the steady state which is
a requirement for GFM DERs in order to supply the
necessary power according to demand up-to the rated
capacity. In the transient period, synchronisation
stability is given priority to keep the generator online.
The IEEE Standards 1547-2018 [40] necessitate that
distributed energy generators (DERs) keep the supply of
power for a while, but they do not explicitly ascribe that
normal power rating should be maintained. This
interpretation has led to the use of power reference
reduction methods to enhance synchronisation stability
in [23].

Therefore, the use of P,;. in the VSG for transient
synchronisation stability will reduce the transferred
power P, according to Fig. 8. This is evident in the
expressions of P, and P,;,.. While using P,;,- in the APL,
the power transferred (P,) is sufficient in this transient
phase which only usually lasts for a few cycles while
priority is placed on synchronisation stability.

3
P 4 77777777777777 Pmax —P e
=
(p-u) /’I \\\ - _‘P\'ir
Y \, —P,, WithR =0
// \\\\
A
\
“\
3\
A
\
P p -
ref - 60111 7777777777 > ‘\‘
v o0
<« em-vir \ m-vir
JL (Slli' S("./ -
0 1 2 3 35
4 . (rad)
vir

Fig. 8. Comparison between P, and P,;,- to show the
difference in the overshoot range for each power
tracking parameter.

In Fig. 8, the curves of P,, P,;., and P,;-(R, = 0)
terminate at different points on the §,;- — axis due to
the power dissipation and the power angle due to the real
part of the impedance, Z = (Rg + R,,) + jXg4, for the
different power configurations effected between the
virtual PCC and the grid.

4.2 The damping effect of using P,,;- in the VSG during
transient synchronisation

Consider the VSG control law in (1) rewritten for
emphasis below.

Jo = Pref — B (8yir) — Dp(w — wo)

Spir = w

(25)
(26)

Rewriting to express (25) and (26) into a second-order

equation,

M _ Pe(Syir) _ Dp(gvir_wo)
J J J

where P,(8,;-) is given by (21).

Svir = (27)

For simplification of the analysis, let the assumption
Xy > (R, + R,) hold for the grid impedance, so that
Spir = 0, cosdy; =1 and sind,;, = 6, Equation
(27) can therefore be summarised as

J8yir =

Simplifying (28) by taking the Laplace transform, it is
expressed to emphasize the second-order characteristic
behaviour as

ErefV, .
Pref - %6171'1' - Dp(gvir - (‘)O) (28)

Pref + Dpwo
Ererg
Xg

6vir -

(29)

Js? + Dps +
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Therefore, the damping ratio of the angle characteristics,
¢, of the VSG system, can be approximated as

_ D Xg
(= 2 | TEresVy (30)
The damping term D, is an avenue to improve the
transient stability of the VSG as shown in (29), where it
is directly proportional to the damping ratio of the
second order system and its increase has the effect of
reducing the overshoot of the angle characteristics,
subsequently increasing the range of the acceptable
angle overshoot. This is not the case with virtual inertia,
J. From (30), increase in J decreases the damping ratio
of the second order system which is detrimental to
transient stability. Therefore, it is more attractive to
increase the effective damping term as compared to the
virtual inertia term to improve transient stability.

Consequently, an additional damping term resulting
from the proposed method should be responsible for the
transient stability improvement. This is derived below.

By adopting P, instead of P,, the control law of the
VSG can be expressed as

]w = Pref - (Pe(avir) + DP,R,,) - Dp(w - wo) (31)
where
P,y = P, (Svir) + DP,RV (32)

EZ p+V3—2EropVy €OS Syir)

Ry (
DP,RV = 15 * (33)

(R,,+Rg)2+X§
The use of P, introduces a damping term, Dp p as
shown in (31) which is proportional to the VR as
indicated in (32) and (33). The proposed method can
thus improve the transient stability of the VSG due to the
damping term, Dpp being effectively introduced.
Therefore, VR can be used to offer damping both in the
steady state and during transients with the proposed
method, harnessing the advantages presented by VR for
oscillation damping. In non-ideal situations where the
virtual PCC is inaccessible and therefore E,.r non-
measurable, the damping term Dpp can be derived
using the PCC voltage, V.. £ 8, assuming V. = Eref
and § = §,; giving,
Ry (VZcctVE—2VpecVg cos §)
(R,,+Rg)2+X§

DP,RV = 15 * (34)
The 8,; — 8, characteristics of (25) and (26) can be
studied using the phase portrait to further study the
dynamic behaviour of the system.

A Aw

[ (rad/s) . Case 1: R =0.07p.u.R = 0.0 p.u.
Case2: R_=0.03 p.u. R‘ =0.0 p.u.
=0.0 p.u. R‘ =0.0 p.u.
=0.0p.u.R =0.02 p.u.

=0.0 pu.R =0.05p.u.
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(
em6 o
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Fig. 9. Phase portrait showing the performance of the
proposed implementation when the grid voltage falls
to 0.65 p.u.

Figure 9 reveals the existence of equilibrium points
in the phase portrait with increasing VR for the virtual
power proposed method, revealing the damping effect of
the method as demonstrated in (31). For comparison,
consider the Case 1 (R, = 0.07 p.u.,R, = 0.0 p.u.),

Case 3 (R;=0.0p.u.,R,=0.0p.u.) and Case 6
(R; =0.0p.u.,R, =0.1p.u.).

Case 1 reveals the effect of R, on the angle overshoot
range, as compared to Case 3 where R; = 0.0 p.u. and
R, = 0.0 p. u., with the overshoot range increasing with
R4 which is an indication of improved transient per-
formance. This case is the conventional standpoint
where the grid resistance increases the maximum power
transferred during a fault as well as introduces damping.
Comparing Case 6 and Case 3, it is observed that with
an increase in R,,, there is the same effect as R, with the
angle overshoot range increasing with increasing R,,.
Therefore, with the proposed method of improving the
transient stability using the VR, it is observed that the
VR has the same effect as the grid resistance. With
increase in R, is monitored a subsequent increase in
angle overshoot range and a reduction of the frequency
deviation. The effect of this results in better transient
stability and frequency stability of the VSG. This differs
from the analysis provided in Section 3.2 where VR
exacerbates transient stability and frequency stability
when used in the convention way. The phase portrait
therefore reveals that the proposed modification
improves the transient response of the VSG when
subjected to a voltage sag.

5 Simulation and results

The model in Fig. 1 is built in MATLAB/Simulink
using the parameters shown in Table 2. A 10 kVA
system is modelled, connecting to a power grid with
a short circuit ratio (SCR) of 2, which represents a weak
grid, representative of an inverter-dominated power grid.
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The grid disturbance applied to the system is a voltage
sag symmetrical to all the phases of the grid line voltage,
being the most severe fault categorised by phase jumps
and voltage magnitude reduction. The voltage sag is
a suitable transient event that permits continued supply
of power as required by the IEEE Standard 1547-2018
[40] for DERs. Faults of 0.6 p.u. and 0.5 p.u. are
considered to provide the different scenarios of transient
stability with the value of R,, varied from 0.01 p.u. to 0.1
p.u. to show how the value of VR affects the
conventional VSG and the proposed modified VSG
performances.

The control system is set to trigger, switching to the
proposed modification in the VSG algorithm when the
voltage threshold of 0.95 p.u., being the lower allowable
limit of the generator voltage and signifying a voltage
sag, has been crossed through the measurement of the
grid voltage drop.

Parameters D,, and D, are chosen considering the
required grid codes, for stipulated droop functionalities
of the APL and the RPL. The virtual inertia parameter J
is also chosen to establish the required rate of change of
frequency limits. Upon the occurrence of the voltage
sag, the active power (P), PCC voltage angle (8), grid
current for phase ‘a’ (iz4), frequency (f), and the PCC
voltage (V) are monitored. It is assumed that the
operation of current saturation is not triggered in the
transient phase of the operation to fully comprehend the
significance of the proposed method over the
conventional VSG.

Table 2. VSG system parameters used in Simulation

Parameters Description Value p.u.
Sref Base Power 10 kVA 1
Prer Active Power ref. 10 kW 1
Qref Reactive Power ref. 0 0

fe Filter cutoff freq. 2 Hz 0.04
Vo /Viase Grid voltage 311V 1
Wy Frequency 100m rad/s 1
Lg Grid inductance 2.31 mH 0.5
R, Grid resistance 0.29 Q 0.02
Le Filter inductance 4.62 mH 0.1
Cr Filter capacitance 32.88 uF 0.15
Rf Filter resistance 0.0726 mQ 0.005
Virtual Inertia 4 Sper/wo 4
p Damping gain 40 Sref /W, 40
q Q-V Droop gain 0.1 Vpase/Sref 0.1

a) R, =0.01p.u. and voltage sag to I; = 0.6 p.u.

When the VR isat 0.01 p.u., as shown in Fig. 10, with
the occurrence of the voltage sag to 0.6 p.u. of the
nominal grid voltage, the system remains stable. In as
much as the voltage sag affects the transferred power,
according to the definition of the Type 1 transient
scenario, both the conventional VSG and the proposed
method retain stability owing to the convergence of the
system to the existing equilibrium points in the angle
dynamics. Therefore, this scenario shows the ideal
situation in which the conventional method and the
proposed method have identical behaviour.

b) R, = 0.05 p.u. and voltage sag to I, = 0.6 p.u.

When R, is increased to 0.05 p.u., the conventional
method in Fig. 11(a) losses synchronism upon a voltage
sag to 0.6 p.u. owing to the effect of VR on the P,
characteristics. On the other hand, in Fig. 11(b), the
proposed method maintains synchronism with the
system which shows a damping effect that reduces the
angle overshoot and enhances the transient
synchronisation stability.

¢) R, =0.05p.u.and voltage sag to V; = 0.5 p.u.

In Fig. 12, the voltage sag is adjusted to 0.5 p.u. As
shown by the waveforms, the conventional method loses
synchronism almost immediately upon the occurrence of
the fault in Fig. 12(a), while the proposed method in
Fig. 12(b) has a considerable time lag before there is a
loss of synchronism. This reveals superior angle
dynamics of the proposed method compared to the
conventional VSG and is an indicator of increased
critical clearing angle. Therefore, the proposed method
is shown to outperform the conventional method by an
increased critical clearing time.

d) R, = 0.1p.u.and voltage sag to /; = 0.6 p. u.

When R, is increased from 0.05 p.u. to 0.1 p.u., the
dynamics of the conventional VSG are further
exacerbated as shown in Fig. 13(a) while the proposed
method flourishes, owing to the increased damping that
is associated with increased R,, as shown in Fig. 13(b).
Compared to Section 5b), the conventional method
loses synchronism in less time with R, = 0.1 p.u.
compared to R, = 0.05 p.u. On the other hand, the
proposed method remains much more stable, which is
congruent with the analysis of increased damping using
the proposed method.
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Fig. 10. The performance of the VSG with parameters R, = 0.01 p.u. and voltage sag to V; = 0.6 p.u.
The fault is set to occur at time = 2 seconds indicated by the dotted line. (a) Conventional VSG,
(b) proposed method.
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Fig. 11. The performance of the VSG with parameters R,, = 0.05 p.u. and voltage sag to V; = 0.6 p.u.

The fault is triggered for the conventional method at time = 2 seconds while for the proposed method at
time = 3 seconds. (a) Conventional VSG, (b) proposed method.
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Fig. 13. The performance of the VSG with parameters R, = 0.1 p.u. and voltage sag to I, = 0.6 p.u.
The fault is triggered at time = 2 seconds. (a) Conventional VSG, loss of synchronism is observed,

(b) proposed method. The system remains stable.

6 Conclusion

This article focuses on the use of VR in damping
oscillations in VSG. Using the concept of virtual point
of common coupling, it is shown that the use of VR
affects the angle stability of VSG in transient
synchronisation. A method based on virtual power feed-

back is proposed and shown to be equivalent to
a damping term which is a function of the VR and the
voltages of the PCC and the grid. Using the proposed
method, an enhanced transient performance of VSG is
achieved, with verification using simulations in
MATLAB/Simulink.
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