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Abstract: Unlike Synchronous Generators (SGs), Virtual Synchronous Generators (VSGs) inertia is not
fixed once it is manufactured and only has an upper limit defined by its energy storage components.
In this paper, a novel Enhanced Virtual Inertia Controller (EVIC) is proposed. The proposed controller
alters the VSG inertia coefficient between two limiting levels in response to a grid transient. The key
difference between the proposed controller and the variable inertia controller is that the proposed
EVIC causes a smooth transition in the inertia coefficient while the variable inertia controller causes a
discontinuous jump in it. The proposed EVIC guarantees an adaptive response to grid dynamics,
such that a negligible change occurs at small disturbances and a linear and smooth increase occurs at
moderate disturbances. For large disturbances, the proposed controller smoothly oscillates the inertia
between two saturation levels, which then quickly returns the converter to its steady-state operating
point with minimum oscillations. A qualitative study of the performance and stability margin of the
proposed controller was conducted using a large signal model (nonlinear model) of VSG connected
to a microgrid. The large signal model provided a complete description of the converter’s behaviour
under large disturbances, which is the area of interest of the proposed controller. It also contained the
small-signal dynamics (linear dynamic) within the vicinity of the equilibrium (steady-state) point.
Thus, a complete description of the proposed controller dynamics is conveyed to prove its validity
and adaptability.

Keywords: VSG; virtual inertia; alternation inertia; microgrid stability; large signal stability; nonlinear
controller

1. Introduction

The stability of a conventional power system is largely focused on the fundamental
characteristics of a Synchronous Generator (SG). By analyzing its output voltage, power
and frequency, a distinction can be made between, for instance, different levels of load
transients or faults. However, adding more distributed generators deteriorates the grid
stability [1,2]. Thus, a Virtual Synchronous Generator (VSG) is introduced to preserve such
characteristics while enabling the integration of a variety of renewable energy sources and
energy storage systems [3]. The fundamental concept behind VSG control is to add the
swing equation of the SG to the converter control loops to modify its output frequency
and power angle based on the deviation from a reference power. Thus, the converter can
emulate the characteristics of a droop-controlled SG [4–7]. The generic block diagram of
such a controller is shown in Figure 1, where the swing equation [8] (Equation (1)) on the
right-hand side is obtained by subtracting the converter’s real output power Pout from
the reference power Pin. The output is then divided by the inertia coefficient M and is
integrated to obtain the frequency deviation ω = ωi − ωr (where ωi is the converter’s
frequency and ωr is the rated/reference frequency). The resultant frequency deviation ω is
then multiplied by the damping coefficient D to provide negative feedback to damp output
power. The converter’s power angle is finally calculated by integrating the frequency
deviation ω.
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A new family of inertia controllers has been developed by taking advantage of such 
properties. These types of controllers were first introduced in [19] and are referred to as 
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Figure 1. Generic block diagram of the virtual inertia controller.

This approach not only maintains grid stability but can further improve it while
guaranteeing proportional load sharing in grid connection and islanding mode of op-
erations [9–17]. In ref. [14], modified virtual synchronous generator control for parallel
inverters is introduced. The design of virtual inertia in conjunction with the communication-
less control method is proposed to control the active and reactive powers within a small
microgrid (MG) accurately. However, the design is carried out based on a linearized
model, which has its stability proven under small-signal perturbations. It did not deal
with the issue of transient power oscillation or nonlinear region of stability under large
signal disturbances.

From a power–frequency point of view, the SG and VSG responses to different kinds
of disturbances are proportional to their inertia coefficients based on their swing equations.
That is, if the inertia coefficient is relatively low, the rate of change of frequency (RoCoF)
within a given MG is higher. On the positive side, it results in a fast response and shorter
settling times. Nonetheless, it leads to high frequency and power oscillations and a reduc-
tion in stability margins. A higher inertia coefficient results in a sluggish response, which
affects the power-sharing among different SGs and hurts the stability. It, however, reduces
the power and frequency oscillations to a low level [18]. Fortunately, unlike SGs, the VSGs’
inertia is not fixed once it is manufactured and only has an upper limit defined by its energy
storage components, such as the dc-link capacitor, ultra-capacitors, batteries, and super
inductors; this limits the controller to adjust the inertia coefficient in real time to improve
system response and is only bounded by its upper limit.

A new family of inertia controllers has been developed by taking advantage of such
properties. These types of controllers were first introduced in [19] and are referred to
as alternative inertia, variable inertia, or synthetic inertia. A generic block diagram is
shown in Figure 2, where the inertia coefficient is adjusted continuously or discontinuously
based on the transient energy in the grid, as shown in the swing equation (Equation (2)).
In [19,20], a variable inertia controller discontinuously varied the inertia coefficient using a
piece-wise function, in which the inertia coefficient had only two values (maximum and
minimum), which were assigned based on the sign of the rate of variation of the power
angle and RoCoF (positive or negative). Thus, for any given small variation in either
quantity, the inertia coefficient varied by a very large magnitude. Moreover, in the presence
of measurement noise, there is no way to know the value of inertia assigned to a given VSG
in the MG; this adds more ambiguity to the VSG parameters at any given operating point
(even at steady state) and adds complexity to any MG stability analysis.
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A fuzzy secondary controller (FSC) based virtual inertia was proposed in [13], which
utilized the variable inertia concept to improve both voltage and frequency regulation,
as well as the dynamic performance of VSG. A system of two parallel converters is used
to test the FSC against droop-controlled power converters. Similar work was carried out
in [12] but was based on artificial intelligence-based controllers. Although both techniques
achieved good results, they relied on complex to-design and to-tune controllers that require
a high-performance digital controller with significant computation time. Moreover, the
large signal transient and stability margins were not investigated in either technique.

This work proposes a new nonlinear controller that enhances system response and
increases stability. The proposed enhanced virtual inertia controller (EVIC) changes the
VSG inertia coefficient as a function of the transient energy (disturbance) introduced to
the system. It relies on a simple tunable nonlinear equation without any extra sensors,
complex algorithms, or prior knowledge of MG configuration or parameters. Thus, it can
further improve the grid stability margins and reduce power oscillations. Furthermore,
similar to [13,21], the proposed controller provides adaptive alternating inertial dynamics
in proportion to the applied disturbances, which is further explained in Section 3. The
contribution of this work can be summarized as follows:

• Proposing a new enhanced virtual inertia controller based on a simple nonlinear
function with easy-to-tune parameters. The proposed controller provides adaptive
behaviour, which makes it robust against uncertainty and measurement noise while
being able to dampen VSG output power and frequency oscillations quickly;

• Studying the converter’s large signal response and stability using a graphical approach
to demonstrate its positive impact on the grid region of stability;

• Successfully implementing the proposed controller and testing it against different
levels of disturbances.

The rest of this journal paper is arranged as follows: Section 2 provides a background
on the alternating inertia controller concept. The proposed EVIC and its design param-
eters are explained in Section 3, while its large signal response is dealt with in Section 4.
Simulation results are discussed in Section 5. And finally, conclusions are provided in
Section 6.

2. Concept of Alternating Inertia

The value of the virtual inertia in a given VSG is varied based on the rate of change of
its power angle dδ/dt and its acceleration d2δ/dt2. That is, if they are going in the same
direction, i.e., they have the same signs, this means the VSG is going in the right direction,
and its inertia is switched to a higher value to prevent oscillation. On the other hand, if
their signs are different, this means that the VSG is going in the wrong direction (away
from the steady-state point); hence, the inertia is switched to a lower value to shorten such
overshoot/undershoot periods. The block diagram of such a technique is shown in Figure 2.
It utilizes the same block diagram of the conventional virtual inertia controller shown in
Figure 1, but there is one major difference. That is, instead of dividing by constant inertia
coefficient M, it is divided by a discontinuous piece-wise function M

(
ω, dω

dt

)
, which has

two saturation levels: Mmin and Mmax. As will be explained shortly, this function alters the
converter’s inertia coefficient based on its accelerating/deaccelerating power based on its
two-feedback frequency deviation ω and RoCoF dω

dt . The rest of the block diagram remains
unchanged and operates in the same way.

This concept is further explained as follows: Suppose a VSG, in a single source VSG
microgrid, operates at the steady state power angle δs1, as shown in Figure 3. If the
load power increases, the steady-state power angle moves from δs1 to δs2 to satisfy the
load demand. The transient from δs1 to δs2 is oscillatory due to the existence of complex
eigenvalues. On the power curve, this means that the operating point moves from point a
to point b, which results in a positive rate of change of frequency (RoCoF) d2δ

dt2 , or in other
words, acceleration, while the rate of change in power angle is positive as well dδ

dt . Once it
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passes point b towards point c, the rate of change in frequency (RoCoF) becomes negative,
while the rate of change in power angle is still positive, which means deceleration. On the
other hand, the rate of change in power angle is still positive.
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The same behaviour is repeated in the opposite direction. That is, the system acceler-
ates once it starts to move back from point c to point b and decelerates after crossing point
b toward point a. This cycle is repeated until the VSG settles on the new operating point
b at the new power angle δs2. Such an oscillation is reflected mainly in the output power,
as the input power here is virtual. It also greatly impacts the stability of MGs, especially
the ones with multiple VSGs, as such oscillations can be amplified and result in loss of
synchronism [8].

It can be seen from the typical swing Equation (1) for the preceding scenario that the
acceleration direction is the desirable one, as it means that the inverter is moving toward the
steady-state point. While in deceleration, it moves away from it. Therefore, it is desirable
to shorten the deceleration periods and magnitude as much as possible in favour of the
acceleration ones.

M
d2δ

dt2 + D
dδ

dt
= (Pm − Pesin(δ)) (1)

To achieve such an objective, the inertia coefficient M is altered as a function of the
RoCoF and power angle. That is, during acceleration periods, the inertia is set to its normal
(maximum) value, giving the MG time to detect the RoCoF and adjust its parameters
(e.g., secondary and tertiary control parameters, protection relies on, etc.). During the
deceleration periods, the inertia M is set to a lower value, which reduces the magnitude
and the time constant of the VSG. It is worth mentioning that this is only possible in
VSG-controlled inverters, as their inertia is just a virtual quantity M with only an upper
limit tied to a physical quantity Mmax.

In the literature, the inertia coefficient M is alternated discontinuously between two
values: Mmax during acceleration and Mmin during deceleration. Equation (2) formulizes
this technique as follows [19,20,22–24]:

M(ω,
dω

dt
) =


Mmax

dδ

dt
× d2δ

dt2 > 0 (acceleration)

Mmin
dδ

dt
× d2δ

dt2 < 0 (deceleration)
(2)

Although this technique has proven to be effective, it suffers from some drawbacks
due to its discontinuous nature. The VSG inertia changes abruptly during a transition
between the two levels, no matter how small the disturbance is, which does not guarantee
system stability. In other words, for small disturbances, such as a small load change, the
VSG inertia alternates between the highest and lowest values (defined in Equation (2)),
which is the exact same response in the case of large disturbances. Moreover, during
steady-state operation, inertia chattering is noticed because of negligible variations in the
frequency and power angle or measurement noises.
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From a stability point of view, it is difficult to study or prove the stability of an MG
under alternative virtual inertia control. It is impossible to use linear analysis tools such as
Nyquist or root-locus, as they require linearization around one operating point, i.e., one in-
ertia value. Regardless, studying the system under the two values of inertia only shows the
stability range between these two values without providing any qualitative or quantitative
insights into system performance. More importantly, due to linearization, such linear analy-
sis does not guarantee an accurate stability estimate under large disturbances, i.e., far from
the linearized segment. Finally, such a study, assuming it is satisfactory, cannot be extended
to an MG formed with multiple VSGs, as there is no way to instantaneously correlate the
inertia coefficient of each VSG with respect to the others or the applied disturbance.

Although nonlinear analysis overcomes the limitations imposed by linearization,
studying a system with switching behaviour, such as jumping discontinuously between two
different states, requires special treatment and theories which cannot be easily generalized
or extended. It is worth mentioning here that Lyapunov and Lyapunov-like stability
analysis tools are limited to smooth and continuously differentiable systems [25].

It can be seen from the preceding discussion that a new control technique is needed
to overcome the drawbacks of the conventional alternating inertia technique without
compromising its appreciated merits.

3. Proposed Enhanced Virtual Inertia Controller (EVIC)

The proposed enhanced virtual inertia controller (EVIC) is based on an alternating
inertia technique, which is shown in Figure 2 and formulated in Equation (2). That is, the
inertia coefficient alternates between two levels in response to a grid transient. The key
difference is that the proposed EVIC causes a smooth transition in the inertia coefficient,
while an alternating inertia controller causes a discontinuous jump in it.

In the proposed controller, inertia Equation (2) is replaced by the proposed Equation (3)
as follows:

M(∆P, ω) = Mnom +
∆M

2
tanh(a∆Pω) (3)

where:
Mnom is the inertia nominal value at the steady state;
∆M is the difference between the minimum and maximum allowable variation in M,

i.e., ∆M = Mmax −Mmin;
a is the slope of inertia variation in the linear region;
∆P is the difference between the virtual input mechanical power and output electrical

power of a VSG;
ω is VSG frequency variation, which equals the rate of variation of VSG power angle

dδ/dt with respect to the reference frame.
An understanding of some of the properties of the hyperbolic function tanh(.) is

needed to understand the origin and behaviour of the proposed controller. Typical tanh(x)
curves are plotted in Figure 4. At small values of |x|, tanh(x) is almost a linear unity gain
over the domain |x| < 1. Beyond that, tanh(x) acts as an ideal saturation function with a
peak range of one |tanh(x)| = 1∀|x| ≥ 1. It is obvious then that tanh(x) provides a smooth
transition between its linear region and saturation and conveniently between its upper and
lower saturation limits. Moreover, the linear gain region can be adjusted with the coefficient
a [tanh (a x)] to be sharper or more relaxed, as shown in Equation (4). Saturation levels
can also be scaled with the coefficient b [btanh(a x) ]. Finally, a bias level c can be added to
maintain the variation within the positive domain. Thus, based on these parameters, the
function is rewritten as follows:

z(x) = c + btanh(a x) (4)
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The proposed EVIC benefits from these properties in controlling the inertia coefficient
in a VSG. In fact, Equation (4) is identical to the controller Equation (3).

z(x) = M(∆P, ω) (5)

where the bias level is inertia nominal value c = Mnom.
The saturation levels are the minimum and maximum variations in inertia and are

expressed as:

b =
∆M

2
= (M max −Mmin)/2 (6)

The slope of the inertia varies in the linear region a, which is set based on the de-
sign preference.

Finally, x is the product of the power mismatch and frequency deviation x = ∆Pω. The
proposed EVIC controller is shown in Figure 5 and can be explained as follows. In a steady
state, both virtual input power and electrical output power are equal; hence, ∆P = 0 p.u.
Also, VSG is expected to follow its reference frequency with an appropriate constant power
angle δ; hence, ω = 0 p.u. Therefore, EVIC Equation (3) becomes (8), and the converter’s
inertia equals to its nominal value Mnom as follows:

M(∆P, ω) = Mnom +
∆M

2
tanh(0) (7)
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M(∆P, ω) = Mnom (8)
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During a transient state, for example, in the case of a load transient, a mismatch
between the virtual mechanical input power and the output electrical power occurs, which
causes a positive (acceleration) or negative (deceleration) RoCoF

(
d2δ
dt2 α ∆P

)
, and a devi-

ation from the reference frequency ω = ωi − ωr. Therefore, the inputs of the hyperbola
function tanh(·) are no longer zero, and, hence, the converter’s inertia varies accordingly,
based on Equation (3). However, unlike alternating inertia controller, the variation in inertia
does not pulsate between two saturation levels Mmax and Mmin despite the magnitude of
the transient or disturbance.

The variation in inertia caused by the proposed EVIC is proportional to the magnitude
of applied disturbance (e.g., load transient) and how far the VSG converter is from its equi-
librium point (operating point at steady state). That is, for a given slope a in Equation (3),
for a small load transient, the product of ∆P and ω is small, and, hence, the change in VSG
inertia M(∆P, ω) is minimal and can be negligible M(∆P, ω) ∼= Mnom; this is very useful in
a linear study and analysis, where the variation in the converter’s states must be practically
small. In other words, under linearization, the proposed EVIC can be treated essentially as
constant inertia without any practical mismatch between the actual implementation and
the linearized model. Such an assumption would not be true in a conventional alternating
inertia controller. Moreover, for higher disturbance magnitudes, the proposed EVIC linearly
changes the converter’s inertia by virtue of its linear region, as explained earlier and shown
in Figure 6.
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During a disturbance, such as a load transient, the VSG controller is slowly adjusted
till its virtual mechanical input power matches its electrical output power based on its
droop gain kp. This results in a gradual reduction in ∆P and ω. In response, EVIC gradually
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varies VSG inertia in the same manner towards its nominal value, forcing the converter to
its steady state.

Thus, the proposed EVIC guarantees adaptive behaviours as follows:

• For small disturbances (small ∆P and ω), the controller’s gain is very small and can
be negligible, which eases the linear treatment of the VSG and the microgrid it is
connected to;

• For average disturbances, the controller’s gain increases linearly with slope a, which
varies VSG inertia smoothly around its nominal value between a lower value and a
high value (not the maximum and minimum), which quickly damps out the oscillation
in power and frequency caused by the disturbance;

• For large disturbances (large signal transient), EVIC oscillates the inertia between
its saturation values (Mmax and Mmin) causing the converter to quickly return to its
steady-state operating point with minimum oscillation in its power and frequency.
Moreover, as will be shown next, the closer the converter is to its steady-state operating
point, the lower the magnitude of the oscillation in its inertia.

4. Large Signal Dynamics of EVIC

A qualitative study of the performance and stability margin of the proposed controller
was conducted using a large signal model (nonlinear model) of VSG connected to an MG,
as shown in Figure 7. As opposed to a small-signal model (linearized model), the large
signal model provides a complete description of a converter’s behaviour under large signal
disturbances, which is the area of interest of the proposed controller. It also contains the
small-signal dynamics (linear dynamic) within the vicinity of the equilibrium (steady-
state) point. Thus, by studying large signal dynamics, a complete description of proposed
controller dynamics is conveyed to prove its validity and adaptability.
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The large signal model (without EVIC) of a microgrid is shown in Figure 1:

.
δ = ω

.
ω =

1
M

(Pm − PeSin(δ)− Dω) (9)

where:
δ is VSG’s power angle in rad with respect to the grid power angle;
ω is VSG’s frequency deviation from the grid power angle ωg;
Pm is VSG’s virtual mechanical input power;
Pe is VSG’s rated electrical output power;
D is VSG’s damping coefficient;
M is VSG’s inertia coefficient.
Based on Equation (3), the EVIC-controlled VSG large signal model is as follows:

.
δ = ω

.
ω =

1
Mnom + ∆M

2 tanh(a∆Pω)
(Pm − PeSin(δ)− Dω) (10)
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Large signal dynamics of both models formulated in Equations (9) and (10) are vi-
sualized by plotting their

.
δ − .

ω vector field in Figure 8 using the parameters in Table 1.
Several integral solutions are plotted starting from different initial points by following the
succession vectors field in positive time (t > 0). Each curve in Figure 8 shows how the
power angle and frequency of VSG change with respect to each other and move either
toward the stable equilibrium point or away from it.
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Figure 8. Vector field and integral solution of VSG converter. The black curves are for the conventional
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Table 1. VSG parameters.

Parameter Value

Virtual input reference power Pm 0.6 p.u.
Base power S 3.125 MVA
Power angle at steady state δ 0.203 rad
Grid power angle δg 0 rad
Line impedance xg 0.43 p.u.
Grid line voltage vg 2.4 kV
Active power droop coefficient Kp 0.03
Reactive power droop coefficient Kq 0.03
Damping constant D 1 p.u.
Inertial constant Mnom normalized 10 s
Inertial constant Mmin normalized 5 s
Inertial constant Mmax normalized 15 s

The black curves in Figure 8 correspond to a VSG with a conventional virtual inertia
controller, while the orange curves are for the proposed EVIC. It is worth mentioning
that conventional alternating inertia control, represented by Equation (2), is not easy to
represent due to its discontinuous nature. Hence, this shows the advantage of the proposed
controller in terms of ease of applying all nonlinear analysis tools with no special treatment,
compared with conventional alternating inertia.

The converter’s behaviour, starting from three different initial conditions, is discussed
to demonstrate the advantages of the proposed EVIC over a conventional inertia controller.
It is assumed that the VSG converter is subjected to a disturbance that causes it to move
away from its equilibrium point to one of these initial conditions. Thus, the following
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discussion is related to the converter’s recovery from each one of those initial conditions
back to its equilibrium point.

The first case is when the converter starts from an initial point far away from the
equilibrium point, but it eventually leads to it using both types of controllers. An example
of such a case is the initial point (δ = 1 rad, ω = 1 rad/s). The converter’s trajectories
using the proposed EVIC (in red) and conventional inertia controller (in blue) are plotted
on a zoomed area of Figures 8 and 9.
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Starting from the same point, the trajectory of a conventional inertia controller (blue
in Figure 9) takes a longer path to reach the VSG’s equilibrium point, which means it has a
longer settling time. Moreover, it has more spiral rotations before reaching the equilibrium
point, which translates into more oscillations in the converter’s frequency deviation and
power angle and, thus, more power oscillations and an increase in losses. On the other
hand, the proposed EVIC takes a much shorter path toward the equilibrium point with
fewer spiral rotations and, hence, much fewer oscillations; this proves the advantage of the
proposed EVIC in bringing the converter very quickly to steady-state after being subjected
to a large disturbance or load transient, with minimal oscillation and losses. This is due
to its property of smoothly alternating its inertia, based on the profile shown in Figure 6,
between its saturation levels away from the equilibrium point and linearly when it is closer
to it.

The resultant variation in inertia is shown in Figure 10 for the same aforementioned
test conditions. It clearly shows the expected behaviour of the proposed controller. At
the start, the VSG converter was far from its equilibrium point; thus, EVIC started with
the minimum value of the inertia in Table 1 to quickly bring the converter back to its
equilibrium point (acceleration). The closer the converter is to its equilibrium point (shown
by its trajectory), the higher its inertia (decelerations) until it reaches its maximum value,
as stated in Table 1; this is performed for a few cycles and depends on the severity of the
applied disturbances. However, it is still much better than using a conventional inertia
controller. At a steady state, the transient amplitude decayed to very low values close to
the equilibrium point. Thus, the proposed controller changes the inertia to be almost equal
to its nominal value or equal to it at a steady state. Another advantage is that converter
inertia is known at any time and instant and can be easily calculated and simulated, unlike
the conventional alternating inertia methods, where there is uncertainty and ambiguity
in its exact value due to constant variation of virtual inertia, even at a steady state. The
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same qualitative results can be observed by choosing any initial point far away from the
equilibrium point and following the system’s vector field or the set of integral solutions, as
shown in Figure 9.
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Figure 10. Alternating inertia profile of the proposed EVIC in the first case.

In the second case, the VSG converter starts from an initial point within the unstable
region of the conventional inertia controller (δ = 1.4 rad, ω = 60 rad/s). As expected,
its trajectory in Figure 11 (shown in blue) does not return to its designated equilibrium
point. It follows the vector field and closest integral solutions and moves away from the
stable region affected by the unstable eigenvector of the saddle point. In other words, the
converter’s power angle moves to the unstable quadrant of the swing equation curve. By
contrast, the proposed EVIC can bring the trajectory back to the designated equilibrium
point, as shown in Figure 8 (shown in red). EVIC inertia profile, shown in Figure 12, is like
the one discussed in the first case above.
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Figure 12. Alternating inertia profile of the proposed EVIC in the second case.

The initial conditions in this case are closer to the first case, and the system exhibits
similar dynamics as observed by integral solutions (shown in orange lines). The only differ-
ence is a slight increase in the upper transient inertia value, which is within the controller
design. This test shows that the proposed EVIC helps reduce oscillation, power loss, and
settling time. It also increases the converter’s stability region (area of attraction) beyond
conventional inertia controllers while maintaining the desired inertial characteristics.

In the third case, the initial point is chosen to be close to the equilibrium point
(δ = 0.84 rad, ω = 1 rad/s). As can be seen from the corresponding trajectories (Figure 13)
within the vicinity of the equilibrium point, both the proposed EVIC and the conventional
inertia controller act almost identically; this demonstrates the advantage of the proposed
controller (EVIC) as it does not affect the converter’s linear behaviour (i.e., eigenvalues
and eigenvectors). This is better shown with the help of Figure 14, which shows a small
variation around the nominal inertia coefficient value Mnom (stated in Table 1). Hence,
it can be assumed to be constant in linearization; this means that all linearized models,
analyses, and results are valid under the proposed controller, saving time and effort that
would have to be used to build other linear models and study their stability boundaries.
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Figure 14. Alternating inertia profile of the proposed EVIC in the third case.

Such behaviour shown in these three cases combined (and summarized in Figure 15) is
unique to the proposed controller (EVIC) compared with other types of inertial controllers,
such as conventional inertia, alternative discontinuous inertia, and droop control-based
inertia emulators. Moreover, the proposed controller does not require any additional
measurements, sensors, complicated adaptive algorithms or artificial intelligence [21]. On
the contrary, it is easy to implement and does not add any complexity to linear analysis
and control while adding more robustness to VSG converters and widening their regions
of stability.
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Figure 15. Summary of VSG dynamics in all cases. (a) VSG trajectories and dynamics in the first
case. The initial point is (δ = 1 rad, ω = 50 rad/s). The conventional inertia controller trajectory
is in blue, and the proposed EVIC is in red. (b) Alternating inertia profile of the proposed EVIC in
the first case. (c) VSG trajectories and dynamics in the second case. The initial point is (δ = 1.4 rad,
ω = 60 rad/s). The conventional inertia controller trajectory is in blue, and the proposed EVIC is in
red. (d) Alternating inertia profile of the proposed EVIC in the second case. (e) VSG trajectories and
dynamics in the third case. The initial point is (δ = 0.84 rad, ω = 1 rad/s). The conventional inertia
controller trajectory is in blue, and the proposed EVIC is in red. (f) Alternating inertia profile of the
proposed EVIC in the third case.

5. Results

A simulation of the proposed controller was conducted to verify its performance using
the Matlab/Simulink model. A VSG was connected to an infinite bus using a transformer
and a double-circuit transmission line, as shown in Figure 16. The per unit voltage of the
infinite bus was set to 1 p.u., while the terminal per unit voltage of the VSG was set to
1.05 p.u. The per unit reactance of the converter’s output filter was j0.2 p.u., the transformer
reactance was j0.1 p.u., and the reactance of each transmission line was j0.4 p.u. The VSG
inertia coefficient was M = 10

377 . The VSG reference power was 0.8 p.u. The base voltage
was 13.8 kV, and the base power was 100 MVA. The single-line diagram of the system is
shown in Figure 17, and the parameters are listed in Table 2.
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Table 2. VSG simulation parameters.

Parameter Value

Virtual input reference power Pm 0.8 p.u.
Base power S 100 MVA
Grid line voltage vg 13.8 kV
Power angle at steady state δ 0.3908 rad
Grid power angle δg 0 rad
Total Line impedance j0.5 p.u.
Infinite bus voltage vg 1 p.u.
VSG voltage vg 1.05 p.u.
Damping constant D 0.1
Inertial constant Mnom normalized 5 s
Inertial constant Mmin normalized 2.5 s
Inertial constant Mmax normalized 7.5 s

The system model under a conventional virtual inertia controller is given by:

.
δ = ω

.
ω =

377
10

(0.8− 2.10 Sin(δ)− 0.1ω) (11)

Also, the system model under EVIC and the system model is given by:

.
δ = ω

.
ω =

377
10 + 5 tanh(100 ∆P ω)

(0.8− 2.10 Sin(δ)− 0.1ω) (12)

The adaptive performance of the proposed controller was evaluated here using the
three cases mentioned in the previous section. In every case, the exact network was
simulated twice, once with the conventional inertia controller and the other with the
proposed EVIC controller, while keeping all other parameters unchanged.

In the first case, the converter was connected to the infinite bus, and its reference power
was set to 0.8 p.u. The initial power angle was δo = 0 rad, and the frequency deviation
from infinite bus frequency was ωo = 10 rad/s; this demonstrates the case where the VSG
is subjected to a large load disturbance. The results shown in Figure 18 prove the validity
and superiority of the proposed controller. Compared with the conventional controller, the
overshoot/undershoot of the power angle was reduced by 30%, while the oscillation and
transient time were reduced by more than 50% from 2.5 s using a conventional controller
to 1 s using the proposed EVIC, as shown in Figure 18a. Similarly, both oscillation and
transient time in frequency deviation of the VSG were reduced by 50%, as shown in
Figure 18b; this is translated as a reduction in the oscillation of the VSG output power, as
shown in Figure 18c. The proposed controller was not only effective in quickly damping
the oscillation and shortening the transient time of the VSG but also was able to do so with
a significant reduction in the amplitude of the overshoot/undershoot of the output power.
In other words, the proposed controller was able to combine the merits of the low inertia
systems, which have short transient time, and the high inertia systems, which have lower



Energies 2023, 16, 7304 16 of 20

oscillation amplitude. The frequency–power angle trajectories and the resultant variation
in the VSG inertia coefficient are shown in Figures 18d and 18e, respectively, which agree
with the theoretical and mathematical model derived in the previous sections.
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Figure 18. VSG converter performance under large disturbance, case I (orange is conventional inertia
controller and blue is EVIC); (a) VSG power angle vs. time; (b) VSG frequency deviation vs. time;
(c) VSG output power; (d) VSG power angle–frequency trajectory; and (e) VSG inertia coefficient.

The second case is considered to demonstrate the advantage of the proposed controller
in increasing the VSG stability range in comparison with the conventional controllers. In
this case, the initial power angle was set to δo = 0 rad, and the frequency deviation from
the infinite bus frequency was set to ωo = 15 rad/s. The results are shown in Figure 19.
The conventional inertia controller was not able to bring the VSG back to stability, as clearly
shown in its power angle and frequency, Figures 19a and 19b, respectively. On the other
hand, the proposed controller, under the same conditions, was able to bring the VSG back
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to its steady-state operating point δo without compromising either power oscillation or
the transient time. The resultant output power in both cases is shown in Figure 19c. The
frequency–power angle trajectories and the resultant variation in the VSG inertia coefficient
are shown in Figures 19d and 19e, respectively. It is worth mentioning that for the proposed
EVIC controller to maintain system stability, it had to aggressively change the inertial
coefficient for a longer time between its maximum and minimum values before entering its
linear region, as shown in Figure 19e.
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Figure 19. VSG converter performance under large disturbance, case II (orange is conventional inertia
controller and blue is EVIC); (a) VSG power angle vs. time; (b) VSG frequency deviation vs. time;
(c) VSG output power; (d) VSG power angle–frequency trajectory; and (e) VSG inertia coefficient.

Finally, the third case is when the VSG was subjected to a small load disturbance.
Here, the power reference was increased by 1% from its original value of 0.8 p.u. The
initial power angle was set at δo = 0.3908 rad, and the frequency deviation from infinite
bus frequency was set at ωo = 0 rad/s. The results shown in Figure 20a–e show that both
the conventional inertia controller and the proposed controller perform identically when
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being subjected to small amplitude disturbances. As discussed, this is an advantage of the
proposed controller. That is, from a small signal point of view, the proposed controller has
a well-defined inertia as opposed to other alternating inertia controller. Figure 20e shows a
very small variation around the nominal inertia coefficient value, which is identical to its
value in the conventional controller. Hence, it can be assumed constant in linearization;
this means that all linearized models, analyses, and results are valid under the proposed
controller, which saves time and effort that would have to be used to build other linear
models and study their stability boundaries and so on.
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Figure 20. VSG converter performance under small disturbance, case III (orange is conventional
inertia controller and blue is EVIC); (a) VSG power angle vs. time; (b) VSG frequency deviation vs.
time; (c) VSG output power; (d) VSG power angle–frequency trajectory; and (e) VSG inertia coefficient.
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6. Conclusions

A novel enhanced virtual inertia-controlled EVIC is proposed to increase MG stability.
It adopts the alternating inertia control technique, which changes the converter’s inertia
between two levels to quickly damp frequency and power oscillations. The proposed EVIC
improves on that concept by adding three different modes of inertia alternation. The first
mode is equal to the converter nominal inertia defined by the desired system response to
small disturbances. The second mode linearly varies the inertia coefficient of a given VSG
in proportion to the amount of applied large disturbances. The third mode provides a hard
switching between two levels of inertia to quickly bring the system closer to its stability
point when VSG is subjected to very large disturbances. Moreover, the proposed control
is implemented using a smooth continuous function, unlike other techniques which use
discontinuous functions or complicated artificial intelligence algorithms; this is important
when a system nonlinear stability study is performed. The results show the validity of the
proposed controller in not only improving system dynamic responses but also increasing
the MG’s overall area of attraction and, hence, its stability boundaries. The results also
showed that when the VSG is subjected to large disturbance, it was able to combine the
merits of the low inertia systems, which have short transient time, and the high inertia
systems, which have lower power and frequency oscillation amplitude. Moreover, the
simulation results showed that the proposed controller improves the MG stability margin
in terms of the system’s region of attraction. Finally, the proposed controller model is valid
under linearization, which facilitates the study of its stability using linear techniques.
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