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Abstract

The widespread integration of renewable energy sources (RESs) into the grid through
inertia-less power converters is reducing the overall system inertia leading to large fre-
quency variations. To mitigate this issue, grid-forming (GFM) control strategies in bidirec-
tional battery chargers have emerged as a promising solution, since the inertial response
of synchronous generators (SGs) can be emulated by power converters. However, unlike
SGs, which can withstand currents above their rated values, the output current of a power
converter is limited to its nominal design value. Therefore, the estimation of the power
delivered by the GFM power converter during frequency events, called Virtual Inertia (VI)
support, is essential to prevent exceeding the rated current. This article analyzes the VI
response of GFM power converters, classifying the dynamic behavior as underdamped,
critically damped, or overdamped according to the selected inertia constant and damping
coefficient, parameters of the GFM control strategy. Subsequently, the transient power
response under step-shaped and ramp-shaped frequency deviations is quantified. The pro-
posed analysis is validated using a 1.2 KW single-phase power converter. The simulation
and experimental results confirm that the overdamped response under a ramp-shaped
frequency event shows higher fidelity to the theorical model.

Keywords: grid forming (GFM); virtual synchronous machine (VSM); virtual inertia (VI);
step-shaped frequency deviation; ramp-shaped frequency deviation

1. Introduction
The integration of RESs into power systems has significantly increased over the

last decades, leading to a reduction in global grid inertia [1]. Conventional SGs inher-
ently provide rotational inertia that helps to mitigate frequency deviations during power
disturbances. In contrast, RESs are typically connected to the grid through inertia-less
Grid-Following (GFL) power converters, which behave as controlled current source and
rely on a phase-locked loop (PLL) to continuously synchronize with the grid voltage. How-
ever, the main limitations of GFL power converters are the unstable behavior in front of
weak grids and the incapability of working in islanding conditions [2]. Therefore, future
power systems with a high rate of RESs poses new challenges for frequency stability and
highlights the importance of developing advanced control techniques to emulate inertia in
static converters [3].
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The implementation of inertia support in power electronic converters, typically called
Virtual Inertia (VI), has been widely investigated in the literature [3–5]. The main approach
adopted by the researchers is to replicate the inertial response of synchronous machines im-
plementing the swing equation in the control strategy of the power electronics converter [6].
In this approach the converter is modeled as a controlled AC voltage source which is typi-
cally called Grid-Forming (GFM) control strategy [6,7]. Therefore, GFM power converters
have gained considerable attention in recent years since they can create their own voltage
waveforms, enabling operation in both grid-connected and islanded modes [7].

A second approach to implement VI support in power converters is using GFL control
strategies. In this approach the VI support is implemented by means of increasing the
DC-Link capacitance and controlling the DC-Link voltage according to the frequency
variation [8,9]. However, this approach maintains the limitations of having unstable
behavior in front of weak grids and the incapability of working in islanding conditions [10].

On the other hand, since VI support implies the supply or absorption of energy
during frequency deviations, the integration of storage elements through power converters
implementing GFM or GLF control strategies becomes a key aspect in future power systems
with a high penetration of RESs [2]. Therefore, the implementation of VI support using
storage elements such as DC-Link capacitor banks [8,9], supercapacitor banks [11,12],
batteries [13,14], fuel cells [15], flywheels [16], among others [3], have been widely discussed
in the literature.

Since the dynamic response of the storage elements can be different, the use of hybrid
element storage systems (HESSs) that combine a fast dynamic response of the power and
a high energy capacity to implement VI support and long-term frequency-droop support
has also been proposed in the bibliography [17–19]. Between these approaches, the use of
lithium batteries along with supercapacitors has high potential to implement full frequency
support [3].

In this context, the increasing deployment of bidirectional electric vehicle chargers
(BEVCs) presents high potential to provide frequency support in distribution grids [20–32].
Accordingly, VI functionalities have been proposed for ultrafast DC chargers [26,27], three-
phase off-board charger [28], single-phase BEVCs [29–32] and for wireless EV chargers [33].

Since most BEVCs deployed in residential applications operate in single-phase con-
figurations [24], the study in [25] analyzed the frequency response in an IEEE 33-bus
radial distribution network, by grouping single-phase BEVCs in distributed three-phase
configurations. The results demonstrated that, with a high penetration of available EVs,
frequency response can be significantly enhanced in low-inertia systems. However, this
study does not analyze the control strategies to implement VI support. A complementary
study focused on GFM control strategies to implement VI support in an isolated two-stage
AC-DC converter, intended for single-phase BEVCs, has been proposed in [32].

Therefore, the reviewed state of the art reveals a large number of studies focused on
the implementation of VI support in power converters, particularly using GFM control
strategies. However, the quantification of the transient power response for GFM VI support
in power converters has not been sufficiently studied. Indeed, unlike a synchronous
generator which can supply currents of up to 9 times their nominal value during frequency
events [34], the supplied current by a power converter integrating VI support capability
must strictly consider its power limits to prevent critical damage [35,36]. In fact, the existing
GFM VI studies are focused only on designing control parameters, and not on quantifying
the transient power response for GFM VI support.

The design of a power converter considering transient power response for VI support
in a three-phase off-board BEVC was introduced in [28]. The study proposed a GFL control
strategy and the use of a HESS, combining a DC-link capacitor bank and EV battery,
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where the VI is supplied by regulating the DC-link voltage according to the grid frequency
variation [11,12]. To limit the transient power response for VI support, the DC-Link
capacitor bank is sized according to the maximum transient power allowed for a maximum
permissible Rate of Change in Frequency (RoCoF). Therefore, the converter is designed for
nominal power considering the maximum transient power for VI support. According to
reviewed state of the art, there is not a similar study for a GFM control approach focused
on VI support.

This article addresses this research gap by evaluating the transient power response
of GFM-based VI support, particularly for power converters intended for single-phase
BEVCs and grid-connected Bidirectional Battery Chargers (BBCs) designed for stationary
batteries installed in residential buildings [17], as shown in Figure 1. The combination of
both systems can be a good alternative to supply VI support in case a few EVs are connected
to the grid. Accordingly, the main contribution of this article is the quantification analysis
of the transient power response to implement GFM VI support in an isolated bidirectional
two-stage AC-DC converter intended for BBCs.

 
(a) (b) 

Figure 1. Three-phase configuration of: (a) Single-phase BEVCs, (b) single-phase BBCs for
stationary batteries.

For this analysis two frequency events were considered: step-shaped and ramp-
shaped variations. Different inertia constant and damping factor values were evaluated to
quantify the transient power response. Analytical expressions were derived to estimate the
transient response parameters in active power under frequency disturbances. The proposed
methodology can be useful to design specific converters implementing VI support.

The remainder of this paper is organized as follows: Section 2 details the analyzed
GFM control strategy, which enables VI as well frequency and voltage droop support.
Section 3 describes the design and implementation of a 1.2 kW reduced-scale prototype.
Section 4 presents the analytic analysis for a step-shaped frequency event. Section 5
presents the analytic analysis for a ramp-shaped frequency event. Sections 6 and 7 present
simulation and experimental results, respectively. Section 8 compares the proposed analysis
with existing techniques. Finally, Section 9 concludes the paper.

2. GFM Converter Control Strategy Implemented on a Single-Phase
Isolated Bidirectional Battery Charger

The proposed converter topology consists of a dual active bridge series-resonant
(DABSR) converter in the DC-DC stage, cascaded with a voltage source inverter (VSI) with
an LCL filter in the DC-AC stage. The proposed control scheme consists of six control loops
as illustrated in Figure 2. AC current control, active power control (APC), reactive power
control (RPC), frequency droop control and voltage droop control are implemented in the
DC-AC stage, whereas DC-link voltage control is implemented in the DC-DC stage.
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Figure 2. Control diagram of GMF converter.

2.1. Synchronous Generator

The rotational dynamics of conventional SGs are governed by the swing equation [2],
which can be expressed in per unit (p.u.) form as shown in (1). This equation includes the
inertia constant H, defined in (2), which determines the RoCoF and the frequency Nadir [5]
during frequency events.

2H
dωpu

dt
= Pmpu − Pepu (1)

H =
1
2

Jω2
o

Sb
(2)

where Pmpu and Pepu denote the mechanical (input) and electrical (output) powers emulated
by a VSM, respectively, both expressed in p.u. Similarly, ωo and Sb represent the rated
angular frequency (rad/s) and nominal power of the VSM (VA) of the VSM.

2.2. Power Transferred Between Two Sources

The GFM converter is modeled as an AC voltage source Vm∠θm connected to the point
of common coupling (PCC) through an impedance Xeq, which represents the equivalent
impedance of the LCL filter and VSM output [30–32]. The AC grid is modeled as an ideal
AC voltage source Vg∠θg with a series impedance Xg. The total impedance between Vm∠θm

and Vg∠θg is denoted by X, as shown in Figure 3.

m mV θ∠g gV θ∠

gX eqX

X

Figure 3. Simplified model of a VSM connected to the grid.
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The active power P and reactive power P between the two sources—Vm∠θm and
Vg∠θg—are derived from the equivalent circuit shown in Figure 3 and are expressed in
(3) and (4), respectively.

P =
1
X

VmVgsin
(
θm − θg

)
(3)

Q =
1
X

Vm
(
Vm − Vgcos

(
θm − θg

))
(4)

Under the assumption of small difference between θm and θg, P and Q can be ap-
proximated by (5) and (6), respectively. This approximation indicates that P is primarily
governed by the phase angle difference between the two AC sources, while Q is mainly
determined by the difference in their voltage amplitudes.

P ≈ 1
X

VmVg
(
θm − θg

)
(5)

Q ≈ 1
X

Vm
(
Vm − Vg

)
(6)

3. System Design
3.1. Band Pass Filter (BPF) and SOGI-PLL

The voltage and current signals are filtered using a BPF, which is essential to mitigate
measurement errors such as DC offset insertion and to attenuate grid harmonics. The BPF
is implemented using a Second Order Generalized Integrator (SOGI), where the in-phase
signal serves as the filtered output. The grid frequency is estimated through a SOGI based
phase-locked loop (PLL), in which the quadrature signals (αβ), determined in (7) and (8),
are transformed into synchronous reference frame signals (dq).

vα

v
=

ksωos
s2 + ksωos + ω2

o
(7)

vβ

v
=

ksω2
o

s2 + ksωos + ω2
o

(8)

where ωo denotes the nominal angular frequency and ks represents the damping coefficient.
Furthermore, the PQ block shown in Figure 2 computes the active and reactive power,
as expressed in (9) and (10), respectively, using the α and β components of voltage and
current measured at the PCC.

P = vαiα + vβiβ (9)

Q = vβiα − vαiβ (10)

3.2. Active Power Control (APC)

The closed-loop control for active power is derived from (1) and (5). A damping factor
kp is introduced to ensure a non-oscillatory second-order transfer function [7]. The resulting
transfer function in p.u., shown in (11), is a dual-input system in which P∗ denotes the
power reference, while variations in θg are treated as a disturbance.

P =
ωoKt
2H

s2 + ωoKtkps + ωoKt
2H

P∗ − Kts2

s2 + ωoKtkps + ωoKt
2H

θg (11)
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where Kt is the inverse of the equivalent reactance X. For controller parameters design,
only the main loop shown in (12) is considered.

Gplc(s) =
P(s)
P∗(s)

=
ωoKt
2H

s2 + ωoKtkps + ωoKt
2H

(12)

Gpcl(s) is compared with a generalized-second order transfer function characterized
by the natural frequency ωn and damping factor ξ, which are determined using (13) and
(14), respectively.

ωn =

√
ωoKt

2H
(13)

ξ = kp

√
ωoKtH

2
(14)

3.3. Reactive Power Control (RPC)

To obtain the model, Q is linearized around the operating point (Qo = 0, Vmo = 1,
Vgo = 1) using partial derivates, as shown in (15). Consequently, by substituting Q
from (6) into (15), and considering Vg as a disturbance signal, the reactive power model is
derived, considering the reactance Xt in series with a series resistance Rt, as shown in (16).

Q − Qo ≈
∂Q
∂Vm

|o(Vm − Vmo) +
∂Q
∂Vg

|o
(
Vg − Vgo

)
(15)

Q(s)
Vm(s)

=
1

Xt
ωo

s + Rt
(16)

An integral controller, with gain denoted by kiq, is employed to achieve a second-
order closed-loop transfer function. The integral gain is designed according to the desired
bandwidth [32] of the RPC loop.

3.4. Droop Control

The frequency deviations must be compensated through active power adjustments.
When the grid frequency decreases, the converter increases the active power injection and
vice versa. The active power-frequency droop gain is calculated by relating the maximum
frequency deviation to the maximum active power delivered, as expressed in (17).

kω = Pmax/∆ωmax (17)

Similarly, voltage amplitude deviations must be compensated by reactive power.
When the amplitude decreases, the reactive power supplied by the converter increases and
vice versa. The reactive power-voltage droop gain is determined by relating the maximum
voltage deviations to the maximum reactive power delivered, as expressed in (18).

kV = Qmax/∆Vmax (18)

3.5. AC Current Control

A PR controller is adopted for AC current regulation due to its high gain at the resonant
frequency. In this control loop, the AC current controller is designed for nominal operating
conditions and the LCL filter is used as a transfer function that relates the generated voltage
vc and the grid current ig as shown in (19).

Gi(s) =
Vdc(sRdCo + 1)

s3LcLgCo + s2RdCo(Lc + Lo) + s
(

Lc + Lg
) (19)
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The inner control loop (current) must operate significantly faster than the outer con-
trol loop (active and reactive power). The PR controller, given in (20), is separated into
proportional and resonant components.

Gci(s) = kpi

s2 +
(

kr
kpi

+ 1
)

Bhs + ω2
o

s2 + Bhs + ω2
o

(20)

The proportional gain kpi is designed according to the desired bandwidth BWi of
this control loop and is calculated using (21). In open loop operation, BWi approximately
corresponds to the cut frequency ωc.

kpi =
1

|Gi(jωc)|
(21)

To ensure a high gain at the fundamental frequency ωo, the resonant gain kr must be
considerably higher than kpi according to (20). For this reason, the next consideration is
established: kr > 1000kpi. To avoid the influence of the resonant component near to ωc the
controller bandwidth Bh must be narrow, typically 0.1% of ωo.

3.6. DC-Link Voltage Control

In GFM control strategy, the DC-link voltage is regulated within the DC-DC stage.
This is modeled as a controlled current source, whereas the DC-AC stage is represented as a
resistive load corresponding to the nominal DC bus power, denoted by Rdc. Consequently,
the DC bus dynamics can be approximated by an RC circuit as shown in (22).

Vdc(s)
I2(s)

=
Rdc

sCdcRdc + 1
(22)

Here, I2 denotes the controlled current, calculated as the average of high-frequency
rectified current from the DABSR converter, I2 =< ih f >. A PI controller is proposed to im-
plement the pole-zero cancelation strategy. Consequently, the closed-loop transfer function
is reduced to a first-order system with a bandwidth denoted by BWv. The proportional and
integral gains are determined according to (23) and (24), respectively.

kpv = BWvCdc (23)

kiv = BWv/Rdc (24)

The converter parameters and sized components are summarized in Table 1.

Table 1. Converter parameters.

Parameter Variable Value

Rated active power Po 1200 W
Grid voltage Vg 220 V, 60 Hz

DC-link voltage Vdc 400 V
Battery voltage Vb 400 V

DABSR switching
frequency fsDAB 120 kHz

VSI switching frequency fsVSI 30 kHz
LCL filter L1, L2, Co, Rd 1.2 mH, 0.4 mH, 4.7 µF, 8.2 Ω

DC-link capacitor Cdc 700 µF
Tank impedance Lr, Cr 328 µH, 6.6 nF

Transformer T1 turns ratio n 1
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While the calculated controller gains based on these parameters and design equations
are presented in Table 2.

Table 2. Designed gains of the controllers.

Control Loop Bandwidth Parameter Value

APC 1.2 Hz
H 5.321
kp 0.014

RPC 1.0 Hz kiq 2.82

AC current 1200 Hz
kpi 0.033
kr 30
Bh 0.31

DC-link voltage 30 Hz
kpv 0.1319
kiv 1.4137

SOGI-PLL 60 Hz ks 0.75

Frequency droop - kω 1

Voltage droop - kV 4

4. Virtual Inertia Calculation for a Step-Shaped Frequency Disturbance
An inertial power response of the converter is produced when a disturbance occurs

in θg. A new transfer function, shown in (25), that relates power P and the grid frequency
ωg is obtained from (11).

P(s) = − Kts
s2 + ωoKtkps + ωoKt

2H

ωg(s) (25)

The transient behavior is analyzed for a step change in ωg, characterized by the
frequency variation ∆ fg. Considering this disturbance, the power variation ∆P in Laplace
domain is expressed in (26).

∆P(s) = −
Kt2π∆ fg

s2 + ωoKtkps + ωoKt
2H

(26)

To determine the transient response, the inverse Laplace transform is applied to
(26). The second order transfer function yields three possible responses depending on
the damping factor: underdamped (ξ < 1), critically damped (ξ = 1) or overdamped
(ξ > 1) responses.

4.1. Underdamped Response

In this case, there are two complex conjugate poles
(

x1,2 = −ωnξ ± jωn
√

1 − ξ2
)

, and
the corresponding time-domain solution is given in (27).

∆P(t) = −
Kt2π∆ fge−ωnξt

ωn
√

1 − ξ2
sin
(

ωn

√
1 − ξ2t

)
(27)

To obtain the expression for calculating the maximum amplitude of the power during
the transient response, (27) is differentiated whit respect to time and set equal to zero to
determine the peak time tpk. The corresponding solution is shown in (28).

tpk =
1

ωn
√

1 − ξ2
atan

(√
1 − ξ2

ξ
+ nπ

)
(28)
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For n = 0, 1, 2, . . ., multiple power peaks appear in the underdamped response, with
the first peak being the maximum. Therefore, n = 0 is selected. With this consideration,
expression (28) is replaced in (27) to obtain the analytical expression for calculate the
amplitude of power peak, as shown in (29).

Ppk =
−Kt2π∆ fg

ωn
e
−( ξ√

1−ξ2 atan(
√

1−ξ2
ξ ))

(29)

4.2. Critically Damped Response

For the critically damped case, the system presents two equal real poles (x1,2 = ωn),
and the corresponding time-domain solution is shown in (30).

∆P(t) = −Kt2π∆ fgte−ωnt (30)

Differentiating (30) and setting it to zero yields the peak time, as shown in (31).
Substituting (31) into (30) results in (32), which represents the power peak reached during
the transient response.

tpk =
1

ωn
(31)

Ppk =
−Kt2π∆ fg

ωn
e−1 (32)

4.3. Overdamped Response

In the overdamped response, the system presents two distinct real poles(
x1,2 = −ωnξ ± ωn

√
ξ2 − 1

)
, and the time-domain solution is shown in (33).

∆P(t) = −
Kt2π∆ fge−ωnξt

ωn
√

ξ2 − 1
sinh

(
ωn

√
ξ2 − 1t

)
(33)

Differentiating (33) respect to the time and setting it to zero yields the peak time, as
shown in (34). Substituting (34) into (33) results in (35), which represents the power peak
reached during the transient response.

tpk =

ln
(

ξ+
√

ξ2−1

ξ−
√

ξ2−1

)
2ωn

√
ξ2 − 1

(34)

Ppk = −
Kt2π∆ fg

ωn

(
ξ +

√
ξ2 − 1

)− ξ+
√

ξ2−1
2
√

ξ2−1

(
ξ −

√
ξ2 − 1

)− ξ−
√

ξ2−1
2
√

ξ2−1

(35)

Based on the preceding analysis, the dynamic response of the active power for VI
support is modeled in MATLAB R2020b for the three cases: underdamped, critically
damped and overdamped. For each case, different values of kp and H are calculated. Two
different tests were considered. In the first test, the inertia parameter was kept constant at
H = 5, while kp was varied. In the second test, the damping factor was kept constant at
kp = 0.0141, while H was varied. The dynamic responses of the active power for both tests
are shown in Figures 4a and 4b, respectively. Note that the power peak becomes larger for
small kp and large H as is shown in Figure 4.
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(a) (b) 

Figure 4. Active power response under step-shaped frequency disturbance for (a) H = 5.3211, and
kp = 0.005 (underdamped), kp = 0.0122 (critically damped) and kp = 0.02 (overdamped), (b) H = 2,
H = 5, H = 10 and kp = 0.0141.

5. Virtual Inertia Calculation for Ramp-Shaped Frequency Variation
In a more realistic scenario, the grid frequency variation is assumed to have a ramp

shape. Therefore, in this analysis, a ramp-shaped frequency disturbance with saturation, as
shown in Figure 5, is used to evaluate the power response.

Figure 5. Ramp-shaped frequency variation.

The functions f1 and f2, defined in (36) and (37), respectively, are two ramp functions
with equal slope magnitudes but opposite signs, starting at t1 and t2, respectively. The
grid frequency variation in Hz is represented by the function ∆ fg(t), which is given by
the sum of f1 and f2, as shown in (38). Hence, ∆ fg(t) describes a ramp that begins at t1

and saturates at t2. The parameter m denotes the RoCoF of the frequency variation and
u(t − t0) represents the step function starting at t0.

f1 = m(t − t1)u(t − t1) (36)

f2 = −m(t − t2)u(t − t2) (37)

∆ fg(t) = f1 + f2 (38)

The active-power variation in the Laplace domain, shown in (39), is derived using (25)
as the model and (38) as the input. To simplify the expressions, it is assumed that t1 = 0.
The parameters Kt and m are grouped into the constant K, as shown in (40).

∆P(s) =
K

(s2 + 2ξωn + ω2
n)s
(
1 − e−st2

)
(39)
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K = −Kt2πm (40)

The nonzero roots of (39) are denoted by x1 and x2. For x1 ̸= x2, the system can be
expressed in partial fractions to obtain the time-domain function ∆P(t) through the inverse
Laplace transform, as shown in (41). The coefficients of the solution are shown in (42).

∆P =

{
K
(

Ae−x1t + Be−x2t + C
)
, t < t2

K
[
Ae−x1t(1 − ex1t2

)
+ Be−x2t(1 − ex2t2

)]
, t ≥ t2

(41)

A =
1

(x1 − x2)x1
, B =

1
(x2 − x1)x2

, C =
1

x1x2
(42)

Similarly, when x1 = x2, the system can be expressed in partial fractions, and ∆P(t) is
obtained through the inverse Laplace transform, as shown in (43). The coefficients of the
solution are shown in (44).

∆P =

{
K
(

D + Ee−xt + Fte−xt), t < t2

Ke−xt[(E + Ft)
(
1 − ext2

)
+ Ft2ext2

]
, t ≥ t2

(43)

D =
1
x2 , E = − 1

x2 , F =
1
x

(44)

5.1. Underdamped Response

When the damping factor ξ is less than 1, the response is classified as underdamped,
and two complex-conjugated poles are obtained, as shown in (45). Replacing (45) in (42),
the coefficients can be calculated as shown in (46).

x1,2 = ξωn ± jωn

√
1 − ξ2 (45)

A =
−
√

1 − ξ2 + jξ

ω2
n

(
2
√

1 − ξ2
) , B =

−
√

1 − ξ2 − jξ

ω2
n

(
2
√

1 − ξ2
) , C =

1
ω2

n
(46)

5.2. Critically Damped Response

When the damping factor ξ is equal to 1, the response is classified as critically damped,
and two equal real poles are obtained, as shown in (47). Replacing (47) in (44), the coeffi-
cients can be calculated as shown in (48).

x = ωn (47)

D =
1

ω2
n

, E = − 1
ωn

, F =
1

ωn
(48)

5.3. Overdamped Response

When the damping factor ξ is greater than 1, the response is classified as overdamped,
and two different real poles x1 and x2 are obtained, as shown in (49). Replacing (49) in (42)
the coefficients can be calculated as shown in (50).

x1,2 = ξωn ± ωn

√
ξ2 − 1 (49)

A =
−ξ −

√
ξ2 − 1

ω2
n

(
2
√

ξ2 − 1
) , B =

ξ −
√

ξ2 − 1

ω2
n

(
2
√

ξ2 − 1
) , C =

1
ω2

n
(50)
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The dynamic response of the active power for VI support is modeled in MATLAB
R2020b under a ramp-shaped frequency disturbance saturated at −0.2 Hz with a RoCoF of
−1 Hz/s as is shown in Figure 6, where the grey line indicates the frequency disturbance
input. The parameter values of H and kp are the same as those used for step-shaped
frequency disturbance, with the aim of comparing both transient curves obtained using the
same control structure under different frequency events. Similarly to the previous analysis,
the power peak increases for smaller kp and large H.

 

(a) (b) 

Figure 6. Active power response under ramp-shaped frequency disturbance for (a) H = 5.3211, and
kp = 0.005 (underdamped), kp = 0.0122 (critically damped) and kp = 0.02 (overdamped) and for
(b) H = 2, H = 5, H = 10 and kp = 0.0141.

6. Simulation Results
The designed power converter is simulated using PSIM 2021a software. The active

power responses under step-shaped and ramp-shaped frequency disturbances are shown
in Figure 7 and Figure 8, respectively. The values of H and kp used to evaluate the active
power response are selected to match those of the theoretical model, enabling a direct
comparison between theoretical and simulation results.

 
(a) (b) 

Figure 7. Simulation results of active power response under step-shaped frequency disturbance for:
(a) constant H and variable kp, and (b) variable H and constant kp.

 
(a) (b) 

Figure 8. Simulation results of active power response under ramp-shaped frequency disturbance for:
(a) constant H and variable kp, and (b) variable H and constant kp.
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The designed converter employs two SOGIs, the first one functions as a BPF, while
the second generates the quadrature signals α and β for voltage and current. The SOGI
damping factor ks determines both the selectivity and the dynamic response of the fil-
tered signal. A smaller ks provides higher selectivity and a slower dynamic response,
whereas a larger ks results in lower selectivity and a faster dynamic response. The value
of ks must be chosen according to the harmonic noise level and the desired bandwidth.
A BPF + SOGI with ks = 0.75 is considered in the converter design to attenuate harmonic
noise and offset from the grid, the simulation results, shown in Figures 7 and 8, correspond
to this configuration.

The comparisons of the power peak Ppk and the settling time ts during the transient
response between the theoretical and simulation results for step-shaped and ramp-shaped
frequency disturbances are summarized in Table 3 and Table 4, respectively. The power
peak observed in the transient response of active power is higher in the simulation results
than in the theoretical results for all evaluated cases. This deviation is attributed to the use
of filters in the calculation of active and reactive power.

Table 3. Comparison between theoretical and experimental values under step-shaped frequency
disturbance using a BPF + SOGI with ks = 0.75.

APC Parameters Theoretical Simulation Error (%)

H kp Ppk ts Ppk ts Ppk ts

5.32 0.005 0.326 0.629 0.39 0.78 19.6 24.0
5.32 0.012 0.201 0.443 0.25 0.43 24.4 2.9
5.32 0.020 0.140 0.823 0.18 0.77 28.6 6.4
2.0 0.014 0.152 0.282 0.21 0.22 38.2 22.0
5.0 0.014 0.180 0.509 0.23 0.49 27.8 3.7
10.0 0.014 0.197 1.09 0.24 1.04 21.8 4.6

Table 4. Comparison between theoretical and experimental values under ramp-shaped frequency
disturbance using a BPF + SOGI with ks = 0.75.

APC Parameters Theoretical Simulation Error (%)

H kp Ppk ts Ppk ts Ppk ts

5.32 0.005 0.218 0.752 0.24 0.89 10.1 18.4
5.32 0.012 0.146 0.588 0.15 0.59 2.7 0.3
5.32 0.020 0.109 0.978 0.11 0.97 0.9 0.8
2.0 0.014 0.069 0.437 0.07 0.38 1.4 13.0
5.0 0.014 0.131 0.658 0.13 0.66 0.8 0.3
10.0 0.014 0.168 1.23 0.17 1.22 1.2 0.8

Comparing Tables 3 and 4, smaller errors are observed in both the power peak and
the settling time for the ramp-shaped frequency disturbance. In power grids, the frequency
deviation does not exhibit a step behavior, as it is physically governed by the dynamics
of the generators connected to the grid. Therefore, a ramp-shaped frequency disturbance
can be considered a more accurate representation of the grid behavior under frequency
events. The errors of Table 4 are considerably small, indicating that a good estimation can
be achieved by the previously analyzed model.

In order to analyze the influence of the method used to compute P and Q, the theoret-
ical results are compared with two configurations under step-shaped and ramp-shaped
frequency disturbances, as shown in Figure 9 and Figure 10, respectively. The first config-
uration, used in the previous simulation results, employs a BPF + SOGI with ks = 0.75,
while the second uses only a SOGI with ks = 1.0.
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Figure 9. Simulation of active power response under step-shaped frequency disturbance, for H = 5.321
and kp = 0.014.

Figure 10. Simulation of active power response under ramp-shaped frequency disturbance, for
H = 5.321 and kp = 0.014.

Using only a SOGI, the power peak error decreases from 27.1% to 8.3% and from 5.2%
to 3.0% under step-shaped and ramp-shaped frequency disturbances, respectively. How-
ever, the use of only SOGI does ensure adequate harmonic filtering and offset elimination,
which should be considered in experimental implementation.

7. Experimental Results
The proposed control strategy is tested on a 1.2 kW power converter prototype as

shown in Figure 11. The Chroma 61702 AC source (Chroma ATE Inc., Taoyuan, Taiwan)is
used to emulate the grid and simulate frequency events, while the Keysight RP7951A
(Keysight Technologies, Santa Rosa, CA, USA) serves as a regenerative DC source to
emulate the battery.

The operating process of the power converter is illustrated in the block diagram of
Figure 12. First, the DC-link voltage is regulated at 400 V in the DC-DC stage. To avoid
large currents through transformer T1, the DC-link voltage reference increases gradually
from 0 V to 400 V. The second step is to turn on the grid source. To prevent overcurrents
in the LCL filter, an auxiliary resistor is connected in series with the AC grid. The third
step is to active the DC-AC control with active and reactive power references initially set to
zero to avoid overload; afterward, the auxiliary resistor is bypassed. In the fourth step, the
power reference is set to operate under specific conditions, for example, 0.6 p.u. At this
point, the converter is completely operative. The fifth step is to generate frequency events
to evaluate the virtual inertia support capability of the power converter.
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Figure 11. 1.2 kW AC-DC converter prototype.
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Figure 12. Experimental process diagram.

7.1. Power Management

The AC-DC converter can operate in all four quadrants of power, managing both
active and reactive power. The waveforms of voltage and current for each quadrant are
shown in Figure 13. The voltage and current scales are set to 200 V/div and 5 A/div,
respectively, while the time scale is set to 20 ms/div.
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Figure 13. Converter operation at four quadrants of power: (a) P = 600 W and Q = 450 VAR,
(b) P = 600 W and Q = −450 VAR, (c) P = −600 W and Q = 450 VAR, (d) P = −600 W and
Q = −450 VAR.
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7.2. Power Response Under Step-Shaped Frequency Disturbance

To show only the VI support effect in the power response, the droop control is not
considered. The nominal operating frequency of the AC source is 60 Hz, and it is configured
to produce step-shaped frequency deviations of ±0.2 Hz, resulting in AC waveforms of
60.2 Hz and 59.8 Hz. The active power responses are shown in Figures 14a and 14b,
respectively. The power variation during the transient response reaches approximately
300 W within 60 ms, as designed.

  
(a) (b) 

DCL Voltage 400V

Battery Current −0.9A
Grid Current 2.8A

Active Power 
−420WFrequency 
60.2Hz

0.95A 

1.9A 

300W 

0.2Hz 60ms 60Hz

DCL Voltage 400V 

Battery Current −0.9A 
Grid Current 2.8A 

Active Power −420W 
Frequency 

60Hz 

0.95A 

1.9A 

300W 

0.2Hz 
60ms 

59.8Hz 

Figure 14. Dynamic response to a step-shaped frequency disturbance of (a) +0.2 Hz and (b) −0.2 Hz,
considering only virtual inertia.

GFM converters exhibit inherent inertia in their dynamics of active power during
transient responses. However, the frequency deviations must be compensated through
droop control at steady state. At the DC port, the battery supplies or absorbs power
resulting from both effects—virtual inertia and droop control—leading to current variations
of 0.95 A and 1.05 A during transient response for virtual inertia alone and virtual inertia
combined with the droop effect, respectively. Step-shaped frequency variations in +0.2 Hz
and −0.2 Hz are simulated by the AC source, and the resulting transient power responses,
which combine both effects, are shown in Figures 15a and 15b, respectively.

  
(a) (b) 

DCL Voltage 400V

Battery Current 1.5A
Grid Current 4.3A 

Active Power −420W 
Frequency 

60.2Hz 

1.05A 
2.1A 

300W 
0.2Hz 60ms 60Hz 

2.8A 

−0.9A 

−660W 

DCL Voltage 400V

Battery Current 0.5A
Grid Current 

1.4A

Active Power −420W
Frequency 

59.8Hz

0.105A 
2.1A 

310W 

0.2Hz 
60ms 

60Hz 

2.8A 

−0.9A 

−180W

Figure 15. Dynamic response to a step-shaped frequency disturbance of (a) +0.2 Hz and (b) −0.2 Hz,
considering virtual inertia and droop control.

7.3. Power Response Under Ramp-Shaped Frequency Disturbance

In this case the power converter is tested under ramp-shaped frequency disturbances
with RoCoFs of +1 Hz/s and −1 Hz/s. The transient power responses are shown in
Figures 16a and 16b, respectively.
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(a) (b) 
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Battery Current

Grid Current 

Active Power-−420W 

Frequency
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190m
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Figure 16. Dynamic response to a ramp-shaped frequency disturbance with a RoCoF of (a) +1 Hz/s
and (b) −1 Hz/s, considering only virtual inertia.

The Chroma 61702 AC source is programmed to produce a ramp-shaped frequency
variation. However, since programming is based on establishing specific frequency points
over time, the results may exhibit small mismatches. This is evident when comparing
Figure 16a,b: at the start of the ascending ramp, the waveform is not a well-defined straight
line, in contrast to the descending ramp. This explains the differences observed in the
power transient responses between the two cases.

By modifying the RoCoF to +0.5 Hz/s and −0.5 Hz/s, the transient power responses
are shown in Figures 17a and 17b, respectively. Similarly to the previous test, there are small
differences between the ascending and descending ramps, which explain the differences
observed in the power transient responses between the two cases.

  

(a) (b) 

DCL Voltage400V 
Battery Current 

Grid Current 

Active Power−420W 

Frequency
60.2Hz

0.3A 

0.45A 

95W 
0.2Hz 

400ms 

60Hz 

3.1A 

0.8A 
DCL Voltage400V 

Battery Current 

Grid Current 
Active Power−420W 

Frequency 
60Hz

0.29A 

0.41A 
85W 

0.2Hz 
400ms 

60.2Hz 

3.1A 

0.8A 

Figure 17. Dynamic response to a ramp-shaped frequency disturbance with a RoCoF of (a) +0.5 Hz/s
and (b) −0.5 Hz/s, considering only virtual inertia.

7.4. Voltage Response

Grid voltage amplitude step of ±15.5 V is emulated using the AC source as shown in
Figure 18. Reactive power exhibits both fast and slow dynamics, attributed to the system’s
inherent inertia and the droop control, respectively. The battery current remains almost
constant at 0.7 A, showing only a slight deviation when the amplitude step occurs.
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DCL Voltage400V 

Battery Current 
Grid Current 

Reactive Power 

Amplitude 
215VA

0.85A 

326.62V15.5V 

0VAR 360VAR 
311.12V 

0.9A 

3A 

1.25 s 

3.2A

Figure 18. Dynamic response to a voltage step disturbance of +15.5 V.

8. Discussion
Virtual inertia is necessary to enhance RoCoF and frequency Nadir. In addition,

galvanic isolation is required for security. Furthermore, it is important to remark that power
support must consider overload capacity to avoid converter failures. On the other hand,
GFL strategy is limited managing current in strong grids where frequency and amplitude
variations are not a major problem. Therefore, the proposed work achieves all the indicated
requirements for practical applications, contributing to overall system stability.

The inclusion of these control mechanisms in a single-phase system represents a
feasible alternative for distributed support applications, considering that single-phase
units can operate in a coordinated manner to provide balanced support or differentiated
responses under grid imbalance conditions.

Strategies to implement V2G functionalities have been validated in works such
as [28–31]. However, the concept of Distributed Virtual Inertia (DVI) requires certain
considerations that were not included in previous works. The key parameters used to
compare this work with similar approaches are summarized in Table 5.

Table 5. Comparison with other studies.

Parameter Proposed Work Study [12] Study [13,15] Study [14]

Validated V2G
functionalities

VI, f-w droop, v-var
droop

VI, f-w droop, v-var
droop

VI, f-w droop,
v-var droop

f-w droop, v-var
droop

AC-DC structure VSI cascaded to a
DABSR DC-DC

VSI cascaded to a
DABSR DC-DC VSI only VSI cascaded to a

DABSR DC-DC
Galvanic isolation Yes Yes No Yes

Power support
calculation Yes Yes No No

Control strategy GFM GFL GFM GFM

Storage system EV Battery DCL Capacitors +
Battery EV Battery EV Battery

A procedure to estimate the amount of power support using the GFL approach is
detailed in [12]. However, in the state of the art, no such procedure exists when the GFM
strategy is employed. In this case, the analysis of the equations modeling the behavior
of a synchronous machine allowed the evaluation of the impact of the inertia constant H
and the damping factor kp on the active power control loop. This theoretical framework
enabled the estimation of the active power peak generated in response to step-shaped and
ramp-shaped frequency disturbances, establishing a direct relationship between the control
parameters and the magnitude of the system response. The results show that increasing H
leads to a higher active power peak during frequency disturbances, while kp acts to limit
this overshoot and provide adequate damping, offering a practical means to shape the
dynamic behavior of the system. A comparison between the proposed work and ref. [28] is
shown in Figure 19.
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Figure 19. Dynamic response for full frequency support using (a) Proposed work: GFM and only a
battery. (b) GFL and a HESS [28].

It is important to highlight that the proposed strategy relies exclusively on the battery
as the sole energy source for both fast and slow dynamic responses. While this simplifies the
system architecture, it also emphasizes the need to consider stationary battery systems with
sufficient capacity to sustain the required energy exchanges, particularly under demanding
dynamic conditions. To avoid this limitation, the use of the capacitance in DC-Link will be
analyzed in future work.

Finally, differences were observed between the estimated and experimental results,
especially when the frequency variation dynamics are faster, as in the case of ramp-shaped
frequency disturbances. The difference is mainly attributed to the use of filters in the calcu-
lation of active and reactive power, which introduces a delay in the power loop response
and leads to slightly higher overshoots than those predicted by the model. Although these
differences do not compromise the effectiveness of the proposed strategy, a more detailed
analysis of the filter design is planned for future work to improve the correlation between
the theoretical model and the experimental behavior.

9. Conclusions
The analytical model of VI responses based on a GFM control strategy implemented

in a power converter is presented in this article, with the aim of calculating the transient
of the active power response for VI support. The analysis shows that the inertia constant
and the damping coefficient used in the active power controller have a strong influence
on the power response for VI support, resulting in three types of dynamics behavior:
underdamping, critically damping and overdamping. Using the obtained function transfer
models, the transient of the active power response was evaluated for two types of grid
frequency disturbances—step-shaped and ramp-shaped. To verify the analytic model, a
prototype of a 1.2 kW two-stage AC-DC converter was designed, implementing the GFM
control strategy. The simulation and experimental results show that the analytic model
presents a considerable error for a step-shaped frequency disturbance, whereas under a
ramp-shaped frequency disturbances the error is minimal for overdamped mode. This last
result is important because real grid frequency variations are more similar to ramp-shaped
than step-shaped profiles. The obtained results can be used to properly size future power
converter implementing VI support. Future studies will focus on evaluating the results for
different GFM control strategies and under weak-grid conditions.
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