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A B S T R A C T

The increasing deployment of renewable energy sources is reducing system inertia and challenging grid stability. 
Meanwhile, the growing penetration of grid-forming(GFM) inverters offers opportunities to enhance frequency 
and voltage support. Among GFM techniques, virtual oscillator control (VOC) has emerged as a promising 
approach due to its superior dynamic performance, yet existing VOC strategies exhibit limitations in inertia 
emulation, damping, and droop accuracy. This paper proposes a control strategy based on the integrated 
Andronov–Hopf oscillator (IAHO) that, for the first time, unifies virtual inertia, enhanced damping, and voltage- 
independent droop control into a single framework. A comprehensive small-signal analysis is conducted to design 
the damping controllers, while a large-signal analysis evaluates transient stability under severe grid disturbances. 
Theoretical insights are experimentally validated on a 2.5 kVA single-phase inverter. Results demonstrate that 
the proposed IAHO delivers a lower rate of change of frequency (RoCoF), higher frequency nadir, well-damped 
power dynamics, and enhanced active power support compared to conventional VOC-based strategies. Moreover, 
the IAHO ensures positive reactive power droop during voltage sags, providing superior transient stability.

1. Introduction

Modern power systems are undergoing a rapid transformation due to 
the growing penetration of renewable energy sources. Unlike conven
tional power plants, which inherently contribute to grid stability 
through the rotational inertia of synchronous generators, these renew
able sources are typically interfaced through power electronic con
verters that do not provide inertial support by default. As a result, 
system inertia is declining, making the grid more susceptible to fre
quency instability and voltage deviations. To ensure reliable and resil
ient operation under these conditions, new grid-supportive resources are 
needed to provide essential ancillary services such as frequency regu
lation, voltage support, and operating reserves.

Battery energy storage systems (BESSs), such as electric vehicles and 
photovoltaic (PV) battery systems, are poised to play a key role in this 
context. However, to contribute effectively, their inverters must evolve 
from traditional grid-following control, which acts as a current source, 
to advanced grid-forming (GFM) control. GFM inverters function as 

voltage sources, enabling stand-alone operation and emulating the sta
bilising behaviour of synchronous generators. While research on GFM 
control has primarily focused on three-phase systems, the majority of 
residential BESS installations are single-phase, presenting unique chal
lenges and opportunities for distributed grid support [1–3].

Among various GFM techniques, virtual oscillator control (VOC) has 
gained attention due to its time-domain implementation, based on 
instantaneous measurements, which avoids Phase-locked loop (PLL) 
structures and complex optimisation, and thus offers favourable dy
namic performance with a relatively low computational burden [4]. 
VOC emulates the dynamic behaviour of nonlinear oscillators, such as 
dead-zone [5], Van der Pol [6], and Andronov–Hopf [7,8], with the 
latter being particularly suited for grid applications due to its 
harmonic-free voltage generation and dispatchable nature. However, 
despite its promise, existing Andronov–Hopf oscillator (AHO) strategies 
suffer from critical limitations that hinder their practical application. 
Early implementations like the unified VOC (uVOC) demonstrated basic 
GFM capability but lacked virtual inertia [9]. Subsequent efforts to 
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integrate virtual inertia into the AHO dynamics (VI-AHO) inadvertently 
reduced the system's damping factor, leading to undesirable oscillatory 
behaviour [10,11]. To address this, a feedforward damping improve
ment strategy (Da-AHO) has been proposed, which improves damping 
while maintaining adequate virtual inertia [12]. However, all these 
approaches rely on a voltage-dependent droop coefficient in the active 
power loop (APL), which limits their ability to maintain consistent grid 
support during disturbances and leads to inaccuracies in power sharing. 
To overcome this, an enhanced AHO (EAHO) has been proposed in [13], 
where the APL droop is completely independent of the voltage. How
ever, EAHO still lacks both virtual inertia and damping. Consequently, a 
unified AHO structure that simultaneously provides all necessary 
ancillary services is still lacking.

Furthermore, a critical gap exists in the analysis of transient stability. 
Most existing works focus on small-signal analysis around equilibrium 
points [8,14,15], which is inadequate when the system is subjected to 
large-signal disturbances, such as severe voltage sag [16]. While some 
recent studies have investigated the transient stability of AHO [17–20], 
they do not incorporate virtual inertia, which fundamentally modifies 
system dynamics and affects stability margins. Moreover, in all these 
studies, the APL droop coefficient varies with voltage, which introduces 
steady-state power-sharing errors. While a variety of damping and 
transient-stability enhancement techniques have been developed for 
virtual synchronous generators (VSGs) [21–24], comparable methods 
for VOC-based GFM inverters remain largely unexplored, despite the 
inherently superior dynamic response of VOCs compared to VSGs.

To address the limitations of existing AHO-based VOC strategies, this 
paper proposes an Integrated AHO (IAHO) control framework that 
unifies improved droop functionality, virtual inertia, and damping 
enhancement into a single and coordinated design. The key contribu
tions of this work can be summarised as follows: 

1) Development of the first unified AHO-based inverter control struc
ture that simultaneously incorporates virtual inertia, damping 
enhancement, and a voltage-independent active power loop (APL) 
droop formulation.

2) Rigorous and holistic small-signal modelling and controller synthesis 
to analytically design and tune the integrated control blocks, fol
lowed by comparative evaluation against existing AHO variants.

3) Large-signal and transient stability assessment under severe distur
bances to demonstrate robustness and performance superiority over 
conventional approaches.

4) Extensive experimental validations on a 2.5 kVA single-phase 
inverter platform, confirming that the proposed IAHO achieves 
voltage-independent active power droop coefficient, effective inertia 
emulation, and enhanced damping while improving transient sta
bility performance.

The rest of this paper is organised as follows. Section II introduces the 
IAHO strategy and compares it with existing approaches. Section III 
presents the transient stability analysis, while Section IV validates the 
theoretical findings through experimental results. Finally, Section V 
concludes the paper.

2. Proposed IAHO

2.1. IAHO system configuration

Fig. 1 illustrates the proposed IAHO-based single-phase GFM 
inverter. In this configuration, Lf, Rf, and Cf denote the filter inductance, 
its parasitic resistance, and the filter capacitance, respectively. ZL is the 
local load, and Lg and Rg represent the grid impedance. The DC link is 
represented by Cdc and Vdc, corresponding to the capacitance and 
voltage, respectively, and vpcc denotes the voltage at the point of com
mon coupling.

The AHO is a nonlinear time-domain controller implemented in the 
αβ reference frame. According to Fig. 1, the control law governing the 
oscillator output voltage is given in (1): 

[
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v̇β

]

=

⎡
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where vα and vβ are the oscillator output voltages in the αβ reference 
frame, Vp0 is the nominal voltage vector magnitude (Vp), and η and µ are 

Fig. 1. Proposed IAHO-based single-phase GFM inverter.
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the control parameters of AHO. In the proposed IAHO, virtual inertia is 
incorporated by means of a resonant controller acting on the current 
error (ier) [11]. Thus, the output of the virtual inertia block, ýαβ, is 
defined as: 

yʹ
αβ = GR(s)

(
iαβref − iαβ

)
(2) 

where iαβref is the inverter’s reference current and iαβ is the measured 
inverter output current in the αβ reference frame. Furthermore, GR(s) is 
the transfer function of the resonant controller shown in Fig. 1, where ωf 
denotes its bandwidth and ω0 is the nominal angular frequency. In 
single-phase systems, only the α-axis current is physically measurable. 
Therefore, iβ is usually generated using a second-order generalised 
integrator-based quadrature signal generator (SOGI-QSG), as shown in 
Fig. 2(a), with the corresponding equation in (3), where Kso is the SOGI- 
QSG gain [2]. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

iα(s)
i(s)

=
Ksoω s

s2 + Ksoω s + ω2

iβ(s)
i(s)

=
Ksoω2

s2 + Ksoω s + ω2

(3) 

To improve damping, the IAHO employs two feedforward controllers 
that adapt the oscillator’s centre frequency to deviations from its nom
inal value. This adjustment counteracts oscillations caused by changes in 
either the active power reference (Pref) or the grid frequency (ωg) [12]. 
The modified angular frequency, ωʹ

0, is defined as: 

ωʹ
0 = ω0 + Gp(s)Pref + Gω(s) ω̂g (4) 

where Gp(s) and Gω(s) are feedforward controllers designed to mitigate 
oscillations induced by Pref and ωg, respectively. The estimated grid 
angular frequency, ω̂g, is obtained from a SOGI-based frequency-locked 
loop (SOGI-FLL), as illustrated in Fig. 2(b) [25]. The transfer function 
from the input frequency deviation (Δωg) to the estimated frequency 
deviation (Δω̂g) can be derived from the SOGI-FLL’s small-signal model, 
as expressed in (5), and is used to tune its parameters in accordance with 
[25]. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

GFLL(s) =
Δω̂g(s)
Δωg(s)

=
ω2

n− FLL
s2 + 2ξFLL ωn− FLL s + ω2

n− FLL

Ki− FLL = 2ω2
n− FLL, Kp− FLL =

4 ξFLL ωn− FLL

ω0

(5) 

In the above equations, Kp-FLL and Ki-FLL are the proportional and 
integral gains of the SOGI-FLL, respectively, designed to achieve the 
desired damping factor (ζFLL) and natural frequency (ωn-FLL). In this 
paper, ζFLL = 0.9 is selected to ensure adequate damping, and ωn-FLL =

150 rad/s is chosen as a compromise between bandwidth and noise 
immunity.

As demonstrated in [12], a low-pass filter (LPF) relationship exists 
between the average amplitudes of the SOGI-QSG input and output 
signals (denoted as I and Iαβ). This relationship is expressed as: 

Iαβ(s)
I(s)

=
Ksoω/2

s + Ksoω/2
=

1
Tsos + 1

(6) 

where Kso is the SOGI-QSG gain and Tso is the LPF time constant. 
Furthermore [12], shows that the virtual inertia realisation by the 
resonant controller can also be approximated by an LPF: 

Y (́s)
Ier(s)

=
ωf

s + ωf
=

1
Tf s + 1

(7) 

where Ý  and Ier are the averaged output and input amplitudes of the 
resonant controller, respectively. Here, ωf is the resonant controller 
bandwidth, and Tf = 1/ωf.

Applying these LPF effects to (1) results in the dynamic equation 
given in (8). The detailed derivation of (6)-(8) is provided in Appendix 
A. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

V̇ p = μ
(

V2
p0 − V2

p

)
Vp + ηVp

1
Tf s + 1

(

Qref −
1

Tsos + 1
Q
)

θ̇ = ω = ωʹ
0 + η 1

Tf s + 1

(

Pref −
1

Tsos + 1
P
) (8) 

where Qref is the reactive power reference. Eq. (8) explicitly incorporates 
the effect of virtual inertia (via Tf) and damping (via ω0́). In addition, the 
APL droop coefficient (η) becomes voltage-independent, thereby 
improving droop performance. In contrast, conventional controllers 
such as those presented in [9,11,12] exhibit a voltage-dependent droop 
coefficient of 2η/Vp

2, which limits grid support capability and results in 
inaccurate power sharing.

2.2. Small-signal model

In this section, the small-signal model of the proposed IAHO is 
derived to facilitate the design of the feedforward damping transfer 
functions. Fig. 3 presents a simplified model of a single-phase inverter 
connected to the grid. Within the frequency range of interest, the delay 
due to digital control and PWM, and the effect of the filter capacitance 
can be neglected [9,12]. Accordingly, the switching-averaged model of 
the control output voltage v can be approximated as the inverter ter
minal voltage [9,12]. In this study, the grid impedance parameters are 

Fig. 2. Block diagram of (a) SOGI-QSG [2] and (b) SOGI-FLL [25].

Fig. 3. Simplified model of a single-phase inverter connected to the grid.
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selected as Lg = 1 mH and Rg = 1 Ω, yielding Rg/Xg = 3.2, which falls 
within the typical range for low- and medium-voltage networks [26]. 
Based on the experimental parameters listed in Table 1, the 
resistance-to-reactance ratio is calculated as RT/XT = 0.39, where RT =

Rf + Rg and XT = ω0 (Lf +Lg). Accordingly, the active and reactive power 
exchanged between the inverter and the grid in Fig. 3 can be approxi
mated as: 

P ≈
Vp Vg

2XT
δ = Ksδ, Q ≈

Vp

2XT

(
Vp − Vg

)
(9) 

where Vp and Vg denote the peak amplitudes of the inverter output and 
grid voltages, respectively, and δ=θ-θg is the phase angle difference 
between them.

Fig. 4 demonstrates the small-signal model of the proposed IAHO, 
derived from Eqs. (4), (8), and (9). In this model, D = η represents the 
droop coefficient, Ks is defined in (9), and GFLL(s) is presented in (5).

Based on this model, the transfer functions of ΔP(s)/ΔPref(s) and ΔP 
(s)/Δωg(s) can be calculated by setting Δωg = 0 and ΔPref = 0, 
respectively: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ΔP(s)
ΔPref (s)

=
D Ks + Gp(s)

(
Tf s + 1

)
Ks

Tso Tf s3 +
(
Tf + Tso

)
s2 + s + D Ks

ΔP(s)
Δωg(s)

=
(GFLL(s)Gω(s) − 1)

(
Tf s + 1

)
Ks

Tso Tf s3 +
(
Tf + Tso

)
s2 + s + D Ks

(10) 

Fig. 4 and Eq. (10) represent a unified small-signal model applicable 
to recent AHO-based control strategies. For uVOC [9] and EAHO [13], 
which do not incorporate virtual inertia or damping, the model and 
corresponding transfer functions are obtained by setting Tf=Gp(s)=
Gω(s)=0, with D = 2η/Vp

2 for uVOC and D = η for EAHO. For VI-AHO 
[11], the model is obtained by setting Gp(s)=Gω(s)=0 and D = 2η/Vp

2. 
The small-signal model of Da-AHO can be derived similarly by setting D 
= 2η/Vp

2 [12].
According to (10), proper tuning of the parameters enables inde

pendent shaping of the active power dynamics in response to both 
reference power and frequency disturbances. Unlike higher-order sys
tems, a standard second-order system allows for intuitive tuning based 
on desired damping and natural frequency, as: 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ΔP(s)
ΔPref (s)

=
ω2

n1
s2 + 2 ζ ωn1 s + ω2

n1

ΔP(s)
Δωg(s)

= −
1
D

ω2
n2

s2 + 2 ζ ωn2 s + ω2
n2

(11) 

where ζ is the desired damping factor, and ωn1, ωn2 are the desired 
natural frequencies for the active power response to ΔPref(s) and Δωg(s), 
respectively. The purpose of the damping-improvement strategy is to 
design the controllers Gp(s) and Gω(s) such that the third-order transfer 
functions in (10) are eventually simplified to the standard second-order 
forms in (11), which means the following set of equations should hold: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

D Ks + Gp(s)
(
Tf s + 1

)
Ks

Tso Tf s3 +
(
Tf + Tso

)
s2 + s + D Ks

=
ω2

n1
s2 + 2 ζ ωn1 s + ω2

n1

(GFLL(s)Gω(s) − 1)
(
Tf s + 1

)
Ks

Tso Tf s3 +
(
Tf + Tso

)
s2 + s + D Ks

= −
1
D

ω2
n2

s2 + 2 ζ ωn2 s + ω2
n2

(12) 

By solving (12) for Gp(s) and Gω(s) and applying the simplifications 
described in [12], the feedforward controllers can be derived as: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Gp(s) =
bʹ

1 s2 + c1s
d1s3 + e1s2 + f1s + g1

Gω(s) =
a2s3 + b2s2 + c2s

d2s3 + e2s2 + f2s + g2

(13) 

The coefficients in (13) are given in (14), where i = 1,2. 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a1 =ω2
n1Tso Tf , b1 =ω2

n1
(
Tf +Tso

)
− DKs, c1 =ω2

n1 − DKs2ζωn1,

bʹ
1 =

b1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

b2
1 − 4a1c1

√

2
, a2 =−

ω2
n2Tso Tf

D
+KsTf ,

b2 =−
ω2

n2
(
Tf +Tso

)

D
+Ks

(
1+2ζωn2Tf

)
, c2 =−

ω2
n2
D

+Ks
(
Tf ω2

n2+2ζωn2
)

di=KsTf , ei =Ks
(
1+2ζωniTf

)
, fi =Ks

(
Tf ω2

ni+2ζωni
)
, gi=Ks ω2

ni

(14) 

2.3. Comparative analysis

In this section, the step responses of the proposed IAHO, derived 
from the transfer functions of the small-signal model, are compared 
against those of conventional approaches using the experimental pa
rameters listed in Table 1. For all controllers, the AHO control param
eters are designed to support the nominal active power (P0) and reactive 
power (Q0) under a 1 % grid frequency deviation (Δfg,max) and a 5 % 
change in voltage amplitude [9,12]. Furthermore, Tf is tuned to ensure 
that the maximum rate of change of frequency (RoCoF) remains below 
3.5 Hz/s [12].

Fig. 5 presents the step response of Δω(s)/ΔP(s), ΔP(s)/ΔPref(s), and 
ΔP(s)/Δωg(s), obtained using MATLAB. Fig. 5(a) illustrates the inertial 
response in stand-alone mode, showing that VI-AHO, Da-AHO, and the 
proposed IAHO provide comparable inertial performance with low 
RoCoF, while the absence of virtual inertia is evident in the dynamics of 
uVOC and EAHO.

Table 1 
Experimental parameters.

Parameters Description Value

P0, Q0 Rated active and reactive power 2000 W, 1500 var
Vdc DC-link voltage 380 V
ω0 Nominal angular frequency 2π × 50 rad/s
Vp0 Nominal voltage amplitude 311 V
fs Switching frequency 20 kHz
Lf, Rf, Cf Filter parameters 7 mH, 0.08 Ω, 3.9 μF
Lg, Rg Grid parameters 1 mH, 1 Ω
µ, η AHO control parameters 2.38 × 10− 4, 83.82
Tf Virtual inertia control parameter 1/(2π)
Kso, ζFLL, ωn-FLL SOGI and SOGI-FLL parameters 0.707, 0.9, 150 rad/s
ζ, ωn1, ωn2 AHO’s dynamic parameters 0.85, 2π rad/s, 4π rad/s

Fig. 4. Small-signal model of the proposed IAHO.
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Figs. 5(b) and 5(c) compare the active power response to step 
changes in the power reference and grid angular frequency, respectively. 
Due to the lack of virtual inertia, uVOC and EAHO exhibit first-order 
behaviour. VI-AHO demonstrates second-order dynamics but suffers 
from significant oscillatory behaviour and, therefore, large overshoot 
(OS) and undershoot (US). In contrast, Da-AHO and IAHO achieve well- 
damped responses owing to the feedforward damping enhancement. 
Moreover, Fig. 5(c) highlights approximately a 10 % improvement in 
active power support from both EAHO and IAHO compared to the other 
approaches. This improvement is attributed to the use of a voltage- 
independent APL droop coefficient, which enhances grid support dur
ing disturbances.

Fig. 6 presents the MATLAB-based step responses of Δω(s)/ΔPref(s) 
and Δω(s)/Δωg(s) in grid-connected mode. As shown in Fig. 6(a), the 
proposed IAHO and Da-AHO achieve lower frequency peaks and 
reduced RoCoF, indicating improved inertial performance. In contrast, 
uVOC and EAHO exhibit significantly higher frequency peaks and an 
initial large RoCoF. In addition, VI-AHO shows pronounced frequency 
peaks and oscillations in both responses.

3. Transient stability analysis

In general, the transient stability of an inverter depends on the dy
namic response of the power angle (δ) following a large grid disturbance. 

Fig. 5. Step response comparison of: (a) Δω(s)/ΔP(s), (b) ΔP(s)/ΔPref(s), and (c) ΔP(s)/Δωg(s).

Fig. 6. Step response comparison of: (a) Δω(s)/ΔPref(s) and (b) Δω(s)/Δωg(s).
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The inverter is considered stable if δ returns to its original value or 
settles at a new steady state, and unstable if δ diverges.

To analyse transient stability, the simplified circuit of a GFM inverter 
connected to the power grid (as shown in Fig. 3) is considered. Assuming 
δ̇ = ω − ω0, Eq. (8) can be rewritten as: 
⎧
⎨

⎩

Tf V̈p + V̇p = μ Tf

(
V2

p0 − 3V2
p

)
V̇p + μ

(
V2

p0 − V2
p

)
Vp + ηVp

(
Qref − Q

)

Tf δ̈ + v̇ = η
(
Pref − P

)

(15) 

where 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

P =
RT

(
V2

p − VpVgcos(δ)
)
+ XTVpVgsin(δ)

2
(
R2

T + X2
T
)

Q =
XT

(
V2

p − VpVgcos(δ)
)
− RTVpVgsin(δ)

2
(
R2

T + X2
T
) .

(16) 

Since transient stability is assessed under large disturbances in grid 
voltage amplitude or phase, the damping improvement strategies 
(implemented as feedforward controllers from Pref and ωg) do not in
fluence large-signal stability and are therefore omitted from (15). In 
addition, since Tf > 15 Tso, the inertial effect associated with Tso is 
negligible and excluded for simplicity.

In the following analysis, the transient stability of the proposed IAHO 
is compared with conventional strategies that incorporate virtual inertia 
(VI-AHO and Da-AHO). Since feedforward damping is neglected in the 
large-signal stability analysis, both VI-AHO and Da-AHO share the same 
dynamic equations, given by: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Tf V̈p + V̇p = μ Tf

(
V2

p0 − 3V2
p

)
V̇p + μ

(
V2

p0 − V2
p

)
Vp +

2η
Vp

(
Qref − Q

)

Tf δ̈ + δ̇ =
2η
V2

p

(
Pref − P

)

(17) 

Because grid faults may result in high currents and laboratory 
experimental setups are limited in handling such conditions, the tran
sient stability is analysed at half of the nominal voltage and current 
values specified in Table I and Lg=15 mH. By numerically solving the 
nonlinear differential equations in (15)–(17) using MATLAB, δ̇ − δ and 
Vp − δ trajectories are obtained. Fig. 7 shows these trajectories in 
response to a grid voltage drop to 0.7 pu at two different virtual-inertia 
values, ωf = 2π rad/s and ωf = π rad/s. As expected, virtual inertia does 
not affect the steady-state operating point. The equilibrium remains (δ, 
Vp) = (0.63 rad, 131 V) for IAHO and (0.70 rad, 120 V) for VI-AHO, for 
both inertia settings. Following the fault, δ̇ > 0, forcing δ to increase. 
After reaching its peak, δ decreases and settles at a new stable 

equilibrium point. Owing to the inertial behaviour of the controllers, the 
system exhibits a second-order dynamic response. However, virtual 
inertia clearly affects the transient behaviour. As can be seen from Fig. 7
(a), for a higher virtual inertia (ωf = π rad/s), the angle δ experiences a 
higher OS.

Fig. 8 presents the δ̇ − δ and Vp − δ trajectories when the grid voltage 
drops to 0.6 pu. In this case, the proposed IAHO strategy stabilises at a 
new equilibrium point of (0.82 rad, 123 V). In contrast, as shown in 
Fig. 8(a), the VI-AHO response diverges, with δ̇ > 0 for all δ, indicating 
that no stable equilibrium exists in the power angle trajectory. This 
clearly demonstrates that the proposed strategy offers superior transient 
stability compared to existing virtual inertia-based approaches. This 
enhanced stability is primarily attributed to the improved reactive 
power support provided by the proposed strategy. The reactive power 
loop droop coefficient (mq) of the proposed strategy can be derived from 
(8). In steady state, where all derivative terms vanish, mq = -dVp/dQ to 
(8) leads to expressions given in (18) for both IAHO and VI-AHO: 

⎧
⎪⎨

⎪⎩

Proposed IAHO : mq =
η

2μVp

VI − AHO : mq =
η

μVp

(
2V2

p − V2
p0

)
(18) 

Eq. (18) shows that, in the case of the VI-AHO, mq becomes negative 
when Vp < Vp0/

̅̅̅
2

√
. In contrast, the proposed IAHO maintains a positive 

mq for all voltage magnitudes, ensuring increased reactive power in
jection during voltage sags and thereby enhancing stability 
performance.

Fig. 9 shows the feasible region plots resulting from numerical 
computation. To do so, the grid voltage is fixed at 0.5 pu, and Pref and 
Qref vary. At each (Pref, Qref), the nonlinear averaged model is simulated, 
and the convergence of the nonlinear time-domain model to the desired 
equilibrium is checked. The resulting feasible-region plots, shown in 
Fig. 9, reveal that the proposed IAHO guarantees a substantially larger 
stable region than the conventional VI-AHO.

Finally, Table 2 provides a detailed comparison between the pro
posed IAHO and existing approaches, including uVOC [9], VI-AHO [11], 
Da-AHO [12], EAHO [13], and the transient-stability-oriented methods 
[19,20], in terms of (i) virtual inertia, (ii) damping enhancement, (iii) 
APL droop coefficient and its voltage dependency, and (iv) transient 
stability capability. As shown, IAHO is the only method that offers all of 
these features within a unified control framework, demonstrating its 
distinct advantages over existing AHO-based strategies.

4. Experimental validation

To validate the theoretical results, a single-phase 2.5 kVA, 220 V, 50 
Hz H-bridge inverter, shown in Fig. 10, is implemented with the 

Fig. 7. (a) Phase portraits and (b) Vp-δ curves when grid voltage drops to 0.7 pu.
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controller highlighted in Fig. 1. A 7.5 kVA grid emulator is used to 
reproduce the desired grid conditions, and all control algorithms are 
executed on a dSPACE DS1007 real-time system. Voltage and current 
measurements are acquired via the DS2004 A/D board, while PWM and 
relay signals are generated using the DS4002 digital I/O board. A uni
polar PWM strategy is adopted, with switching and sampling fre
quencies both set to 20 kHz (fsw = fsa = 20 kHz), as listed in Table I. The 
calculated active power (P) and frequency deviation (Δf = f − 50) are 
sent to a Tektronix MSO 5204B oscilloscope via the DS2101 D/A Board 
for monitoring and recording. In the experimental setup, all integrators 
are discretised using the third-order integrator proposed in [27]. Since 
the proposed strategy is built on the VOC framework and augments AHO 
only with low-order filters and feedback loops, its implementation 

burden remains comparable to existing VOC-based schemes and signif
icantly lighter than more complex GFM approaches.

For simplicity, the DC side of the converter is implemented as a stiff 
voltage source, representing the short-term behaviour of a BESS [2]. In 
practical scenarios, however, the battery’s state of charge and char
ging/discharging rate must be monitored, and ancillary service provi
sion should be coordinated with charging requirements. Likewise, 
operation in islanded mode must comply with the allowable battery 
discharge limits and may need to be coordinated with residential gen
eration sources in the islanded network. Since these functions typically 
operate on much slower time scales than the control loops considered in 
this work, they can be implemented within a higher-level hierarchical 
control layer for power and energy management, following frameworks 

Fig. 8. (a) Phase portraits and (b) Vp-δ curves when grid voltage drops to 0.6 pu.

Fig. 9. Feasible Pref and Qref region when grid voltage drops to 0.5 pu: (a) VI-AHO [11] and (b) proposed IAHO.

Table 2 
Comparison between proposed and conventional strategies.

Strategies Virtual inertia Damping APL droop coefficient (mp) voltage-independent Transient stability enhancement

Proposed IAHO ✓ ✓ ✓ (mp = η) ✓
uVOC [9] ⨯ ⨯ ⨯ (mp = 2η/Vp

2) ⨯
VI-AHO [11] ✓ ⨯ ⨯ (mp = 2η/Vp

2) ⨯
Da-AHO [12] ✓ ✓ ⨯ (mp = 2η/Vp

2) ⨯
EAHO [13] ⨯ ⨯ ✓ (mp = η) ✓
[19] ⨯ ⨯ ⨯ (mp = 2η/Vp

2) ✓
[20] ⨯ ⨯ ⨯ (mp =

̅̅̅
2

√
ηVp) ✓
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similar to [28], and are therefore not further discussed in this paper.
In the following, the effectiveness of the proposed strategy is vali

dated in comparison to conventional ones through four test scenarios.

4.1. Test scenario 1: step change in Pref in charging mode

In this scenario, all AHO-based inverters operate in grid-connected 
mode to evaluate their response to a step change in Pref. In this paper, 

positive power values represent power flow from the DC source to the 
grid (discharging mode), while negative values correspond to charging 
mode. To emulate battery charging performance, Pref is changed from 
− 500 W to − 2000 W.

Fig. 11 presents the results for all controllers, where Δf is the fre
quency deviation from its nominal value (Δf = f - 50). As shown, all 
strategies successfully track the power reference. However, due to the 
absence of virtual inertia, uVOC in Fig. 11(a) and EAHO in Fig. 11(d) 
exhibit first-order active power responses, while their frequency expe
riences a high RoCoF and a low frequency nadir, which can jeopardise 
stability and trigger the system protections.

For VI-AHO (Fig. 11(b)), the frequency response achieves a lower 
RoCoF; nevertheless, the active power exhibits oscillatory behaviour 
with a high US of approximately 40 %, resulting from insufficient 
damping. In contrast, Da-AHO and the proposed IAHO (Figs. 11(c) and 
11(e)) demonstrate well-damped responses with negligible active power 
US, as well as considerably smoother frequency dynamics characterised 
by lower RoCoF and a higher frequency nadir. These results are 
consistent with the theoretical predictions from the small-signal anal
ysis, particularly those shown in Figs. 5(b) and 6(a).

4.2. Test scenario 2: step change in grid frequency

In this scenario, the active power support capability of the AHO- 
based inverters is evaluated under a grid frequency variation. The in
verters operate with Pref = 500 W, supplying energy from the DC source 
to the grid. Subsequently, the grid frequency is reduced from 50 Hz to 
49.7 Hz. Since all controllers are designed with a 1 % active power 
droop, their output active power is expected to increase by 1200 W for a 
0.3 Hz frequency drop. Fig. 12 presents the corresponding results. 
Similar to Test Scenario 1, all strategies exhibit well-damped responses, 
except for VI-AHO in Fig. 12(b), which shows oscillatory behaviour with 
a 70 % power OS. As shown, uVOC, VI-AHO, and Da-AHO in Figs. 12(a)– 
(c) deliver 1100 W active power to support the grid during the frequency 
variation, which is 8 % less than the expected value due to their voltage- 

Fig. 10. Experimental test setup.

Fig. 11. Experimental results of Test Scenario 1: (a) uVOC [9], (b) VI-AHO [11], (c) Da-AHO [12], (d) EAHO [13], and (e) proposed IAHO.
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dependent APL droop coefficients. By contrast, EAHO and the proposed 
IAHO in Figs. 12(d) and (e) achieve the full 1200 W injection, thereby 
providing the required support. These findings are consistent with the 
small-signal analysis results shown in Figs. 5(c) and 6(b).

4.3. Test scenario 3: operation in stand-alone mode

This scenario evaluates the performance of the AHO-based inverters 
in stand-alone mode. Initially, the inverters supply a 480 W load (100 
Ω). Subsequently, an additional 33 Ω load is connected in parallel, 

Fig. 12. Experimental results of Test Scenario 2: (a) uVOC [9], (b) VI-AHO [11], (c) Da-AHO [12], (d) EAHO [13], and (e) proposed IAHO.

Fig. 13. Experimental results of Test Scenario 3: (a) uVOC [9], (b) VI-AHO [11], (c) Da-AHO [12], (d) EAHO [13], and (e) proposed IAHO.
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increasing the output power.
The results are shown in Fig. 13. As observed, all strategies are 

capable of operating in stand-alone mode, thereby providing energy 
during grid outages. However, due to the absence of virtual inertia in the 
dynamic equations of uVOC and EAHO, their frequency responses 
exhibit a high RoCoF, as shown in Figs. 13(a) and (d), respectively. In 
contrast, VI-AHO, Da-AHO, and the proposed IAHO achieve smoother 
frequency transitions with significantly lower RoCoF in response to local 
load variations, consistent with the small-signal analysis results in Fig. 5
(a).

4.4. Test scenario 4: transient stability validation

This scenario evaluates the stability performance of the proposed 
IAHO and VI-AHO under grid voltage sags. As outlined in Section III, the 
test is conducted at a nominal voltage of 110 Vrms with Lg = 15 mH.

Fig. 14 presents the results for a grid voltage drop to 0.7 pu. Before 
the sag, the inverters operate with Pref = 400 W. As shown, both stra
tegies remain stable, continuously delivering 400 W to the grid. For the 
proposed IAHO, the equilibrium of δ shifts from 0.62 rad/s to 0.85 rad/s 
before and after the voltage sag, respectively, whereas for VI-AHO, it 
shifts from 0.62 rad/s to 0.94 rad/s. These results are consistent with the 

large-signal analysis in Fig. 7, with slight deviations in the equilibrium 
point mainly attributed to the PWM and dead-time effects on the 
inverter terminal voltage.

Fig. 15 illustrates the response when the grid voltage drops to 0.6 pu. 
In this case, the proposed IAHO remains stable, while the VI-AHO fails to 
establish equilibrium points, preventing the active power from reaching 
its reference value. As observed in Fig. 15(a), low-frequency oscillations 
appear in the waveforms of P, δ, and i, indicating instability, in agree
ment with the results in Fig. 8.

4.5. Comparative analysis

This section compares the performance and ancillary services 
delivered by AHO-based strategies using the experimental results. 
Table 3 summarises the outcomes of Test Scenarios 1–3, where values 
highlighted in green indicate the best performance and those in red 
represent the worst.

The results demonstrate that the proposed strategy consistently 
outperforms conventional approaches by achieving lower RoCoF, higher 
frequency nadir, reduced power OS/US, and enhanced active power 
support during frequency variations. In summary, the proposed strategy 
integrates all essential ancillary services, including virtual inertia, 

Fig. 14. Experimental results of Test Scenario 4 when grid voltage drops to 0.7 pu: (a) VI-AHO [11] and (b) proposed IAHO.

Fig. 15. Experimental results of Test Scenario 4 when grid voltage drops to 0.6 pu: (a) VI-AHO [11] and (b) proposed IAHO.

Table 3 
Comparison between AHO strategies based on experimental results.

Strategies uVOC [9] VI-AHO [11] Da-AHO [12] EAHO [13] Proposed IAHO

Test Scenario 1 RoCoF (Hz/s) ∞ 1.3 0.2 ∞ 0.2
​ Frequency nadir (Hz) 49.58 49.82 49.93 49.64 49.93
​ US % 0 40 0 0 0
Test Scenario 2 P (W) 1100 1100 1100 1200 1200
​ OS % 0 70 5 0 5
Test Scenario 3 RoCoF (Hz/s) 9 3.2 3.2 10 3.2
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damping and improved droop performance within a unified control 
framework. Moreover, as confirmed in Test Scenario 4, it provides su
perior stability under grid voltage sags.

5. Conclusion

This paper presented an integrated AHO-based VOC strategy for 
single-phase GFM inverters, enabling inverter-based resources to pro
vide ancillary services in both grid-connected and stand-alone modes. 
By incorporating virtual inertia, feedforward damping, and voltage- 
independent droop characteristics, the proposed controller addresses 
key limitations of existing AHO-based approaches. Analytical and 
experimental results confirm that the IAHO achieves smoother fre
quency responses with lower RoCoF, improved active power support 
under frequency deviations, and well-damped active power responses. 
Importantly, large-signal analysis and experimental tests under grid 
voltage sags demonstrated that the proposed method provides superior 
transient stability compared with other inertia-emulating strategies. 
Overall, the proposed IAHO offers a unified solution for virtual inertia, 
damping, and droop control, making it a strong candidate for BESSs to 
reliably support the grid, thereby facilitating the transition to a more 
resilient and renewable-based power system.
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Appendix A

Fig. A1 shows the relationship between the measured current i and the input of the AHO strategy ý.

Fig. A1. Relationship between measured current and AHO’s input.

The transfer function between the α-axis output of the SOGI-QSG and its input is given in (3). From this equation, its state-space representation can 
be written as: 
⎧
⎨

⎩

ẋ1 = ω x2
ẋ2 = − ω x1 − Kso ω x2 + Kso ω i
y = x2

(A1) 

where x1=X sin(γ), x2=X cos(γ), and i = I cos(γ). By defining X=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2
1 + x2

2

√

, its time derivative is: 

Ẋ=
x1ẋ1 + x2ẋ2

X
= − KsoωXcos2(γ) + KsoωIcos2(γ) (A2) 

Averaging over one AC cycle and considering Y = X from A1, one can write: 

Y(s)
I(s)

=
Ksoω/2

s + Ksoω/2
=

1
Tso s + 1

(A3) 

where the bar denotes the fundamental-frequency (cycle-averaged) component. For the virtual inertial block (resonant controller), following an 
identical averaging approach one can write: 

Y (́s)
Ier(s)

=
ωf

s + ωf
=

1
Tf s + 1

. (A4) 

where Ier=Iref− Y. From Fig. 1, the control law of AHO was obtained in (1). By defining vα=Vpcos(θ), vβ=Vpsin(θ), yα=Ycos(θ+φ), yβ=Ysin(θ+φ), and 
ýα=Ýcos(θ+φ), and ýβ=Ýsin(θ+φ), Eq. (1) can be rewritten as (A5), where φ is the phase difference between the inverter’s voltage and current. 
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⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

v̇α = μ
(

V2
p0 − V2

p

)
vα − ωʹ

0vβ −
ηV2

p

2
ý β

v̇β = ωʹ
0vα + μ

(
V2

p0 − V2
p

)
vβ +

ηV2
p

2
ý α

(A5) 

With θ=arctan(vβ/vα) and Vp =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
v2

α + v2
β

√
their time derivatives can be expressed as: 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

θ̇ =
v̇β vα − v̇αvβ

V2
p

V̇p =
vαv̇α + vβ v̇β

Vp

(A6) 

Substituting (A5) into (A6) results in: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

θ̇ = ωʹ
0 +

ηVpYʹ
2

(cos(θ + φ)cos(θ) + sin(θ + φ)sin(θ))

V̇p = μ
(

V2
p0 − V2

p

)
Vp +

ηV2
p Yʹ
2

(cos(θ + φ)sin(θ) − sin(θ + φ)cos(θ))
(A7) 

Averaging over one AC cycle and substituting Yʹ and Y from (A4) and (A3) results in (8), where P = 0.5 Vp I cos(φ), Q = 0.5 Vp I sin(φ), Pref=0.5 
Vp Iref cos(φ), and Qref=0.5 Vp Iref sin(φ).
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Data will be made available on request.
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