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Abstract— Virtual oscillator control (VOC), particularly the
Andronov—Hopf oscillator (AHO), has emerged as a promising
grid-forming (GFM) strategy due to its fast transient response and
inherent synchronisation capability. However, in conventional
AHO-based inverters, the active power droop -coefficient is
inherently dependent on the voltage amplitude, which degrades
frequency support under grid disturbances and leads to power-
sharing inaccuracies. This paper proposes an enhanced AHO
(EAHO) control strategy that achieves a voltage-independent
active power droop coefficient while preserving the original AHO
structure and its favourable dynamic characteristics. The
proposed modification enhances frequency and voltage support,
improves active and reactive power support, ensures accurate
power sharing in stand-alone parallel operation with other GFM
inverters, and enhances stability under severe grid voltage sags.
Large-signal and small-signal analysis, as well as comprehensive
experimental validation on 2.5 kVA single-phase inverters,
confirm the superior steady-state performance, improved grid-
support capability, and robust stability of the proposed EAHO
under wide-ranging grid conditions.

Index Terms— Andronov-Hopf Oscillator (AHO), grid-forming
(GFM) inverter, virtual oscillator control (VOC).

I. INTRODUCTION

ITH the growing dominance of inverter-based resources
in modern power systems, grid-forming (GFM) inverters
have gained considerable attention for their critical role
in maintaining system stability and resilience. A common GFM
approach involves synchronous generator (SG) emulation-
based methods, which provide grid frequency and voltage
support, as well as communication-free power-sharing, by
emulating the behaviour of SGs. These methods include droop
control [1], virtual synchronous generator [2], [3],
synchronverter [4], [5], and synchronous power control [6]. All
these strategies incorporate droop functionality, where the
angular frequency (w) and amplitude (V) of the inverter’s
voltage are linear functions of active (P) and reactive (Q)
powers, respectively.
To improve the dynamic response of the SG-emulation-
based methods, virtual oscillator control (VOC) has been
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proposed as an emerging GFM strategy. VOC leverages the
synchronisation behaviour of coupled oscillator networks,
allowing the system to quickly stabilise to a limit cycle [7], [8].
VOC inherently stabilises arbitrary initial conditions to a
sinusoidal steady state. Thus, it achieves global asymptotic
synchronisation and enhanced transient performance compared
to traditional droop control [9]. Furthermore, VOC’s control
strategy relies directly on the inverter output current,
eliminating the need for power measurements and low-pass
filtering, thereby further improving transient speed and power-
sharing dynamics [10], [11]. Among various VOC
implementations, the Andronov-Hopf oscillator (AHO) stands
out for its dispatchability and ability to generate a harmonic-
free voltage waveform [12], [13], [14].

Recently, the AHO has been equipped with virtual inertia,
increasing its relevance in modern power systems, although at
the cost of reduced damping [15], [16]. To address this issue,
two recent damping enhancement methods have been proposed
[17], [18]. Additionally, a new control strategy in the dq
reference frame has been developed to enhance the power
tracking and dynamic response of the VOC [19].

Despite these advantages, the droop coefficients of the AHO
are nonlinear functions of the voltage amplitude V). In
particular, the active power loop (APL) droop coefficient,
unlike in conventional SG emulation-based methods, varies
with V},, complicating the design of control parameters, as they
must account for the allowable range of V). As a result, the
inverter’s ability to provide consistent grid support during
frequency disturbances can be compromised. Moreover, power-
sharing inaccuracies may arise when AHO-based inverters
operate in parallel with other GFM units.

This paper proposes an enhanced AHO (EAHO) control
strategy that achieves a voltage-independent active-power
droop coefficient, while preserving the AHO’s core structure
and its fast dynamics. The proposed strategy improves grid
support capabilities in response to fluctuations in both grid
frequency and voltage amplitude, ensures accurate power-
sharing in stand-alone mode, even when operating in parallel
with other GFM strategies, and enhances large-signal stability
under sever grid voltage disturbances. Here, the EAHO is
designed for single-phase applications to address a gap arising
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from the increasing deployment of small-scale distributed
generation in residential and commercial areas, mainly rooftop
solar PVs and energy storage systems, which necessitate the use
of single-phase GFM inverters to ensure safe and stable
operation of inverter-based resources [20], [21], [22].
Nevertheless, the strategy is scalable and applicable to three-
phase systems. Furthermore, although the focus is on w-P and
V,-Q droop functionality, the proposed strategy is also
compatible with dominantly resistive systems with w-Q and V-
P droop. The effectiveness of the proposed strategy is
demonstrated through large-signal and small-signal analysis
with experimental validation on 2.5 kVA single-phase inverters
in both grid-connected and stand-alone modes.

The rest of this paper is organised as follows: Section II
reviews the conventional AHO and introduces the proposed
EAHO strategy, accompanied by a comprehensive analysis and
a small-signal state-space and large-signal stability
investigation. Section III presents the experimental validation,
and Section IV concludes the paper.

II. CONVENTIONAL AND ENHANCED AHO

A. Conventional AHO

The AHO is a time-domain controller implemented in the aff
reference frame. The control law for the oscillator output
voltage is expressed as:

1'7=]w+M(V§0—[/;,Z)U+j71(iref—i) (1)
1 2 3

where v is the oscillator output voltage, wo and Vo represent the
nominal values for angular frequency (w) and voltage vector
magnitude (V),), ir.ris the reference value of the inverter’s output
current (), and 5 and u are AHO’s control parameters [12]. This
equation illustrates that the AHO dynamics consist of three
terms: (1) the harmonic oscillator, (2) the voltage magnitude
correction, and (3) the synchronisation feedback (current input)
[12]. Equation (1) can be rewritten in the af reference frame as:
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where v, and v are the oscillator output voltages, iwer and iger

are the inverter’s reference currents, and i, and iz denote the
inverter’s output currents in the af reference frame. In single-
phase systems, since only the a-axis current is physically
available, the current component iz is usually generated by a
second-order generalised integrator-based quadrature signal
generator (SOGI-QSG) [23].

The time derivatives of the oscillator voltage amplitude (1, =

vZ + vé) and phase (f=arctan(vg/v,)) are given by:
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Substituting (2) into (3) yields:
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where P, and QO are the reference values of the active and
reactive powers, respectively. As seen from (4), the oscillator’s
voltage amplitude evolves dynamically until equilibrium is
reached (Vp =0). At this steady state, the droop characteristics of
AHO can be obtained as shown in (5).

27
Vp4 = szOVpZ + 7 (Qref - Q)
(5)

2n
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The APL and reactive power loop (RPL) droop coefficients,
my, and my, are defined as [9]:

dw
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Substituting (5) into (6) yields:
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where mp 40 and mg 4o are the AHO’s droop coefficients.
From (7), it is evident that m, 4r0 is inversely proportional to
the square of the voltage amplitude V,. Furthermore, the
expression for my 410 becomes negative when 1, <V, N2,
which can jeopardise system stability.

According to the droop control principle, powers should
reach their nominal values (Po and Qo) in response to the
maximum allowable frequency deviation (Awm.) and voltage
amplitude (V,ma), respectively. Substituting these conditions
into (5) gives the control parameters as [12]:

21nQ,
VpZOVpZ,max

2
A‘“max Vp,max
)

n= ®)

4 —
Vp,max

B. Enhanced AHO

Fig. 1 illustrates the proposed EAHO-based GFM scheme for
a single-phase inverter, where Ly Ry, and Cy denote the filter
inductance, its parasitic resistance, and the filter capacitance,
respectively. Z; is the local load, and L, and R, represent the
grid impedance. In this configuration, Vg is the DC-link voltage
and v, represents the voltage at the point of common coupling.

As already stated in [24], any change to the first two terms of
(1) compromises the fast dynamic response and low harmonic
distortion of the AHO. Thus, in this work, only the third term is
manipulated through multiplying the current error by V,/2, as
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Fig. 1. Proposed EAHO-based single-phase GFM inverter.
highlighted in Fig. 1. The control law of the EAHO can then be
expressed as:

'a e VZ _VZ _ .
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where 7. and p. are the EAHO’s control parameters. The
modification term introduced in (9) is based on the idea of
feedback linearisation in nonlinear control. Feedback
linearisation is a common nonlinear control strategy that
transforms a nonlinear system into an equivalent linear one by
changing variables and/or applying a suitable control input [25].
From a physical perspective, this modification can be
interpreted as a normalisation of the control action with respect
to the voltage magnitude. Comparing (2) and (9) shows that the
first terms are identical, while the current error term has been
modified to achieve the APL droop coefficient independent of
the voltage. Substituting (9) into (3) results in:

{Vp = He (szo - VIJZ)VP + neVp(Qref - Q) (10)
0=w=wy+ r)e(Pref - P).

At equilibrium (Vp =0), the droop characteristics of EAHO
can be obtained as (11).

V2 = V3 + 22 (Qrer — Q)
He

w=w0+77e(Pref_P)

As shown in (11), the proposed modification leads to a linear
APL droop equation that is independent of V,. Additionally, the
RPL droop reduces to a quadratic voltage dependence, rather
than the quartic dependence observed in the AHO. Similar to
the AHO, the EAHO control parameters 7. and u. should be
designed such that the active and reactive powers reach their
nominal values at the maximum allowable grid frequency
deviation and maximum voltage amplitude, respectively. These
parameters can thus be determined from (11), as given in (12).

70
- (12)

(11

Awmax

Ne =———, Ue=
¢ PO ¢ meax

These expressions show that, similar to the AHO, the
EAHO’s controller parameters are determined from grid code

TABLE 1
EXPERIMENTAL PARAMETERS
Parameters Description Value
Py, Qo rated active and reactive power 2000 W, 1500 var
Ve DC-link voltage 380V
Wy nominal angular frequency 27 % 50 rad/s
Voo nominal voltage amplitude 311V
L, Cr filter impedance 7 mH, 3.9 uF
Lo, R, grid impedance ImH, 1Q

91.99, 1.16 x 10*
0.0016, 1.16 x 10
0.0016, 0.0207

nu AHO control parameters
Ne, Me EAHO control parameters
My, droop, Ma,droop droop control parameters

requirements and inverter ratings. According to the National
Grid Electricity System Operator for Great Britain, the
maximum allowable frequency deviation is £0.5Hz (i.e.,
Afmax=0.01 pu) [26]. Additionally, the typical voltage tolerance
is up to 110% of the nominal value. Therefore, the control
parameters for both the conventional and proposed strategies
are selected using equations (8) and (12) and are summarised in
Table I to satisfy these requirements.

The EAHO’s droop coefficients can be calculated by
substituting (11) into (6), resulting in:

My eano = MNe
Ne (13)

m =—
q,EAHO
2u.V,

where mp, z4n0 and my eano are the droop coefficients under the
EAHO strategy. Equation (13) shows that the APL droop
coefficient simplifies to 7., making it independent of voltage
magnitude. Additionally, in contrast to the AHO case, mg z4ro
remains positive for all V), thus improving RPL’s stability
under varying grid conditions.

Fig. 2 illustrates the variation of the active power droop
coefficient as a function of the voltage amplitude V), for both
the conventional AHO and the proposed EAHO using the
parameters listed in Table I. It can be observed that the droop
coefficient of the conventional AHO is inversely proportional
to V,, resulting in a noticeable variation as the voltage
amplitude changes. In contrast, the EAHO maintains a constant
droop coefficient over the entire operating range, confirming its
independence from voltage amplitude. This characteristic
ensures consistent frequency support and improves power-
sharing accuracy under varying voltage conditions.

In addition to enhancing the APL droop, the proposed
strategy also improves the reactive power support capability
compared to the conventional AHO. By defining 0=6-6, as the
phase angle difference between the oscillator voltage and grid
voltage, the dynamic equations of EAHO, as given in (10),
simplify to:

{Vp = Ue (VpZO V;JZ)VIJ + neVp(Qref - Q)
6 =ne(Pref _P)

For a single-phase inverter connected to a grid, the injected
active and reactive powers from the inverter to the grid can be
calculated as:

(14)
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where Rr=R/Rgs, Xr=XrtX,, and V, is the grid amplitude
voltage. These expressions confirm that both power
components are inherently dependent on voltage magnitude and
phase difference, as well as circuit parameters. However, the
primary contribution of this paper is that the active power droop
coefficient is no longer a function of the voltage amplitude and
therefore not affected by its variations.

Substituting (15) into (14) yields a set of two nonlinear
differential equations. These equations are solved numerically
(using MATLAB) for the parameters given in Table I, assuming
a 20% grid voltage drop, with P,,s= 0 W and Q= 0. Under
these conditions, the EAHO injects 1443 var of reactive power
at steady-state. A similar large-signal analysis for the
conventional AHO results in 1078 var. These results indicate
that the proposed EAHO injects approximately 25% more
reactive power than the conventional AHO, thereby offering
enhanced grid support under voltage amplitude variations.

(15)

C. Power-sharing in Parallel Operation in Stand-Alone Mode

Consider a system with N parallel inverters supplying a local
load in stand-alone operation. The inverters are controlled using
EAHO, AHO, or droop control.

The droop control law is given in (16)

{Vp = VpO + My droop (Qref - Qf)

W = Wyt My aroop (Pref - Pf)

(16)

where mgdroop and mpae0p are the RPL and APL droop
coefficients, respectively, and Qr and Py are the measured
reactive and active power filtered using a low-pass filter to
mitigate measurement noises [1]. Similar to EAHO and AHO,
the APL droop coefficient of the droop control should be
designed such that active power reaches its nominal value (Po)
in response to the maximum allowable frequency deviation
(Awmax), as given in (17).

m B — Awmax

p,droop Po

(17)

Assuming P.s = 0 in stand-alone mode, the steady-state
frequency—power relationship for all GFM controllers can be
expressed in a unified droop form as:

w; = Wo — mpiPi

(18)

where w;, my;, and P; are the angular frequency, APL droop
coefficient, and output active power of the i inverter,
respectively. The APL droop coefficient, m,, for the AHO,
EAHO, and droop control are given in (7), (13), and (17),
respectively. From the frequency synchronisation condition, we
have w; = w; (i,j=1,2,...,N). Thus,

P m. :
— =t (19)
P my;

First, consider two inverters i and j controlled by EAHO and
droop control, respectively. Substituting (12), (13), (17), and
(18) into (19) yields:

B_my My Fa
Pj mpi Ne P 0j
Equation (20) shows that EAHO ensures power sharing
proportional to the inverter ratings, which guarantees accurate
load sharing. For identical ratings, equal power sharing is
achieved. Next, consider an inverter £ controlled by the
conventional AHO operating in parallel with a droop-controlled
inverter /. In this case:
Pe _ Mpj _ Mparoop _ Pok 4
/W Py,

e2))

Pj mpk Vp,max

This expression shows that, unlike EAHO, the power sharing
of AHO depends not only on inverter ratings but also on the
instantaneous voltage amplitude and its maximum allowable
value. As a result, even for inverters with identical ratings,
unequal power sharing occurs under voltage variations.

D. Small-Signal Stability Analysis

This section investigates the stability performance of the
proposed EAHO. To this end, its small-signal model is derived
in state-space form:

Ax = AAx + B Au (22)

where x is the state vector, u represents the system input, Ax is
a small perturbation around the equilibrium point Xe,, and 4 and
B are the Jacobian Matrices. The system is exponentially stable
if all eigenvalues of matrix A lie in the left half of the complex
plane. In the following, xs and x, denote the component of x
projected onto the grid voltage’s dg frame.

In the dq reference frame, the inverter’s voltage components
are defined as v;=V cos(6) and v,=V sin(6), where V'=V,/ V2 is
the RMS value of the voltage. Thus, for the single-phase
inverter connected to the grid, the current dynamics and output
power expressions in the dg frame are given by:

: R V cos(8 V.
fy=——ig + wig L Yeos® Y
LT LT LT (23)
: . Ry Vsin(6)
Ig=—wlg—7—ig+——F
T Ly
P =Vcos(0) ig+Vsin(0) i, ”
{Q = V'sin(8) iy — V cos(8) i (24)

The dynamic equations of the EAHO were previously
derived in (10). By substituting (24) into (10) and linearising
the resulting equations and (23) around the equilibrium point, a
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Fig. 4. Eigenvalue map of EAHO: (a) L, changes from 1 mH
to 15 mH and (b) R, changes from 0.5 Q to 1.5 Q.

state-space representation as in (22) is obtained, where Ax=[Av,
A0, Aig, Aig]T and Au=Av,. The resulting Jacobian matrix A is
presented in (25), where the equilibrium point is given by
Xeg=[Vegs Ocq, 1a, 1,]T and wes=m,. To determine X, the steady-
state conditions iy =i,=}"=0 are applied. The resulting nonlinear
algebraic equations are solved using Newton’s iteration
method, implemented in MATLAB. For the experimental
parameters listed in Table I, the equilibrium point is found to
be: Xeq =[224.39 V, 0.1079 rad, 8.72 A, 2.24 A]".

Fig. 3 presents the eigenvalue loci of the linearised system in
the complex plane for varying control parameters. Fig. 3(a)
shows the eigenvalue map of the EAHO as 7. changes from
0.57¢,set 1O 41 5e1, Where 77¢,5:= 0.0016 is the designed value that
satisfies the grid requirements. This figure reveals that for small
values of 7., the dominant eigenvalues are 4; and A, which

400
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Fig. 5. Eigenvalue comparison.

move leftward, away from the imaginary axis, as 7. increases,
indicating an improved dynamic response. However, for
excessively large 7., eigenvalues A3 and A4 become dominant
and approach the imaginary axis, suggesting reduced stability
margins. For this system, 7. = 47.,s: marks the critical threshold
beyond which the system becomes unstable. The eigenvalues
corresponding to #e = 7#ese (the value dictated by grid
requirements), are marked with the black “*”, confirming the
stable operation of EAHO.

Fig. 3(b) presents the eigenvalue map as u. changes from
0.1 e ser tO Ate ser, Where peser 1S the designed value. This figure
reveals that the eigenvalues 43 and A4 change slightly with the
change in z.. In contrast, A; moves to the left and away from the
imaginary axis by increasing ., which implies a faster
response. However, A, first moves to the left for 0.1ue e <ue
<0.61te,5er, then changes slightly with the increase of ge.

Fig. 4 analyses the performance of the proposed strategy
under varying grid impedance. Fig. 4(a) presents the eigenvalue
map when L, changes from 1 mH to 15 mH. This figure
indicates that, as Lg increases, all eigenvalues shift closer to the
imaginary axis, implying a slower response. Fig. 4(b) illustrates
the eigenvalue map when R, varies from 0.5 Q to 1.5 Q. This
figure reveals that the dominant eigenvalues A; and 4, change
slightly with R,. However, 13 and /4 shift to the left and move
away from the imaginary axis as R, increases, indicating a faster
response. However, for larger values of R, these eigenvalues
become non-dominant, meaning that further increases in R,
have minimal impact on the transient behaviour.

Using a similar approach, the state-space representations and
their matrix A for the conventional AHO and droop controllers
are derived and reported in Appendix A. Fig. 5 compares the
eigenvalue plots of EAHO, AHO, and droop control with the
experimental parameters. The eigenvalues of EAHO and AHO
are close, confirming their similar transient performance. In
contrast, droop control exhibits dominant eigenvalues closer to
the imaginary axis, which implies a slower dynamic response.
This figure confirms that the proposed EAHO maintains the
faster transient response characteristics of the conventional
AHO compared to the droop control.

_Z#e (VO2 - 3‘/;%1) + neQref - ZneVesz* _neVezzFl* _neveé Sin(eeq) neVe%J COS(Geq) ]
_neFl* neVesz* _neVeq COS(Qeq) _neVeq Sin(geq)
4= cos(8eq) 3 Veq sin(f.q) 3 & N
Ly Ly Ly “ (25)
sin(8.q) Veq €0S(0eq) cw 3 &
I Ly Ly eq Ly ]

Ff =13 ¢08(0,q) + Igsin(Beq), F; = 13sin(0,q) — I c0s(0eq)
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Fig. 6. (a) Phase portrait and (b) V-0 curves when grid voltage
drops to 0.6 pu.

E. Step-by-step parameter design

In this section, a straightforward design algorithm is
provided, considering both droop functionality and stability
margins:

1) Define system requirements:

e Rated power of the inverter (Py and Qo)

e Maximum allowable frequency deviation (Awmax)

e  Maximum allowable voltage amplitude (V},max)

2) Calculate initial control parameters to satisfy droop

requirements:

Use (12) to compute 7. and u.. For the experimental
parameters, these values are 5. = 0.0016 and u. = 1.16x10",

3) Check the small-signal stability for the calculated 7.

and ue:

From the eigenvalue map, for the system to remain stable:

® 7o <Neer = 0.0062 = 0.04 pu, which is satisfied (if not, #.
must be curtailed to 0.0062).
e 0 <y, which is always satisfied.

F. Large-Signal Stability Analysis

For nonlinear large-signal stability analysis of GFM
inverters, two common approaches are the phase-portrait
method [27] and the Lyapunov direct method [28]. The phase-
portrait method is particularly useful for visualising the
nonlinear evolution of system trajectories and the effect of
controller dynamics on equilibrium attraction, while the
Lyapunov direct method provides a more formal nonlinear
stability certificate. In this work, the phase-portrait method is
employed to analyse and compare the transient stability of the
conventional AHO and the proposed EAHO, since it offers
clear physical insight into their nonlinear behaviour.

The nonlinear dynamic equations of EAHO are presented in
(14) and (15). By numerically solving these nonlinear equations
in MATLARB, the trajectories § — & and V, — & are obtained and

compared with those of the conventional AHO controller.

TABLE 11
COMPARISON BETWEEN DIFFERENT VOC STRATEGIES
VDPO
vVOC DZO [28] [11] 30] AHO[12] EAHO
Droop
Functionality v v v v
Dispatchable x x v v
Harmonic-free <* < <* v v
waveforms
x x x
v
' Voltage- KK, KK, o a
independent m, m, = vz ™=y » =7z m, =1,

: The third harmonic magnitude in DZO and VDPO varies with control
parameters [29].

Because grid faults may lead to high current levels and the
laboratory setup has limited fault-handling capability, the
transient stability analysis is performed at half of the nominal
voltage and current values specified in Table I, with Ls=15 mH.

Fig. 6 presents the § — & and V, — & trajectories when the
grid voltage drops to 0.6 pu. In this case, the proposed EAHO
strategy stabilises at a new equilibrium point of (deg, Vpeq) =
(0.74 rad, 112 V). In contrast, as shown in Fig. 6(a), the AHO
response diverges, with § > 0 for all J, indicating that no stable
equilibrium exists in the power angle trajectory.

This enhanced stability is primarily attributed to the
improved reactive power support provided by the proposed
strategy. According to (7) and (13), the RPL droop coefficient
mg, remains always positive in EAHO, whereas it becomes
negative for AHO whenV,, <V, /N2, which results in an
enhanced transient stability of the EAHO under severe grid
disturbances.

G. Comparison with other VOCs

In this section, the performance of the EAHO is compared
with two well-known VOC strategies: dead-zone oscillator
(DZO) and Van der Pol oscillator (VDPO).

The DZO, originally proposed in [29], is among the earliest
time-domain oscillator-based GFM methods. However, it
suffers from two key limitations: 1) It is not dispatchable,
meaning that explicit power setpoints cannot be assigned in
grid-connected operation; and 2) It introduces harmonic
distortion in the voltage waveform, as already reported in [30].

The VDPO, initially developed for single-phase GFM
inverters [11], also lacked dispatchability in early
implementations. Although dispatchable variants have since
been proposed [31], they still exhibit third-order harmonics in
the output voltage, making it less suitable for grid-connected
applications without additional harmonic mitigation [30].

In contrast, AHO overcomes these limitations by being fully
dispatchable and capable of generating harmonic-free
sinusoidal voltages [30], [32]. The proposed EAHO retains all
these advantages while offering a voltage-independent active
power droop coefficient. This enables improved active/reactive
power support under grid disturbances, more accurate power
sharing, and enhanced system stability.

A summary of this comparison is given in Table II,
highlighting the superior performance of the proposed EAHO.
In this table, K;, K, and C are the control parameters of VDPO
and DZO.
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Fig. 7. Experimental test setup.

III. EXPERIMENTAL VALIDATION

To validate the theoretical findings, a 2.5 kVA test setup is
implemented, as shown in Fig. 7, with parameters listed in
Table I. The Cinergia 7.5 kVA grid emulator is employed to
simulate the grid behaviour. The control algorithms are
implemented on a dSPACE DS1007 processor. The
effectiveness of the proposed strategy compared to the
conventional methods is validated through seven test scenarios.

A. Scenario 1: Grid frequency change

This scenario compares the grid support capabilities in
response to grid frequency variations. Here, the grid frequency
decreases from 50 Hz to 49.5 Hz, with P,.,=0 W. According to
the droop performance and parameter design, the inverters are
expected to inject nominal active power (2000 W). Figs. 8(a)
and 9(a) compare the experimental results for the proposed
EAHO and conventional AHO controllers, respectively. As
shown in Fig. 8(a), the EAHO successfully inject 2000 W,
whereas Fig. 9(a) shows the AHO injecting only 1800 W, 10%
below the target value. This lower active power injection by

|
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AHO is consistent with Fig. 2, where its APL droop coefficient
increases at the nominal voltage.

Regarding waveform quality, the total harmonic distortion
(THD) of both strategies is also measured and reported in these
figures. The results confirm that both voltage and current THD
remain below 1% and 3%, respectively, for both strategies. This
validates the harmonic-free voltage generation capability of
AHO-based inverters.

B. Scenario 2: Grid voltage amplitude change

This scenario compares the inverters’ reactive power support
when the grid voltage first falls by 20% and then jumps by 10%,
with P..rand Q. set to zero. During the voltage drop to 0.8 pu,
as shown in Fig. 8(b), the EAHO injects 1400 var, while Fig.
9(b) indicates that the AHO injects only 1050 var, which is 25%
less than the EAHO. These results are consistent with the
theoretical calculations in Section II.B, where the injected
reactive powers were 1443 var and 1078 var for the EAHO and
AHO, respectively. For the voltage jump to 1.1 pu, EAHO
absorbs 600 var, while AHO absorbs 450 wvar. Both
experimental and theoretical results confirm that the proposed
EAHO provides approximately 25% enhanced grid support in
terms of reactive power support compared to the AHO under
both voltage sag and swell conditions.

C. Scenario 3: Power-sharing in stand-alone mode

In this test, both VOC-based inverters are connected in
parallel with a conventional droop control inverter to supply
local loads in stand-alone mode. Initially, the inverters supply a
resistive load R;; = 94 Q, and then an additional load R;, = 33
Q is added in parallel. All controllers are configured to achieve
Py and Qy in response to the maximum allowable grid frequency
deviation and voltage amplitude deviation.

Figs. 8(c) and 9(c) show the experimental results, where
Pranoligano, Pplip, and Pumolisno represent the active
power/current waveforms for EAHO, conventional droop, and
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Fig. 8. Experimental results of EAHO: (a) Test Scenario 1, (b) Test Scenario 2, and (c) Test Scenario 3.
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Fig. 9. Experimental results of AHO: (a) Test Scenario 1, (b) Test Scenario 2, and (c) Test Scenario 3.
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Fig. 10. Test Scenario 4: (a) EAHO, (b) AHO, and (c) droop control.

AHO. Fig. 8(c) illustrates the waveforms when EAHO operates
in parallel with the droop control. Before and after the load
change, both inverters share the active power equally, each
delivering approximately 240 W and 920 W, respectively.
However, for the AHO in parallel with droop control, as shown
in Fig. 9(c), the active power delivered is approximately 220 W
and 260 W before the load change, and about 840 W and 1000
W after the load change, respectively. This represents about a
17% power difference between the inverters, which is also
reflected in the current waveforms. The results confirm the
theoretical predictions in Section II.C, when EAHO, unlike
conventional AHO, ensures power sharing proportional to the
inverter ratings, as shown in (20) and (21).

D. Scenario 4: Active power reference change

To compare the dynamic response of different controllers, in
this scenario Py changes from 500 W to 2000 W. The results,
presented in Fig. 10, confirm that all strategies successfully
track the reference power. Figs. 10(a) and (b) show that the
proposed EAHO and the conventional AHO exhibit faster
transient responses, both achieving a settling time (#.,) of 200
ms and without overshoot (OS). However, as shown in Fig.
10(c), droop control exhibits a slower response, with #,~300
ms and an OS of 16%. These observations are consistent with
the eigenvalue comparison in Fig. 5, showing that the proposed
EAHO maintains the fast transient response of AHO.
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Fig. 11. Test Scenario 5: (a) EAHO and (b) AHO.

E. Scenario 5: Stability analysis under grid voltage sags

From Fig. 6, it has already been concluded that the proposed
EAHO exhibits superior stability performance under severe
grid voltage disturbances, owing to its always positive RPL
droop coefficient. To confirm this, a test scenario is conducted
for both AHO and EAHO, in which the grid voltage drops to
0.6 p.u, with the same conditions used for large-signal stability
analysis in Section ILF.

Fig. 11 presents the results. Before the sag, the inverters
operate with P,.,=400 W. As shown in Fig. 11(a), the proposed
EAHO remains stable during the disturbance. In contrast, AHO,
as depicted in Fig. 11(b), fails to establish equilibrium points,
preventing P from reaching its reference value. Consequently,
low-frequency oscillations appear in P, ¢, and i, indicating
instability.

Table III compares the AHO and EAHO based on
experimental results of Test Scenarios 1-5, confirming that
EAHO offers better grid support capability, power-sharing
accuracy, and transient stability performance compared to
AHO, while preserving its transient speed.

F. Scenario 6: Grid disconnection in parallel operation

In this scenario, two inverters with EAHO controllers are
connected in parallel to supply a local load (R;=47 Q) and the
grid. Before grid disconnection, each inverter was programmed
with P.s = 1000 W, meaning each supplied 1000 W to the
combined load and grid. Fig. 12 (a) presents the experimental
results when the grid is suddenly disconnected by opening its
relay, where i, is the grid current. This figure shows that each
inverter supplies 1000 W before the grid disconnection. After
disconnection, the output power of both inverters shifts
smoothly to 480 W to supply the local load equally. This
smooth transition is evident in the zoomed-in voltage and
current waveforms of Fig. 12(b). These results confirm that
both inverters continued to operate without tripping,
demonstrating the robustness of the proposed strategy in
maintaining stable operation following grid disconnection.

TABLE III
COMPARISON BETWEEN EAHO AND AHO

GFM strategy EAHO AHO [12]

Active and reactive power support 2000 W 1800 W
(Figs. 8,9 (a),(b) ) 1400 var 1050 var

Power-sharing error o 1z0
(Figs. 8.9 (¢)) S0 = 16%
Dynamic response . Py

(tes in Fig. 10) 200 ms 200 ms

Transient stability Stable Unstable

(Fig. 11)
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Fig. 12. Test Scenario 6: (a) EAHO parallel with EAHO and
(b) zoomed view of current waveforms.

G. Scenario 7: Variation in grid impedance and control
parameters

This section examines the effect of variation in control and
grid impedance parameters on the EAHO’s transient
performance. The results are compared with those presented for
the designed values in Fig. 10(a), where L,=1 mH, R,~=1 Q, and
Ne=Neser=0.0016. Figs. 13(a) and (b) show the EAHO’s
response when P, jumps from 500 W to 2000 W under
different grid impedance values. Fig. 13(a) demonstrates a
significantly slower response (760 ms) when L, is increased to
15 mH, consistent with the eigenvalue map in Fig. 4(a). In

Vpee [400 V/div] ¢ [100 ms/div]

dA b N
14 W AN

RN

P [500 W/div]

~ =760 ms

contrast, Fig. 13(b) shows only a slight change in the transient
response when R; is reduced to 0.5 Q, which agrees with the
eigenvalue map in Fig. 4(b), where the dominant eigenvalues
shift only slightly with R,. The controller’s resilience against
real-time grid impedance variations is further investigated in
Fig. 13(c). In this test, the inverter operates at P, = 1500 W
with L, = 5 mH. Then, a 1 mH inductor is added in parallel and
subsequently removed in real time, altering L, to 0.83 mH and
back. The results in Fig. 13 confirm that the steady-state
performance of the EAHO is not affected by variations in grid
impedance, while its transient response speed is influenced by
such changes.

Fig. 14(a) shows the results for different control parameters,
17e=0.57¢ 501, When P, changes from 500 W to 2000 W.
Comparing this figure with Fig. 10(a) reveals that active power
reaches its final value within 480 ms and 200 ms for 7.~0.57,se:
and 7.~ ser, Tespectively. These results are consistent with the
eigenvalue map of Fig. 3(a), in which decreasing 7. results in a
slower response.

Similar to AHO, the initial synchronisation time of the
EAHO is primarily influenced by u.. Thus, to validate the
small-signal analysis, the output voltage generation time is
measured for different u. values. Figs. 14(b) and (c) present the
results, showing that the oscillator’s voltage reaches its final
value within 280 ms and 110 ms for pue=teyser and pu~4ueser,
respectively. These results are consistent with the eigenvalue
map in Fig. 3(b), where increasing . results in a faster
response.

IV. CONCLUSION

This paper introduced an enhanced AHO control strategy for
grid-forming inverters that overcomes the inherent limitations
of the conventional AHO. By applying a simple yet effective
modification to the current error feedback term, the proposed
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Fig. 13. Test Scenario 7 under grid impedance variations: (a) Ls=15 mH, R,=1 Q, (b) Ls~=1 mH, R,~0.5 Q, and (c) sudden changes
in L.
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approach achieves a linear, voltage-independent active power
droop coefficient while preserving the original AHO structure,
harmonic-free voltage generation, and fast transient dynamics.

Comprehensive large-signal and small-signal analyses
demonstrated that the EAHO provides improved active and
reactive power support, enhanced droop characteristics, and
superior stability margins under grid voltage and frequency
variations. Experimental results obtained from a 2.5 kVA
single-phase inverter platform validated the theoretical
findings, confirming accurate power sharing in parallel
operation, improved frequency and voltage support during
disturbances, and stable operation under severe voltage sags
where the conventional AHO becomes unstable.

Despite these advancements, the proposed EAHO strategy
does not, in its current form, encompass all functionalities
required for comprehensive ancillary service provision. In
addition, although the present paper has demonstrated transient-
stability enhancement using large-signal phase-portrait
analysis, a formal Lyapunov direct-method-based analysis
would provide an additional nonlinear stability certificate.
Therefore, future work will focus on extending the proposed
strategy toward broader ancillary-service functionality and on
developing a Lyapunov-based nonlinear stability framework
for VOC-based GFM inverters.

APPENDIX A

The Jacobian matrices for the AHO and droop control are
given in (26) and (27), respectively, where state variables for
the AHO are Ax=[Av, A0, Aia, Ai,]T and for the droop control
are Ax=[Av, A0, Ao, Ais, Aij]", and F," and F>" are given in
(25).
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