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A B S T R A C T

The global energy transition toward renewable sources is driving a shift from conventional synchronous- 
machine-dominated grids to inverter-based power systems. This necessitates the integration of grid-following 
(GFL) and grid-forming (GFM) inverters, each with distinct characteristics. As future power systems are ex
pected to include a high share of inverter-based resources, understanding the steady-state and dynamic in
teractions between GFL, GFM, and synchronous-machine-based grids is important for reliable operation. This 
research investigates steady-state and transient responses in several prospective scenarios of future power sys
tems. For GFL inverters, a Kalman Filter-based Phase Locked Loop (PLL) is adopted to improve performance 
under weak-grid conditions, while GFM inverters are modeled using established droop and Virtual Synchronous 
Machine (VSM) controllers. The study employs inverter capacities from 2.5 MVA to 10 MVA and synchronous 
machines from 2.5 MVA to 200 MVA to represent different grid conditions. MATLAB/Simulink is used to 
investigate the interactions between grid-GFL, grid-GFM, and GFL-GFM systems under steady-state small dis
turbances and transient bolted symmetrical faults. The findings show that the Kalman Filter-based PLL improves 
the GFL inverter response against transient disturbances compared with a conventional PID-based PLL, partic
ularly in terms of reduced short-circuit current and faster settling. The results also indicate that GFL-GFM 
interaction can operate stably within the studied 100% renewable-energy-based scenario. For GFMI-SM opera
tion, the results show that stability is strongly affected by the network X/R ratio, and virtual impedance 
compensation can improve stability under low-X/R conditions within specific limits. In addition to the time- 
domain study, eigenvalue analysis of the state-space models of both GFM and GFL inverters is carried out to 
support the observed stability trends. The paper provides a comparative simulation-based assessment of inverter- 
grid interactions relevant to future renewable-rich power systems.

1. Introduction

Demand for and interest in Renewable Energy Sources (RES) have 
increased during the last few decades. Global energy production from 
renewable sources is expected to rise from 30% in 2022 to 76% in 2050, 
accounting for almost half of all power production, according to the 
International Energy Outlook [1]. By 2050, the US will produce 80% of 
its power from renewable energy sources (RES), as indicated by the 
country's increasing trend toward RES adoption and its ability to sustain 

hourly supply-demand dynamics. This projection comes from NREL. The 
EU accelerated its shift away from fossil fuels in 2023, a year with 
record-low emissions from gas, coal, and other sources. Fossil fuels, 
which suffered a record 19% decrease to their lowest point ever, account 
for less than one-third of the electricity generated in the EU [2]. 
Inverter-based resources (IBRs) are progressively supplanting conven
tional synchronous machines. In contrast to Renewable Energy Systems 
(RES), Synchronous Machines are well-established for the current power 
system and provide inertia and reactive power against any changes, as 

* Corresponding author.
E-mail addresses: pollen@chalmers.se, pollen.barua@hv.se (P. Barua). 

Contents lists available at ScienceDirect

Franklin Open

journal homepage: www.elsevier.com/locate/fraope

https://doi.org/10.1016/j.fraope.2026.100749
Received 15 June 2025; Received in revised form 14 July 2026; Accepted 18 August 2026  

Franklin Open 17 (2026) 100749 

Available online 19 August 2026 
2773-1863/© 2026 The Author(s). Published by Elsevier Inc. on behalf of The Franklin Institute. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-0300-5336
https://orcid.org/0000-0003-0300-5336
https://orcid.org/0000-0001-9083-8795
https://orcid.org/0000-0001-9083-8795
mailto:pollen@chalmers.se
mailto:pollen.barua@hv.se
www.sciencedirect.com/science/journal/27731863
https://www.elsevier.com/locate/fraope
https://doi.org/10.1016/j.fraope.2026.100749
https://doi.org/10.1016/j.fraope.2026.100749
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fraope.2026.100749&domain=pdf
http://creativecommons.org/licenses/by/4.0/


well as most ancillary services without the need for extra accessories [3,
4]. There is a thorough discussion of SM's reactive power support and 
inertia impact on the conventional grid in [5,6]. Because of decremental 
percentage of SMs, the existing system is losing its potential to maintain 
fault current support, steady and dynamic stability, black start capa
bility, reactive power support which maintains a healthy voltage, and 
inertia which keeps the frequency firm. Additionally, the system's SMs 
guarantee a high Short Circuit Ratio (SCR), protecting it from disrup
tions [7]. The current author has conducted a thorough analysis of the 
impact of RES on power system stability in [8–12]. Large proportions of 
renewable energy make the grid more prone to system dynamics and 
failures. As RES involvement rises, power system stability will sharply 
decrease, with the effects being most severe in island mode. The cause is 
clearly indicated in [13] in terms of the fault's location and the lack of 
reactive and kinetic energy throughout the event.

GFL and GFM are the two forms of Inverter Based Resources (IBR) 
that are most frequently used in power systems. GFL is currently a 
commonly used IBR. It has already been extensively practiced and 
materialized for wind and solar energy integration into power grids 
because of their mature PLL technology, straightforward control struc
ture, and ability to operate at a fixed current (which matches the 
dispatch point of the resource). GFL converters cannot provide the same 
inertia as synchronous generators since they typically run at their set 
output power and do not correspond to fast frequency or voltage 
changes in the grids . However, the PLL has a negative impact on system 
stability, especially when the grid becomes weak due to a high grid 
impedance [14,15]. The Kalman Filter based on prediction, correction, 
and easily adjustable gain, a robust PLL [16] is developed to test the 
robustness of PLL against weak or high impedance grids since this paper 
clearly identifies the PLL problem. The PID-PLL cannot monitor fre
quency ramps with zero steady-state error and responds to previous 
accumulated errors, resulting in lag and overrun during abrupt grid 
changes.

The robustness of the Kalman Filter-based PLL Steady State Linear 
Kalman Filter -3 (SSLKF-3) is assessed by contrasting its output with that 
of a linear controller, such as PID, which depends on accumulated phase 
error. Whereas SSLKF-3 is based on angle, frequency and acceleration 
state prediction. Rather than reacting to past errors, SSLKF-3 models the 
physics of the grid signal and predicts where the angle will be. To 
monitor the behavior of the entire power system, the GFL is then fused 
with a weak grid and in a 100% RES based power system case.

When SM is absent, one or some inverters in a system powered 
entirely by renewable energy should jump from "grid-following" to "grid- 
forming" operation. By generating voltage and frequency references for 
additional inverter-based generators, these Grid Forming (GFM) in
verters reduce the requirement for a rigid voltage source and preserve 
stable grid functioning [17]. To manipulate the grid voltage and fre
quency in a system that is 100% inverter-based, GFM inverters are 
considered an essential part of the power system [18–20]. Primary fre
quency regulation is a capability of GFM inverters that has been proven 
to be absent from GFL inverters [21,22]. To ensure reliable operation, a 
GFM inverter requires a dispatchable energy supply. Since many RESs 
are non-dispatchable, the GFM inverter typically needs to be used in 
conjunction with an Energy Storage System (ESS) [23,24]. The location 
and size of the GFM inverter will affect its capacity to control voltage 
and frequency [25]. Droop-based and synchronous machine-based GFM 
control techniques are categorized very separately and assigned to the 
principal control loop [26]. In addition, virtual impedance loop, voltage, 
and current are required for GFM modeling [27]. This present work uses 
virtual synchronous machines (VSM) and droop-based control tech
niques to execute various case scenarios of operating SM and inverters in 
parallel.

To demonstrate stability of the system both time domain and 
Eigenvalue based study are carried out in this paper. It is possible to 
apply the state-space technique to any linearized system. All the ei
genvalues for the stability analysis may be computed using the state- 
space matrix, allowing for an accurate prediction of the system's sta
bility boundary [28]. Nevertheless, it requires a thorough understanding 
of the system's control design, which is frequently challenging to acquire 
and validate in actual use [29]. It is therefore only appropriate for the 
white-box system.

The purpose of this paper is to provide a system-level evaluation of 
how grid-following inverters, grid-forming inverters, and synchronous 
machines interact in the power systems of the energy transition — from 
today's SM-dominated grids to fully inverter-based networks. Rather 
than proposing new control structures, this work adopts established 
building blocks from the literature — the SSLKF-3 Kalman filter-based 
PLL [16,37,38], which has been shown to be mathematically equiva
lent to enhanced SRF-PLL structures [37], and standard 
droop/VSM-based grid-forming control — and subjects them to condi
tions not examined in their original developments. Specifically, the 
paper contributes: (i) transient fault analysis of the SSLKF-3 PLL, which 
prior works implemented and verified but did not evaluate under 
bolted-fault, multi-machine conditions; (ii) a structured investigation of 
multiple interaction configurations — grid–GFL, grid–GFM, GFL–GFM 
in a 100% RES network, and GFM–SM under weak- and strong-grid 
conditions — within a unified time-domain and eigenvalue frame
work; and (iii) a characterization of the network- and 
machine-dependent conditions governing GFM–SM transient stability, 
together with the applicability limits of virtual impedance as a 
control-based mitigation. Table 1 positions these contributions against 
the most closely related prior works.

2. GFL and GFM inverter

As the usage of RES increases, the electric power system will expe
rience a change in perspective. RESs and existing power systems are 
communed via inverters. These inverters are commonly divided as 
either grid-forming (GFMI) or grid-following (GFLI) inverters based on 
their working principle and control. GFLI can manipulate their power 
output by using a phase-locked loop (PLL) to measure the grid voltage 
angle [30,31]. As a result, GFLI harmonizes with the grid and operates as 
a supervised current source [32]. They just track the defined grid angle 
and frequency of the utility networks. Inverter controllers typically 
employ droop control to confirm appropriate power coordination across 
many generators. GFL inverters determine the active and reactive power 
based on their individual droop characteristics using the system fre
quency reference and grid voltage provided by the PLL. GFL inverters 
determine the active and reactive power based on their individual droop 
characteristics using the system frequency reference and grid voltage 
provided by the PLL.

In contrast, grid-forming source (GFM) voluntarily regulates the 
output voltage and frequency and is widely utilized in microgrid setup. 
A controlled voltage source linked in series with an equivalent imped
ance can be used to simulate a grid-forming inverter. GFMIs reduce the 
effect of mechanical inertia on frequency dynamics by offering active 
frequency management. Thus, GFMIs can support grid stabilization. 
GFMI, as an counter to GFLIs, employ measured power as input and 
droop to keep the grid voltage and frequency steady. The inverter 
controller is described by a spinning direct-quadrature (dq) frame, 
sometimes called a synchronous reference frame [33]. The inverter 
controller is depicted in Fig. 1; depending on the circumstance, it can 
operate in grid-forming or grid-following modes. Using two cascaded PI 
controllers, the controller creates voltage and current references in the 
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dq-frame. When the inverter is operating in GFL mode, it regulates the 
quantity of active and reactive power sent to the main grid. PLL uses the 
grid voltage as an input to determine the frequency set point when a 
system is in operation with the grid.

3. Voltage control loop

The prime job of the regulator of voltage in Fig. 2 (described in ap
pendix) is to control the voltage across the capacitor Cf. When modeling 
the voltage controller, the resistor is disregarded because the reactance 
of the capacitor at 50 Hz is larger than that of the damping resistor Rd. 
Kirchhoff's law is implemented to the electrical circuit shown in Fig. 2. 
The current ii flows through inverter is given by Eq. (1) if Rd is small 
value. 

ii = io + Cf ∗
dVg

dt
(1) 

transforming (2) into d-q frame, (3) is determined. 

Cf
dvd

g

dt
− ωCf vqg = idi − id0 (2) 

Table 1 
Positioning of this paper's contributions relative to closely related prior works.

Ref.(s) Focus of Earlier Work Remaining Gap Contribution of This 
Paper

[14,15] Comparative reviews 
of grid-following 
(GFL) and grid- 
forming (GFM) 
control strategies, 
covering control 
structure, stability, 
and application 
challenges.

These are review/ 
comparative studies 
of control 
principles; they do 
not investigate the 
dynamic 
interactions among 
GFL, GFM, and SM 
under a unified 
simulation 
framework.

This paper investigates 
multiple interaction 
combinations — 
grid–GFL, grid–GFM, 
GFL–GFM, and 
GFM–SM — within a 
single simulation 
framework, under 
both steady-state 
disturbances and 
bolted symmetrical 
faults.

[16,38] Development and 
implementation of 
Kalman-filter-based 
grid synchronization 
(PLL) techniques, 
including the 
underlying SSLKF- 
type algorithm.

These works 
establish and 
implement the PLL 
algorithm itself but 
do not subject it to 
fault analysis or 
examine its 
behavior within 
multi-machine 
interaction studies.

This paper adopts the 
SSLKF-3 PLL and 
investigates its 
performance under 
bolted fault conditions 
and weak-grid 
operation, evaluating 
its influence on GFL 
response and on 
GFL–GFM interaction 
— an operating regime 
not examined in the 
original 
implementations.

[37] Demonstrates that 
steady-state linear 
Kalman-filter-based 
PLLs (SSLKF-PLLs) are 
mathematically 
equivalent to 
established enhanced 
SRF-PLL structures, 
with implementation- 
level verification.

The analysis 
addresses the PLL 
structure in 
isolation; no 
transient fault 
analysis or system- 
level interaction 
study involving 
synchronous 
machines or grid- 
forming inverters is 
performed.

This paper 
acknowledges the 
structural equivalence 
and, going beyond 
implementation, 
subjects the SSLKF-3 
PLL to transient fault 
analysis within 
GFL–SM and 
GFL–GFM 
configurations, 
evaluating 
synchronization 
recovery, current 
stress, and interaction 
behavior.

[27] Comparative study of 
GFM control 
strategies (including 
droop and VSM) in the 
frequency and time 
domains.

Establishes and 
compares GFM 
control principles in 
isolation; does not 
examine GFM 
interaction with 
synchronous 
machines of 
differing strengths, 
nor the network- 
parameter 
dependence of 
transient stability.

This paper uses 
established droop/ 
VSM-based GFM 
models to study 
transient GFM–SM 
interaction across 
weak- and strong-grid 
configurations, 
identifying the 
network and machine 
conditions that govern 
stability.

[28,29] Impedance 
compensation and 
impedance-based 
circuit interpretation 
of grid-forming 
inverter control, 
including extending 
stability range in 
weak grids.

The general 
principle of 
impedance 
compensation is 
established, but its 
applicability limits 
under fault 
conditions, and its 
dependence on 
network parameters 
and machine 
inertia, are not 
characterized.

This paper evaluates 
virtual impedance as a 
fault-time mitigation 
within GFM–SM 
interaction studies, 
characterizing the 
conditions under 
which it is effective 
and identifying the 
mechanisms that 
bound its 
applicability.

[34] Direct comparison of 
droop-based GFM and 
PLL-based GFL control 
during a symmetrical 
fault.

Compares GFM and 
GFL fault responses 
in isolation; does 
not consider an 
SSLKF-type PLL, 

This paper extends the 
comparison to SSLKF- 
3-based GFL behavior, 
GFL–GFM cooperation 
in a 100% RES  

Table 1 (continued )

Ref.(s) Focus of Earlier Work Remaining Gap Contribution of This 
Paper

GFM–SM 
interaction across 
grid strengths, or 
mitigation 
strategies for 
adverse network 
conditions.

scenario, and GFM–SM 
interaction under both 
weak- and strong-grid 
conditions, including 
mitigation via virtual 
impedance.

​ ​ ​ ​
This  

paper
The building blocks 
(SSLKF-3, droop, 
VSM, virtual 
impedance) are 
adopted from 
established literature; 
the contribution lies 
in their comparative, 
system-level 
evaluation. 
Specifically: (i) 
transient fault 
analysis of the SSLKF- 
3 PLL, which prior 
works implemented 
but did not subject to 
fault studies; (ii) a 
structured 
investigation of 
multiple interaction 
configurations — 
grid–GFL, grid–GFM, 
GFL–GFM in a 100% 
RES network, and 
GFM–SM in weak and 
strong grids — under 
a unified time-domain 
and eigenvalue 
framework; and (iii) 
characterization of 
the network- and 
machine-dependent 
conditions governing 
GFM–SM transient 
stability, together 
with the applicability 
limits of virtual 
impedance as a 
control-based 
mitigation.

​ ​
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Cf
dvq

g

dt
+ ωCf vd

g = iqi − iq0 (3) 

After Laplace transformation (3) takes the form of (4)

vd
g =

(
idi − id0 + ωCf vq

g

) 1
sCf

vq
g =

(
iqi − iq0 − ωCf vd

g

) 1
sCf

(4) 

ωCf vq/d
g is eliminated by a feed-forward term to enhance the dynamic 

response of the controller and the association between the equations. By 
doing this, a PI-controller represented in Eq. (5) open loop transfer 
function can adjust the voltage. The proportional and integral gains of 
the PI voltage regulator are denoted here by Kpv and Kiv. 

HOL,s(s) = HPI,v(s)Hsys,v(s) =
(

Kpv +
Kiv

s

)
1
Cf

s
(5) 

The equation that results from combining Eqs. (3) and (5) is Eq. (6). 
This is the voltage controller's modeling equation. The voltage control
ler's output, which is the inner current controller's reference, is located 
on the left side of the equation. 

idref = id0 +
(

vd
c,ref − vd

g

)(

Kpv +
Kiv

s

)

− vq
g ω ∗ Cf

iqref = iq0 +
(

vq
c,ref − vq

g

)(

Kpv +
Kiv

s

)

+ vd
g ω ∗ Cf

(6) 

4. Current control loop

The prime intention of the current regulator is to tune the current 
that is seen by the inverter side inductor. This responds to the present ii 
shown in Fig. 2. The formation of the present controller uses dq-frame to 
simplify the modeling process. By initially applying Kirchoff's voltage 
law to the LCL-filter in the electrical circuit depicted in Fig. 2, Eq. (7) is 
generated. The resulting voltage of the VSC appears here by Vi. 

vi = Rcii + Lc
d
dt

(
idi + jiqi

)
+ vg (7) 

Transforming (7) will yield coupling equation as (8)

Lc
didi
dt

− ωLciqi = vd
i − Rcidi − vd

g

Lc
diqi
dt

+ ωLcidi = vq
i − Rciqi − vq

g

(8) 

Fig. 1. Inner and outer control loop in dq-frame [34].

Fig. 2. IBR and grid interfacing circuit.
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Eq. (9) is eventually achieved by applying Laplace's Transformation 
to transform into the frequency domain and dividing by the inductance. 

idi =
(

vd
i − vd

g + ωLciqi
)

1
Lc

s +
Rc

Lc

iqi =
(

vq
i − vq

g + ωLcidi
)

1
Lc

s +
Rc

Lc

(9) 

Regarding the voltage controller, ωLciid/q connects the two axes. A 
feed-forward coupling discards them and allows for a quicker response. 
Furthermore, a PI-controller operating on the open loop transfer func
tion represented in Eq. (10) can be used to control the current. Here, the 
PI current tuning proportional and integral gains are shown by Kp,c and 
Ki,c, orderly. 

HOL,c(s) = HPI,c(s)Hsys,c =

(

Kp,c +
Ki,c

s

)
1
Lc

s +
Rc

Lc

(10) 

Mixing up (8) and (10), deliver the reference signal for VSC as (11). 

vd
ref = vd

c +
(

idref − idi
)(

Kp,c +
Ki,c

s

)

− ωLciqi

vq
ref = vq

c +
(

iqref − iqi
)(

Kp,c +
Ki,c

s

)

+ ωLcidi

(11) 

5. Phase lock loop (PLL)

Phase-locked loops (PLLs) are among the most popular techniques 
for obtaining grid voltage characteristics for energy and power appli
cations, as well as for grid synchronization of power electronics con
verters. The synchronous reference frame PLL (SRF-PLL) is the most 
often used PLL structure [35]. Fig. 3 shows the block diagram of a 
conventional closed loop PLL system. The Phase Detector and Loop 
Filter in the system produce the grid phase angle estimation ɵ͂g by uti
lizing the phase error e. Typically, a loop filter is constructed with an 
integrator and a proportional integral regulator (PI) that finds out the 
calculated values of the grid angular frequency ῶg The loop filter is a 
proportional-integral (PI) regulator with Kp proportional and Ki integral 
gain set the phase error signal Vq to zero. The grid voltage frequency is 
estimated using the loop filter's output signal. The vector product yields 
the signal error e, which is the difference between the estimated angle ɵ͂g 
and the grid voltage phasor angle ɵg. For tiny signals, this approximation 
formula can be used [36]: 

e =
VβCosθ̃g − VαSinθ̃g

VS

= sinθg . cosθg − cosθg . sinθg

= sin
(
θg − θ̃g

)
≅

(
θg − θ̃g

)

(12) 

where VS is the grid voltage phasor module and Vα and Vβ are the hor
izontal and vertical components of the grid voltage phasor, represented 
by a stationary reference frame αβ.

The loop filter used in this paper is a deterministic prediction- 
correction filter, which is built from a SSLKF. Grid-connected applica
tions have already used prediction-correction filters [38], demonstrating 
their efficacy in estimating phase and frequency even under atypical 
grid operating scenarios. Due to the PLL system's requirement for 
implementation in a digital device, the current contribution offers a 
deterministic filter structure immediately as a prediction model fol
lowed by a correction model, both offered in discrete-time form. The 
SSLKF-PLL blocks are shown in Fig. 4 [37]. Since acceleration, velocity, 
and angle are anticipated, a significant jump in grid frequency can be 
taken into consideration, making this a 3-state prediction model.

6. Kalman filter

Assigning the Kalman Filter (KF) is a computationally fruitful way to 
extrapolate the state of a process that can reduce the squared error 
mean. This is accomplished by following the variance of the guesses and 
the forecasted state of the system taking two distinct phases: update and 
predict. The definition of the basic KF is: 

X̂k = AkXk− 1 + WK 

The state transition matrix at time k is given by Ak, the projected new 
condition by X̂k, the previous estimated state by Xk-1, and the state noise 
transition matrix by WK. The projected process covariance matrix P̂k can 
be produced on the other hand using the prior covariance Pk-1 and 
covariance noise QK in the manner described below: 

P̂k = AkPk− 1Ak
T + Qk 

Kalman gain will be represented as: 

Ŷk = BkXmk + Rk 

The state noise transition matrix during gain finding equation is 
denoted by Rk, the obtained new input is denoted by Ŷk, the measured 
state is Xmk, and Bk is the state transition matrix at time k. As written 
below, the foreseen and measured states with process covariance P̂k and 
measurement covariance matrix R are used to find the Kalman filter 
gain: 

KGk = P̂kH
(
HkP̂kHk

T+R
)− 1 

The eventual output of the current iteration, anticipated covariance, 
and forecast state will be updated using Kalman Gain to predict the 
subsequent states. The updating procedures are mentioned below [39]. 

Xk = X̂k+KG(Ŷk − HkX̂k)

Pk = (I − KGHk)P̂k 

The state space model of SSLKF-PLL-3 in this work, which is 
mentioned in Section 1.3 can be represented as follows: 

Fig. 3. Block diagram of a classical PLL [37].
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x(n)= Ax(n − 1)

y(n)= Cx(n)

xT =
[
θgωgαg

]
;

A =

[

1 Ts
T2

s
2

; 0 1 Ts ; 0 0 1
]

C = [1 0 0]

(13) 

The grid voltage angle in this case is ɵg, the angular frequency is ωg, 
and the current sample is denoted by n, while the preceding sample is 
represented by (n-1). The 10 kHz sampling frequency, or Ts = 0.0001 s, 
is considered in this paper. The prediction/correction filter performs the 
following actions to precisely estimate the state variables based on the 
model given in (13) as follows at each sample:

a) Prediction: All three states are projected forward one sample 
using the kinematic transition matrix: 

θ̃g(n) = θ̂g(n − 1) + ω̂g(n − 1)Ts +
1
2

α̂g(n − 1)T2
s 

ω̃g(n) = ω̂g(n − 1) + α̂g(n − 1)Ts 

α̃g(n) = α̂g(n − 1)

b) Correction: Using the phase error θe(n) = θgrid(n) − θ̃g(n), all three 
states are corrected simultaneously: 

x̂(n) = x̃(n) + K⋅θe(n);KT = [K1 K2 K3].

θ̂g(n) = θ̃g(n) + K1⋅θe(n)

ω̂g(n) = ω̃g(n) + K2⋅θe(n)

α̂g(n) = α̃g(n) + K3⋅θe(n)

1) x̃(n) = Ax̂ (n − 1) predicts the states at the subsequent sampling 
period.

2) Using the phase error information, correct the anticipated states as 
follows: x̂ (n) = x̃(n) + K* θe(n); where KT = [K1 K2 K3].

3) In this present work, KT=[0.9 10 150]

7. Droop control

Droop manipulation techniques are used in grid-dependent power 
converters to control the trading of active and reactive powers with the 
grid, hence controlling the frequency and amplitude of the grid voltage. 
The main idea behind supporting the droop control is to mimic the self- 
regulation capability of the synchronous generator when it is connected 
to the grid by lowering the amount of reactive power injected in 

response to an increase in grid voltage amplitude and lowering the 
amount of active power delivered in response to an increase in grid 
frequency. The droop controller coefficients are chosen by measuring 
the extent of interdependence that P − f and Q − V ought to have. This 
can only be accomplished by establishing minimum and maximum 
levels for both the voltage and frequency levels. 

Vmax = (1 + ΔV) ∗ Vn
Vmin = (1 − ΔV) ∗ Vn

(14) 

According to (14), the fmax and fmin can also be obtained. The droop 
coefficients are then calculated as (15). 

m∗
q =

Vmax − Vmin

Qrated

n∗
p =

ωmax − ωmin

Prated

(15) 

In droop, the connection of true power and frequency and imaginary 
power and voltage are as shown in (16), 

ω − ω∗ = − n∗
p(P − P∗)

V − V∗ = − kq(Q − Q∗)
(16) 

8. Virtual synchronous generator (VSG) and virtual impedance 
(VI)

8.1. VSG

GFMIs are categorized into various types based on the configuration 
of their primary control loops. These varieties include droop and VSG, 
among others. The VSG based GFMI is covered in this section. Managing 

Fig. 4. Block diagram of a SSLKF-PLL-3 state prediction model [37].

Fig. 5. Primary control loop as VSG.
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the injection of reactive power at the common connection, Qpcc at the 
PCC, and real power at the point of common connection (PCC), as shown 
in Fig. 5, into the grid in accordance with the desired references The 
GFMI's primary control objective is Pref and Qref. The reactive power 
controller (RPC) and the active power controller (APC) are typically 
utilized in tandem to achieve this control objective. It first uses voltage 
and current measurements (Vpcc;ipcc) to calculate Ppcc and Qpcc.

Tuning the control parameters within the APC within the VSG 
framework to meet grid code criteria, considering terms like the RoCoF, 
takes operational limitation like the rated output power of the GFMI into 
account. The APC of the VSG control system find out the damping factor 
(Dp) and the inertia factor (J) as the two regulating parameters. As 
mentioned in (17.1), the Dp is determined as the opposite of the 
parameter mp. J is calculated as indicated in (17.2) if the nominal grid 
angular frequency (ωnom) is linked to the parameter TVSG and the 
intended starting RoCoF (e.g., TVSG is within the range of 0.5 to 1 Hz/s as 
RoCoF, as detailed in references [40] and [41]. 

Dp =
1

mp
=

2Prated

2π(fmax − fmin)
(17.1) 

J = TVSG
Dp

ωnominal
(17.2) 

8.2. VI

VI in a grid-forming inverter (GFMI) is implemented by modifying 
the voltage reference (as shown in Fig. 5) using the measured output 
current, without adding any physical impedance to the network. In the 
synchronous dq frame, the compensated voltage references are given by, 

vd,VI∗ = vd∗ − RvId + XvIq (18.1) 

vq,VI∗ = vq∗ − RvIq − XvId (18.2) 

where vd,VI∗, vq,VI∗ are the d and q axis modified reference voltage 
respectively; Rv and Xv are the virtual resistance and reactance gains; 
and Id and Iq are the inverter output currents. The cross-coupling terms 
associated with Xv emulate the 90∘ phase shift of a physical inductance, 
producing a current-dependent voltage drop like that of a series reactor. 
The compensated references vd,VI∗ and vq,VI∗ replace the droop-generated 
voltage references at the input of the voltage-control loop, while the 
current controller and PWM stage remain unchanged. Consequently, the 
inverter presents a higher effective X/R ratio to the network, improving 
active–reactive power decoupling and enhancing stability under low-X 
/R grid conditions.

9. State space modelling

The differential equations of several parts associated with Fig. 2 are 
linearized to construct a state matrix. LCL filter, grid, outer and inner 
loop controllers linearized models are augmented to establish the overall 
state matrix. These linearized differential equations allow for the for
mation of the small-signal state-space model. This state matrix is 
analyzed with Eigenvalue and Eigen vector. Product of state matrix and 
Eigen vector can be decomposed to Eigenvalue and Eigen vector. Ei
genvalues of this state matrix help to determine the stability of the 
system. Any positive value will cause the entire system to be unstable 
against small disturbances.

From L-C-L filter circuit corresponding to Fig. 2, the differential 
equations are: 

Cf
dvd

g

dt
− ωCf vqg = idi − id0 −

Vd
g

Rd

Cf
dvq

g

dt
+ ωCf vd

g = iqi − iq0 −
Vq

g

Rd

Lc
didi
dt

− ωLciqi = vd
i − Rcidi − vd

g

Lc
diqi
dt

+ ωLcidi = vq
i − Rciqi − vq

g

LT
did0
dt

− ωLTiq0 = vd
g − RTid0 − vd

T

LT
diq0
dt

+ ωLTid0 = vq
g − RTiq0 − vq

T

(19) 

From inner loop controller circuit corresponding to Fig. 1, the dif
ferential equations are: 
⎧
⎪⎨

⎪⎩

dIntid
dt

= iid ∗ − icntrl
id

vd∗
i = Kp− id

(
iid ∗ − icntrl

id

)
+ Ki− id⋅Intid − ωNLcicntrl

iq + V∗
g

(20) 

⎧
⎪⎨

⎪⎩

dIntiq
dt

= i∗iq − icntrl
iq

vq∗
i = Kp− iq

(
iiq ∗ − icntrl

iq

)
+ Ki− iq⋅Intiq + ωNLcicntrl

id

(21) 

Here, Intid/q are the state variables of integrator in d-q axis, Kp_id/iq, 
Ki_id/iq are the proportional and integral gain.

From outer loop controller circuit corresponding to Fig. 1, the dif
ferential equations are: 
⎧
⎪⎨

⎪⎩

dIntP
dt

= P∗ − Pctrl
LPF

id∗i = Kp P
(
P∗ − Pctrl

LPF
)
+ Ki− P⋅IntP

(22) 

⎧
⎪⎪⎨

⎪⎪⎩

dIntV
dt

= V∗
o − Vctrl

oLPF

iq∗i = Kp− V(− 1)
(
V∗

o − Vctrl
oLPF

)
+ Ki− V(− 1)⋅IntV

(23) 

Here, Intp/v are the state variables of the integrator in power and 
voltage outer loop, Kp_p/v, Ki_p/v are the proportional and integral gain. 
State variables of the system: 

Δx10×1 =
[

Δid0,Δiq0,Δvd
g ,Δvq

g ,Δidi ,Δiqi ,ΔIntid,ΔIntiq,ΔIntP,ΔIntV
]T

(24) 

10. Methodology

This paper investigates the parallel operation between VSC and SM 
based system with loads in steady and transient state. Two types of VSCs 
are used, they are GFL and GFM. GFL is again used with two types of PLL 
separately, one is SSLKF-3 and another is PID. SMs are modelled in d-q- 
0 axis, with IEEE DC type 2 exciter and fundamental Hydro turbine 
governor [42]. Both weak and strong grids are used in terms of short 
circuit ratio (SCR) to investigate the system properties against distur
bances. To obtain a 100% renewable based power system, it also runs 
parallel operation between VSCs. These VSCs range from 2.5 MVA to 10 
MVA and SMs range from 2.5 MVA to 200 MVA depending on several 
scenarios. To demonstrate the steady state stability, the step load change 
is carried out whereas for the transient analysis, the short circuit is 
applied near and remote bus. State matrix of both GFL and GFM are 
analyzed to find out the Eigenvalues to exhibit the stability.
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11. Result and discussion

GFLI and weak grid. To examine the stability of GFLI, a 2 MW rated 
GFLI is connected to 1.5 MW, 0.1 MVAR load at 0 s. which is followed by 
0.5 MW and 0.1 MVAR step load increment at 5 s. Fig. 6 (a) to (i) show 
the smoother voltage, current component and power tracking.SSLKF3 
exhibits quick response against large disturbances since it considers 
angular acceleration. Hence, we get smoother response from all red 
curves compared to blue curves in these plots. To check the transient 
stability, a 3-phase symmetrical short circuit is applied at 6.5 s. for 4 
cycles which has no resistance. Fig. 7 shows the effectiveness of SSLKF3 
based PLL in tracking power and faster voltage stability. Different fault 
responses between the two PLL techniques are shown in Fig. 8. Due to 
integrator windup from failed phase tracking, PID-PLL continually sat
urates the ±4000 A hardware limit, causing severe spikes between 
6.5–6.7 s. SSLKF3-PLL confirms that its acceleration state actively tracks 
rapid grid angle dynamics rather than driving limit saturation by con
straining Id between -500 to 3000 A but it is oscillatory as expected due 
to acceleration state tracking . Iq is also maintained within safe bounds 
despite sharing similar current controller hardware. As a result, SSLKF3 
shows better GFLI performance in weak grids by eliminating integrator 
windup and achieving around 20 ms. faster post-fault recovery as shown 
in Fig. 8.

The state matrix of state space model of GFLI inverter is analyzed in 
terms of Eigen value and Eigen vector. Some critical Eigen values are 
plotted in Fig. 9, where it is found that critical values are on the left half 
plane with a damping ratio of 0.72. It reveals that the GFLI is a stable 
system with an inner and outer loop controller.

GFLI and GFMI. As a second scenario, the 100% RES is modelled. In 
this system a GFLI and a GFMI inverter each of 10 MVA are chosen but 
loaded around one fourth of its rating. GFLI is loaded with 2 MW and 
steps up to 2.5 MW whereas GFMI is step up from 1 MW to 2 MW as 
shown in Fig. 10. From the frequency plot it is observed that the GFLI is 
following the frequency of GFMI which forms the grid. Now to monitor 
the transient stability and better performance of SSLKF3, a 3-phase 
bolted fault of 4 cycles is applied. Fig. 11 is plotted based on PID-PLL 
and Fig. 12 using SSLKF3-PLL. SSLKF3 shows far less short circuit and 
recovery current stress than PID.

GFMI and weak grid. In this scenario a GFMI of 2.5 MVA is connected 
to a SM which is of same size having frequency droop of 2% each. Before 
0.6 sec, both the GFMI and SM run individually at 50.025 and 50.005 Hz. 
At 0.6 s., they are thrown to parallel operation. At 1.4 s. they both attain 
a busbar frequency which is 50 Hz. They share a common bus bar 
voltage at 0.65 s. as shown in Fig. 13.

To check the transient stability, a 3-phase bolted symmetrical fault is 
applied at different X/R ration as indicated in Fig. 14(a). In a small ratio 

Fig. 6. Components responses of GFLI inverter against step load change.
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of X/R, the system becomes unstable. However, this instability can be 
mitigated by a virtual impedance interface in the control loop, as eval
uated in the dedicated subsection below. Fig. 14 (b) to (e) show the 
importance of maintaining high X/R ratio to have transient stability. 
Network impedance angle has a significant impact on transient stability. 
Active and reactive power flows are no longer separated at low X/R 
ratios because the real part of the line impedance is non-negligible. A 
real power change brought on by a fault causes a voltage magnitude 
disturbance, which in turn disturbs the active power balance. The sys
tem becomes unstable at low X/R levels because of this positive feed
back route, which is lacking in high X/R networks. Even in situations 
where the physical network does not offer adequate inductive isolation, 
the virtual impedance control that has been suggested as a cure effec
tively decouples the P–Q interactions in the control domain by artifi
cially inflating the apparent X/R ratio observed at the GFMI output 
terminal.

GFMI and strong grid. In this scenario, a 200 MVA SM with an inertia 
of 5 s. is put into parallel operation with a 2.5 MVA GFMI. When they 
run individually, SM has a 50 Hz. Constant frequency whereas the GFMI 
oscillates between 50.0007 and 49.999 Hz. The SM is loaded with 150 
MW and 20 MVAR load while the GFMI is loaded with 2 MW and 0.2 

Fig. 7. Power and Voltage response of GFLI inverter against 3-phase symmetrical fault.

Fig. 8. Current responses of GFLI inverter against 3-phase symmetrical fault.

Fig. 9. Eigen values of the GFLI inverter’s state matrix.
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MVAR. At 0.85 s., they are thrown to synchronism as indicated in 
Fig. 15.

To check the transient stability, a three-phase bolted symmetrical 
fault is introduced at 1.8 s. The voltage abruptly spikes to 200% after 
fault clearing and remains elevated for approximately ten cycles. The 
response of the GFMI is shown in Fig. 16. Since the GFMI has very little 
equivalent inertia, it experiences a large frequency sag with a RoCoF of 
approximately 1 Hz/0.1 s. In contrast, the SM frequency response shows 
only a small deviation because of its much larger inertia, and therefore it 
scarcely moves during or after the fault. Fig. 17(a) shows the SM 
response during the fault, where the low rate of change is consistent with 
the heavy inertia observed in Fig. 16(d). Fig. 17(b) further illustrates the 
coupled frequency interaction during and after the fault, noting that the 
fault is applied at 1.5 s instead of 1.8 s in this case.

At a low X/R ratio, for example X/R = 0.8, the frequency interaction 
becomes unstable, and the GFMI and SM are unable to converge to a 
common bus frequency, resulting in loss of synchronism. This behaviour 
is consistent with the equal-area criterion: at low X/R, the maximum 
synchronizing power transferable between the GFMI and SM is reduced; 
consequently, the rotor-angle separation increases, and the kinetic en
ergy injected during the fault exceeds the available decelerating area. 
This finding highlights the inherent stability limitation of GFMI–SM 
interconnection through resistive networks under uncompensated 
operation. In particular, the instability cannot be overcome by virtual 
inertia tuning alone, since virtual inertia does not directly restore the 
active–reactive power decoupling lost at low X/R ratios. Therefore, 
maintaining sufficient synchronizing torque requires either network 
reinforcement or an additional compensation mechanism, such as 

Fig. 10. GFLI and GFMI response in a 100% RES system.

Fig. 11. Fault voltage and current of GFMI, GFLI with PID-PLL.
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virtual impedance. The instability discussed here is observed before 
introducing virtual impedance compensation; the following subsection 
therefore evaluates whether a fixed virtual reactance can recover syn
chronism under the same low-X/R conditions.

The state matrix of GFMI is analyzed which is a 10 × 10 matrix. 
Eigenvalues of the matrix is plotted as shown in Fig. 18. The critical 
Eigenvalue is -.032±031i, which has a damping ratio of 0.72. It clearly 

indicates that the GFMI system is stable against disturbances at a certain 
level.

VI loop in low X/R ratio of both weak and strong grid. At X/R = 0.8, both 
weak- and strong-grid GFMI–SM systems lose stability. To reassess the 
stability margin, virtual impedance (VI) compensation is introduced. A 
constant virtual reactance of Xv = 5 Ω(approximately 5% of the base 
impedance) is added to the GFMI voltage-control loop. By modifying the 

Fig. 12. Fault voltage and current of GFMI, GFLI with SSLKF3-PLL.

Fig. 13. Frequency and Voltage in parallel operation.
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converter terminal voltage according to the measured output current, 
the controller effectively increases the apparent X/R ratio without 
changing the physical network. This enhancement improves 

active–reactive power decoupling at the point of interconnection, 
strengthens synchronizing power transfer between the GFMI and SM, 
and enlarges the decelerating area predicted by the equal-area criterion.

Fig. 14. Impact of X/R ratio on GFMI and SM responses.

Fig. 15. GFMI and Strong SM steady state outputs.

Fig. 16. Voltage, power, frequency response during fault.
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For the weak-grid scenario (2 MVA SM, H = 1.5s; Fig. 19), VI pro
gressively recovers stability down to X/R = 0.56. However, stability is 
again lost at X/R = 0.55, marking the limit of effectiveness for the fixed 
compensation. The reason is that the added virtual reactance 

compensates only the reactive component of voltage–current coupling, 
whereas the resistive component remains unchanged. As X/R decreases, 
the influence of resistance becomes increasingly dominant, eventually 
overwhelming the gain in synchronizing power provided by the VI and 
allowing the intrinsic P–V feedback instability to re-emerge. Conse
quently, X/R = 0.55 defines the critical ratio for this operating 
condition.

A substantially different response is observed in Fig. 20 for the 
strong-grid case with a 200 MVA SM (H = 4.5 s). Here, VI preserves 
stable operation across the entire range and maintains synchronism even 
at X/R = 0. The key factor is the greatly increased kinetic energy stored 
in the larger machine—roughly 300 times greater than that of the 2 MVA 
SM. As a result, the machine behaves almost like an infinite bus, 
significantly reducing bus-voltage disturbances and enabling the same 
fixed virtual reactance to provide sufficient synchronization support 
even when the physical network contains no reactance.

12. Conclusion

This paper investigates several prospective scenarios of future power 
systems involving GFLI, GFMI, and SM-based grids. It first examines 
GFLI, which is presently the most widely adopted inverter type in power 
systems. As synchronous machines are progressively replaced by 
inverter-based resources, the grid becomes weaker, and conventional 
GFLI control faces stability challenges because its PLL becomes more 

Fig. 17. (a) Response of SM during fault (b) Frequency response.

Fig. 18. Eigenvalues of GFMI’s state matrix.

Fig. 19. Weak SM and GFMI power response with VI loop in low X/R ratios.

P. Barua et al.                                                                                                                                                                                                                                   Franklin Open 17 (2026) 100749 

13 



sensitive to weak-grid voltage and angle variations. To address this 
issue, a Kalman-filter-based SSLKF-3 PLL is adopted and evaluated 
within the considered system scenarios. The results demonstrate stable 
operation within the studied conditions and show that SSLKF-3 im
proves the GFLI response compared with a conventional PID-based PLL, 
particularly by reducing short-circuit current, limiting current stress, 
and shortening settling time after large disturbances.

Secondly, toward a 100% renewable-energy-based power system, 
the interaction between GFLI equipped with SSLKF-3-PLL and GFMI is 
investigated under both steady-state and transient conditions. Within 
the studied operating point and fault conditions, the GFLI–GFMI system 
remains stable, and the SSLKF-3-PLL reduces fault-current contribution 
and disturbance stress on the GFMI. These results indicate that 
GFLI–GFMI coordination can support fully inverter-interfaced opera
tion, although the conclusion is limited to the tested ratings, controller 
parameters, and disturbance cases.

This paper further investigates the parallel operation of GFMI with 
SM-based grids under weak- and strong-grid conditions. The results 
show that transient stability is strongly influenced by the network X/R 
ratio rather than by grid-strength classification alone. Without 
compensation, instability occurs below X/R = 0.8 in both weak- and 
strong-grid interconnections. Virtual impedance compensation is then 
introduced as a control-loop modification to improve low-X/R stability. 
For the weak-grid case with a 2 MVA SM and H = 1.5s, it restores sta
bility down to X/R = 0.55, below which resistive coupling dominates. 
For the strong-grid case with a 200 MVA SM and H = 4.5s, the same 
compensation maintains synchronism even at X/R = 0 due to the much 
larger stored kinetic energy of the SM. Therefore, virtual impedance is 
shown to be effective but bounded, with its performance depending 
jointly on network impedance, machine inertia, control settings, and 
disturbance severity. Eigenvalue analysis of the linearized GFLI and 
GFMI state-space models further supports the observed time-domain 
stability trends within the studied parameter range.

Some future extension of this present work will involve local 
measurement-based indicator which can provide PLL information much 
earlier independent of being predictor-corrector steps. Also, hardware in 
loop (HIL) based validation and larger system will be investigated. 
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Appendix: Simulation system parameters

The MATLAB/Simulink-based simulation platform is configured at a fixed time step of Tstep = 20us.

A.1. Grid base parameters

The grid is modelled as a 50 Hz, 2 MVA, 13.8 kV (line-to-line RMS) three-phase system. All per-unit base quantities are computed as follows:

Fig. 20. Strong SM and GFMI with VI loop at X/R = 0: (a) Frequency response (b) Power response.
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Parameter Symbol Expression Value Unit

Nominal frequency f — 50 Hz
Angular frequency ω 2πf 314.16 rad/s
Apparent power base Sb — 2.0 MVA
Voltage base (L-L RMS) Vb — 13.8 kV
Phase peak voltage Vph,pk Vb

̅̅̅̅̅̅̅̅
2/3

√ 11,267.65 V
Current base (RMS) Ib Sb/

( ̅̅̅
3

√
Vb

) 83.67 A
Current base (peak) Îb

̅̅̅
2

√
Ib 118.33 A

Impedance base Zb V2
b/Sb 95.22 Ω

Inductance base Lb Zb/ω 303.09 mH
Capacitance base Cb (Zbω)− 1 33.43 μF

A.2. Grid source impedance

The grid source impedance is determined by the short circuit ratio (SCR) and X/R ratio:

Parameter Symbol Expression Value Unit

Short circuit ratio SCR — 10 —
X/R ratio X/R — 7 —
Source impedance (p.u.) Zpu 1/SCR 0.1 p.u.
R/Z ratio — 1/

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (X/R)2
√ 0.14,142 —

X/Z ratio — (X /R)⋅(R /Z) 0.98,995 —
Source resistance (p.u.) Rpu Zpu⋅(R /Z) 0.014,142 p.u.
Source reactance (p.u.) Xpu Zpu⋅(X /Z) 0.098,995 p.u.
Source inductance Lsource Xpu⋅Lb 30.00 mH
Source resistance Rsource Rpu⋅Zb 1.347 Ω

A.3. Transformer

The step-down transformer interfaces the 13.8 kV grid to the inverter low-voltage bus:

Parameter Symbol Value Unit

Primary voltage Vprim 13,800 V
Secondary voltage Vsec 397.72 V
Transformer rating Strf 5 MVA

A.4. VSC base parameters

The voltage source converter operates from a 1250 V DC bus. VSC base quantities are derived independently from the grid base:

Parameter Symbol Expression Value Unit

Switching frequency fsw — 10,000 Hz
DC link voltage Vdc — 1250 V
AC phase peak voltage V̂ph Vdc/2 625.0 V
VSC voltage base Vb,VSC 0.7V̂ph

̅̅̅
3

√
/

̅̅̅
2

√ 535.83 V
VSC power base Sb,VSC — 2.0 MVA
VSC current base (RMS) Ib,VSC Sb,VSC/

( ̅̅̅
3

√
Vb,VSC

) 2154.99 A
VSC current base (peak) Îb,VSC

̅̅̅
2

√
Ib,VSC 3047.62 A

VSC impedance base Zb,VSC V2
b,VSC/Sb,VSC 0.14,355 Ω

VSC inductance base Lb,VSC Zb,VSC/ω 0.4569 mH
VSC capacitance base Cb,VSC

(
Zb,VSCω

)− 1 22.17 mF

A.5. LCL filter parameters

The LCL output filter is designed to attenuate switching harmonics. L1is sized to limit peak-to-peak current ripple to 15% of the rated peak current. 
L2is determined from the desired attenuation factor ka = 0.2at the switching frequency:
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Parameter Symbol Value Unit

Inverter-side inductance L1 45.57 μH
Filter capacitance Cf 2217.34 μF
Attenuation factor ka 0.2 —
Grid-side inductance L2 0.685 μH
Damping resistance Rf 2.153 mΩ
L1/L2ratio — 66.49 —
LCL resonance frequency fres 4113.07 Hz

The resonance frequency fres = 4113Hz falls between the fundamental (50 Hz) and the switching frequency (10 kHz), satisfying the standard LCL 
design criterion 10f ≤ fres ≤ fsw/2.

A.6. Inner current controller (GFL and GFM)

The current controller is a PI regulator tuned to achieve a closed-loop bandwidth of 1 kHz:

Parameter Symbol Value Unit

Proportional gain Kp,c 5 —
Integral gain Ki,c 5000 —
Control bandwidth fc 1000 Hz
Time constant tc 1.0 ms

A.7. GFM voltage and current controller parameters

Parameter Symbol Value Unit

Damping factor ζ 1.1 —
Voltage loop bandwidth ωv = 2π

(
fsw /100

)
628.32 rad/s

Voltage loop proportional gain Kp,v 3.065 —
Voltage loop integral gain Ki,v 875.37 —
Current loop proportional gain Kp,i 0.06,084 Ω
Current loop integral gain Ki,i 179,914.66 —

A.8. SSLKF-3 PLL parameters

Parameter Symbol Value Unit

Sampling period Ts 0.0001 s
Angle correction gain K1 0.9 —
Frequency correction gain K2 10 —
Acceleration correction gain K3 150 —
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