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Abstract:
The use of Grid Forming Methodology (GFM) in grid-connected systems represents an innovative approach
to improving the stability and flexibility of power grids. This article will elucidate the methodology, assess
its frequency-related performance and stability under disturbances like load changes, and emphasize the
importance of the droop control coefficient. Based on the frequency derivative, which gives more information
compared to the frequency, we used the rate of change of frequency (RoCoF) instead of frequency as an
indicator to compare different scenarios and highlight differences in performance after changes in loads.
The RoCoF factor and the critical clearing time are determined as metrics to compare system performance
and stability. To determine the gain of the controller, the Result adaptive PID controller is performed, and
its performance is compared to the classical PID controller based on the trial/error method. In the rest of
the article, we relied on controlling the RAPID controller, which gave the best performance. Finally, the
effectiveness and accuracy of the method were verified through simulation.

Keywords: Grid forming; Droop control; Result-adaptive PID controller; Rate of change of frequency

1. Introduction

With the increasing incorporation of renewable energies into
power grids, it is becoming increasingly essential to develop
technologies that allow these intermittent energy sources to
play an active role in balancing the grid; on the other hand,
when demand for electricity increases, so does the load on
the power grid [1, 2]. This increase in load can lead to a
temporary drop in power system frequency. To maintain
system stability, grid operators and power plants implement
automatic generation control to adjust electricity production
in real time in response to load variations, ensuring that
frequency remains within acceptable limits. To solve this
problem, inverter-based power conversion systems can use
the Grid-Forming control method to maintain grid stabil-
ity [5]. The control of a Grid-Forming (GFM) converter
is crucial for ensuring the stability and reliability of the
electrical grid; the Grid-Forming control method offers sev-
eral advantages over traditional control methods. Firstly, it
is more robust to load variations. Indeed, each VSC can

maintain grid voltage and frequency even if the load varies.
Secondly, it enables renewable energy sources (RES) to be
better integrated and connected to the grid without sophisti-
cated control systems. The main objective of grid forming
is maintaining constant voltage and frequency on the power
grid, even when the load varies. In [6] Extensive, research
has been conducted on the performance of Grid-Forming
inverters [7]. Grid-Forming inverters are expected to be
an alternative to synchronous generators for providing an-
cillary services in future power systems. [7] Research has
also evaluated the performance of Grid-Forming inverters
under balanced and unbalanced voltage phase angle jump
conditions, aiming to fill the knowledge gap by providing a
system view of Grid-Forming inverter-based resource con-
trols and their impact. Although grid-tied inverters (GFMI)
can potentially improve power system flexibility and relia-
bility, some challenges and gaps still need to be addressed,
such as Coordination, control methods, performance anal-
ysis, and stability. Ongoing research aims to address and
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further advance the understanding and application of Grid-
Forming technologies in energy systems. The controller
maintains stability when switching between the two modes
for inverters that connect to and generate the power grid.
PID controllers play a vital role in maintaining stable volt-
age and current levels; classical PID controllers based on
trial/error techniques may struggle with sinusoidal reference
signals and disturbances, leading to performance issues. On
the other hand, result in adaptive PID controllers (RAPID)
offer enhanced adaptability to system changes and distur-
bances, leading to improved control performance [8]. This
study is based on the analysis of the Rate of Change of
Frequency factor (RoCoF), an important quantity that qual-
ifies as the robustness of an electrical grid. It is the time
derivative of the grid frequency and is an important quantity
for evaluating the grid’s robustness [9]. Load fluctuations
can cause network power imbalance, resulting in changes
in frequency and ROCOF [10].
In this article, we seek to improve network performance
by analyzing frequency stability in the presence of some
changes in load. The organization of this paper is as follows:
the second section presents the method of controlling the
Grid Forming some control methods and talks about the
most important parameter, which is the frequency change
rate. The third section discusses simulation results, the fre-
quency dynamic performance, and the ROCOF case with
load variation, and section four is dedicated to the conclu-
sions.

2. Grid forming converter control method

Grid-Forming converter control refers to the methods and
techniques used to control the operation of Grid-Forming

converters, which are power electronics devices that inter-
face renewable energy sources (RES) such as wind and
solar with the power grid [11, 12]. The control strategy
must ensure that the converter operates stably and maintains
the correct voltage and frequency levels required by the
grid [13]. This involves designing control algorithms that
regulate the converter’s output power and voltage, as well as
its reactive power and phase angle [10, 14]. The control sys-
tem must also be able to respond quickly to changes in the
grid conditions, such as variations in load and RES output
[3, 12, 15]; these control methods fall into three categories
figure 1.
Grid-Forming inverter (GFMI) control methodologies are
a set of control algorithms that enable inverter-based dis-
tributed energy resources (DERs) to provide grid-supporting
functions, such as voltage regulation and frequency stabi-
lization. Table 1 outlines the benefits and drawbacks of
GFMI control methodologies.

2.1 Droop control

Droop control is the most studied method commonly used
in Grid-Forming inverters [26]. The output frequency of the
inverter is adjusted according to the difference between the
measured grid frequency f and a reference frequency f0 [27,
28]. The reference frequency is usually set to the nominal
grid frequency, and the inverter output frequency is adjusted
according to a droop gain, a constant value set by the system
operator [29–32]. This control method allows the inverter
to respond to load variations and maintain grid stability
[33]. The droop controllers P- f and Q-V are described in

Figure 1. Grid-Forming control methodologies [3, 4].
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Table 1. Advantages and disadvantages of GFM converter control methodologies.

Control Methodology Description Advantages Disadvantages

Droop Control [4, 16]

A control strategy that adjusts

the output power of inverters

based on frequency or voltage

deviations from a reference value.

Simple and decentralized control

scheme.

Allows for power sharing among

multiple inverters without

centralized communication.

Voltage deviations and power imbalances

in multi-inverter systems.

Limited frequency regulation capabilities.

Virtual Synchronous

Generator (VSG) [17, 18]

A control technique that emulates

the behaviour of a synchronous

generator in an inverter-based

power system.

Mimics the inertia and voltage regulation

capabilities of synchronous generators.

Supports stable operation and

synchronization with the grid.

Requires accurate estimation of grid parameters

for effective operation.

May have challenges in handling dynamic

disturbances and frequency deviations.

Dispatchable Virtual Oscillator

Control (dVoC) [19–21]

A control approach that uses virtual

oscillators to regulate the frequency

and voltage of inverters, enabling

them to behave like synchronous

generators.

Provides frequency and voltage regulation

similar to synchronous generators.

Can handle grid disturbances and

transitions smoothly.

Requires accurate modelling and parameter

tuning for proper performance. Coordination

among multiple inverters may be complex.

Virtual Oscillator Control

(VoC) [22–24]

A control methodology that uses

virtual oscillators to emulate inertia

and damping characteristics, enabling

inverters to respond to system

disturbances.

Offers inertia emulation and damping

capabilities.

Supports grid stability during dynamic

events.

Requires accurate estimation of grid parameters

and model tuning.

Challenges in maintaining voltage stability during

large disturbances.

Matching Control

(MC) [24, 25]

A control strategy that adjusts the

active and reactive power outputs

of inverters to match the operating

characteristics of synchronous

generators.

Allows for accurate synchronization with

the grid.

Supports stable operation and grid

compatibility.

Requires precise parameter estimation

and control tuning.

Limited ability to handle dynamic events

and frequency deviations.

equation (1) {
ω = ωre f − kp(P−Pre f )

V =Vre f − kq(Q−Qre f )
(1)

where V and ω are the amplitude of the output voltage and
frequency of the inverter, kp and kq (defined as positive)
represent active and reactive power drop coefficients, and
the reference inputs ωre f and Vre f are the nominal frequency
and nominal voltage. P and Q are the measured VSC active
and reactive power after passing through a Low-Pass filter
(see figure 3). Pre f is the active power reference, and Qre f
is the reactive power reference. The coefficients kp and kq
can be computed utilizing the following relationships:{

kp =
∆ f
∆P = fmax− fmin

Pmax

kq =
∆V
∆Q = Vmax−Vmin

Qmax

(2)

For the design of these gains kp and kq, we considered 5%
of maximum frequency variation and 10% of maximum

Figure 2. Droop control strategies f -P and V -Q.

voltage variation for the maximum load variation.
Where Vq and Vd are the dq constituents of the AC grid
voltage, while id , iq are dq constituents of the current, this
operation can be realized by employing Low-Pass filters
(LPF) with a reduced bandwidth. Figure 3 shows the droop
control diagram block. The Low-Pass filter block is used in
power calculation blocks to eliminate high-frequency noise
or transients in the power signal and to provide a stable and
accurate measurement of power consumption; the transfer
function for a first-order Low-Pass filter is:

ωLPF(s) =
ωc

s+ωc
(3)

where ωc is the cut-off frequency of Low-Pass filters, the
filtered active and reactive power is given below:

P = ωc
ωc+s p

Q = ωc
ωc+s q

(4)

3. Current and voltage controller

3.1 Proportional-Integral controller (PI)
Figure 4 depicts the cascaded control technique employed
for the Voltage Source Converter (VSC). Both current and
voltage serve crucial roles in Grid-Forming controllers. The
current signal measures the power injected into the grid,
whereas the voltage signal regulates the grid voltage. The
proportional–integral controller (PI) generated the reference
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Figure 3. Droop control block diagram .

current voltage.i∗d = (v∗d − vd)
(

kpv +
kiv
s

)
+ id −C f .ω.vq

i∗q = (v∗q − vq)
(

kpv +
kiv
s

)
+ iq +C f .ω.vd

(5)

where kpv and kiv are the proportional and integral gains of
the voltage PI controller, C f represents the filter capacitance.
Similarly, a conventional Proportional-integral (PI) current
controller determines the voltage across the filter inductor.
The dynamics are expressed by:u∗d = (i∗d − id)

(
kpi +

kii
s

)
+ vd −L f .ω.iq

u∗q = (i∗q − iq)
(

kpi +
kii
s

)
+ vq +L f .ω.id

(6)

kpi and kii are the proportional and integral gains of the
current PI controller, and L f is the filter inductor.

3.2 Result-adaptive PID (RAPID) control
Result-adaptive PID control (RAPID control), initially de-
veloped for position control of laser scanners by M. Lug-
mair et al. [34], has shown significant performance im-
provements through experimental validation and has gained
popularity thanks to its ability to adjust control parameters
dynamically. Building on these positive results, RAPID
control is now being considered for improving energy man-
agement in smart grids. This decision is supported by sub-
stantial experimental results from applying the laser scanner,
which indicates its potential to optimize energy management

Figure 4. Block diagram.
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in smart grids by offering greater precision and adaptability.

A. Proportional term Adaptation
P-Adaption, a method utilized in control systems, dynami-
cally adjusts the proportional gain of a control loop based
on the magnitude of the error signal. Typically, a higher
proportional gain leads to faster and more precise output
value correction. However, excessive gain can result in
overshooting and oscillations. P-Adaption addresses this
by modifying the proportional gain according to the current
error value. This adjustment ensures that the gain is higher
for minor errors, promoting faster convergence while re-
ducing it for more significant errors to prevent overshoot.
The adaption function, controlled by parameters c1 and c2,
determines the behaviour of this adjustment. The control
system can optimize performance by fine-tuning these pa-
rameters, achieving high accuracy and minimal overshoot.
The adaptive function of the proportional term is given by:

fp(e) = 1+
c1 −1

(c2e)2 +1
(7)

Based on experimental tests conducted in [ref], for the Pro-
portional Function, the parameter c1 directly influences the
function’s value when e = 0, while c2 determines the steep-
ness of the function. When the error values are large, the
functional value approaches 1, indicating that the P-value
remains unchanged. In contrast, for small values of e, the
functional value equals c1, which signifies an increase in
the P-value by a factor of c1.

B. Integral term Adaption
I-Adaption, another method in control systems, enhances
the integral component of a control loop to eliminate steady-
state error without sacrificing speed. Integrating the error
signal over time allows the system to reach the set point
accurately in steady-state conditions. However, adding inte-
gration to a proportional or proportional-derivative control
can slow the system’s response. I-Adaption addresses this
by selectively activating integration only for sufficiently
small error values. This is achieved through a continuous
adaption function that controls the behaviour of the integral
component. Parameter c1 determines the steepness of this
function, which influences when integration is activated.
During the settling phase, the adaption function suppresses
integration to prevent overshoot. Once the error becomes
small, integration gradually ramps up, effectively reducing
residual error without causing an overshoot. By adjusting
the parameter c1, the control system can fine-tune the be-
haviour of the adaption function, optimizing performance
and achieving precise control without sacrificing speed. The
adaptive function of the proportional term is given by:

fi(e) =
1

(c1e)2 +1
(8)

For the Integrator Function: Here, only the parameter c1
needs to be set, which dictates the function’s steepness.
The function’s value approaches zero for large error values,
while for minor errors, it approaches one. The integral
component of the control is multiplied by the functional

value of the adaptive function, represented by c1. As a
result, during the settling phase-when the error value is
significant-the integrator input is clamped to zero. Only
after the error value decreases (post-settling) are the input
released. This approach ensures that the integration of the
error and the reduction of the error commence only after
the settling phase, effectively preventing any overshoot.

4. The Rate of Change of Frequency (RoCoF)
The Rate of Change of Frequency (RoCoF) indicates the
power system frequency’s change over time, measured by
the derivative of frequency (d f/dt) [29]. RoCoF is a criti-
cal parameter in power system stability, allowing ongoing
monitoring of system performance and behaviour during
disruptions and contingencies. The prevalent frequency
standards are 50 Hz or 60 Hz in North America. Detect-
ing RoCoF is essential to maintaining power grid stability
and preventing possible blackouts, requiring continuous
monitoring and control of RoCoF values to avert a system
breakdown. In other words, ROCOF represents how quickly
grid frequency changes in response to rapid load changes.
The RoCoF can be calculated in the following way:

RoCoFT =
d f
dt

=
fT − f0

T
(9)

5. Virtual impedance technique
The virtual impedance technique is commonly used in
micro grids with highly resistive elements to achieve ac-
tive and reactive power regulation. By introducing virtual
impedance, it is possible to compensate for the mismatched
line impedances and improve power control accuracy by
incorporating extra information from the point of common
coupling (PCC) [36, 37]. A fixed virtual inductance is typi-
cally introduced to generate the reference for reactive power,

Figure 5. Frequency response of a power system.

Table 2. International grid codes for RoCoF [35].

Grid Code ROCOF (Hz/s) T (ms)
Germany 2 Hz/s (50 Hz) 500 ms
Ireland 1 Hz/s (50 Hz) 200 ms
UK 1 Hz/s (50 Hz) 500 ms
Denmark 2 Hz/s (50 Hz) 500 ms
Italy 2.5 Hz/s (50 Hz) 100 ms
South Africa 1.5 Hz/s (50 Hz) only for RES
IEEE 0.4 Hz/s (60 Hz) N.A
USA No standard for RoCoF (60 Hz) N.A
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which is removed to recover the output voltage [38, 39].
The control block diagram of the virtual impedance is shown
in the following figure 6.

Design of the VSC output filter
An LCL filter is commonly used in power electronics sys-
tems to reduce harmonics and electromagnetic interference
(EMI) generated by power converters, such as inverters or
rectifiers. The name “LCL” refers to the arrangement of
the filter components: an inductor (L), a capacitor (C), and
another inductor (L) in series; the inductors in the LCL filter
help to limit the rate of change of current, reducing the volt-
age spikes and harmonics generated by power converters
[40]. The capacitor acts as a short circuit for high-frequency
voltage components, diverting them from the load and pre-
venting their propagation into the power supply system
[41, 42]. The LCL filter depends on system parameters
such as nominal power and DC bus voltage Vdc, switch-
ing frequency fc, modulation ratio, voltage, and network
frequency. It exacts other factors like the cost factor. The
Following equations represent the LCL filter parameters:

a. Capacitance C

C =
0.05

ωnZbase
(10)

Zbase =
V 2

L L
Sn

(11)

C = 0.05
Sn

2π fgV 2
L L

(12)

VL L is the RMS Line-Line output of the inverter, Sn is the
rated active power of the inverter, fg is the grid frequency,
and ωn is the inverter switching frequency.

b. L1 inductance on the inverter side

L1 =
Vs

2
√

6 fsinm ×0.15
(13)

c. L2 inverter side inductance
L2 = L1 (14)

Figure 6. Block diagram of the virtual impedance loop.

6. Simulation results

Figure 7 shows the complete dynamic model of the primary
grid with grid forming control on a 2-level VSC; the system
consists of a three-phase, two-level inverter VSC fed by
a DC power source VDC, the VSC connected to the infi-
nite grid through an LCL filter. The purpose of the LCL
filter is to eliminate the high-frequency harmonics caused
by PWM signals. The PWM is a control method used in
Grid-Forming inverters. In PWM, the width of the pulses
of the output waveform is varied to control the power flow.
The use of PWM in Grid-Forming control allows for precise
control of the output voltage and frequency, which is neces-
sary for maintaining the stability and integrity of the grid. It
also provides for efficient power transfer and reduced power
losses. The Grid-Forming control regulates the converter
output voltage and frequency and then synchronizes them
with the grid voltage and frequency. To validate the per-
formed analysis, the studied system has been simulated in
MATLAB/Simulink; the system included a GD (distributed
generator) connected to the mains with a balanced load to
evaluate the control performance studied. The inverter’s DC
source is a battery with a constant value. Table 3 provides
an overview of the system’s parameters.
We used the RAPID regulator presented above to ensure
a robust regulator with optimal gains, thus avoiding the
trial-and-error methods used in classic regulators. Figure 8
compares the voltage response in the case of a classical PID
with the optimal gains designed by the RAPID regulator.
As shown in this figure (figure 8), the RAPID controller ad-
justs its parameters dynamically based on system behaviour,
offering improved performance in scenarios where tradi-
tional PID control may struggle to optimize performance.
Table 5 summarizes the comparison of the critical param-
eters in the two cases. Based on these results, we can see
that in the cases of rise time, maximum peak overshoot, and
steady-state error, the RAPID controller always has better
performance, while the traditional PI controller has poor
tracking performance. The RAPID controller is used in the

Figure 7. Complete control of a VSC-PWM using cascaded loops.
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Table 3. System parameters.

Description Symbol Value

VSC (GFM)

Nominal line-line Voltage VLL 380 v
Nominal angular frequency ωn 2.π .50 rd/s
DC link voltage V dc 700 V
Switching frequency fs 10 KHz
Inverter output inductance L f 0.0042 H
Inverter output capacitance C f 40 µF
Power active reference Pre f 15 KW
Active power droop gain Kp 5.10−4

Reactive power droop gain Kq 0.002
cut-off frequency of LPF ωc 12.57 rd/s

Grid

Grid voltage Vg 220 V
Grid Frequency fg 50 Hz
Grid inductance Lg 16.58 mH
Grid Resistance Rg 0.893 Ω

Load
Active power P1,P2 12 KW,10 KW
Reactive power Q1,Q2 200 Var ,1 KVar

rest of the simulation.
The proposed system depicted in figure 7 underwent sim-
ulation analysis to assess its performance. At time t = 2
seconds, the load changed. The scenarios were chosen to
test the operation of the grid forming control. In cases of
load increase, the load is assumed to be a PQ load, and we
control the output voltage and frequency in the load and
active power of the grid and VSC. Figures 9 to 12 display
the voltage and current waveforms of the VSC before and
after the filter.

Table 4. Gains of PI and RAPID.

PI RAPID
Kp = 0.286 Kp = 0.7700
Ki = 600 Ki =8.9442

Before t = 2 sec, the active power demand is 22 kW, the
grid’s power is 7 kW, and Pscv is 15 kW. This achieves
equal demand and production (Pg = Pload). Figures 13 to
15 present the active and reactive power. The results con-
firm that the suggested controller offers a solution to tackle
the challenge of achieving power distribution and ensuring
stable performance in VSC. As the load varies, the voltage
remains constant and sinusoidal (Vrms = 220 V), and the
inverter reacts quickly to the increase in load compared with

Figure 8. Voltage loop response, comparison between PI and RAPID
controller.

the mains.
This section, analyses the system’s frequency and power
response to the control parameters. The Kp value chosen in
this simulation is between 1.25 × 10−4 and 5 × 10−4.
Since RoCoF is usually evaluated using several different
time frames, in this case, It is used with a time window of
150 ms; Table 5 shows the RoCoF and frequency nadirs
measured for different Kp values.
The droop control coefficient variation can influence the
power system’s performance. If the coefficient is set too
low, the frequency may take too long to adjust to changes
in the load. VSCs use droop control to regulate their out-
put power based on the grid frequency. This ensures that
the VSCs provide power in proportion to the grid demand,
which helps stabilize the grid during high or low supply
times. The variation of the droop control coefficient can
significantly affect the performance of the VSC system. The
droop control coefficient is directly proportional to the rate
of change of frequency and voltage of the VSC, which af-
fects the stability and dynamic response of the system. The
variation of Kp in droop control affects the stability of the
system. A higher Kp value will result in a faster response
of the system to changes in load, but it may also make the
system more unstable. A lower Kp value will result in a
slower system response but may be more stable. When load
variations occur, Grid-Forming inverters can adjust their
output power to compensate for the changes. This helps
maintain the grid’s stability and ensure that all loads are
supplied with power.
Increasing the droop control coefficient can help reduce
the rate of change of frequency (RoCoF) during conditions,
thereby enhancing the power system’s stability. However,
using a high droop control coefficient may result in fre-
quency deviations and oscillations, posing a risk to the
system’s overall stability.
In this section, we analyze the system’s frequency and
power response about the control parameters. The Kp value
chosen in this simulation is 2.51 × 10−4 with variations in
load (10%, 20% and 30%).
A key aspect of power system dynamics is the relationship
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Table 5. Performance comparison of controllers.

Controllers Performance indices 0−2 s 2−4 s

PI Controllers
Rise time (tr) 1.655 ms 0.5 ms

Maximum peak overshoot (%Mp) 15.75 0.4
Steady state error (ess) 0.35 0.28

Result-adaptive PID Controller
Rise time (tr) 1.12 ms 0.2 ms

Maximum peak overshoot (%Mp) 4.5 0.24
Steady state error (ess) 0.25 0.19

Figure 9. Voltage waveforms of the three-phase inverter (before filter).

Figure 10. Voltage waveforms of the three-phase inverter (after filter).

Figure 11. Current waveforms of the three-phase inverter (before filter).

between an increase in power and frequency. When power
increases, the power system’s frequency tends to decrease,
and RoCoF measures the rate of this frequency change. The
following table represents the frequency measurement with
load variations.
Variations in RoCoF as a function of load changes can im-

Figure 12. Current waveforms of the three-phase inverter (after filter).

Figure 13. Active grid power and VSC with load variation.

Figure 14. Frequency response curve.

pact system performance. From Table 7, we conclude that
as the load increases, the frequency decreases. This proves
that the methodology ( f -p droop control) is correct; the
higher the load, the higher the RoCoF. Although the load
reached 30%, the RoCoF values are still within internation-
ally accepted values < 1 Hz/s; this proves the Performance
of Grid Forming control.
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Figure 15. The resultant P- f and Q-V droops.

Figure 16. Comparison between frequency responses for different Kp
values.

7. Conclusion
This article is interested in the Grid-Forming converter
technique applied in micro-networks. Therefore, we have
evaluated its power to restore the network to a stable state
after it is subjected to a slight movement disturbance
represented by the variation dump. To identify the gains of
regulators, we have chosen to use a new adaptive regulator;
the latter has practically confirmed its performance, which
is validated in our case, where we have proven its power
has imposed reasonable gains. Finally, to evaluate the
performances obtained by our method used in the event
of a load variation, thus the capacity of the adaptive
regulator used, the ReCof is used as an evaluation index
because of its importance in studies of the behaviour of

Table 6. RoCoF and fall frequency for different Kp values (For the case
studies in this research, T = 0.15s is used).

Kp RoCoF Fall frequency (Nadir)
(Hz/s) (Hz)

Kp1 = 5.00×10−4 0.460 49.91
Kp2 = 4.18×10−4 0.453 49.93
Kp3 = 2.51×10−4 0.340 49.95
Kp4 = 1.79×10−4 0..260 49.96
Kp5 = 1.25×10−4 0.200 49.97

Figure 17. Frequency deviation of different Kp values.

Figure 18. Comparison between frequency responses and active power for
load variation.

micro-networks, the analysis of this factor through different
simulations allowed us to confirm the capacity of the GFI
control thus ensuring the improvement of its performance
using a RAPID controller.

Table 7. RoCoF and fall Frequency of 10% to 30% total load disturbance.

Load Variation RoCoF Fall frequency (Nadir)
(Hz/s) (Hz)

10% 0.34 49.95
20% 0.67 49.90
30% 0.94 49.86
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