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Abstract: This paper focuses on the modeling, analysis, and design of grid-forming (GFM) inverter-
based microgrids (MGs). It starts with the development of a mathematical model for three-phase
voltage source inverters (VSI). The voltage and current controllers consist of two feedback loops:
an outer feedback loop of the capacitance-voltage and an inner feedback loop of the output
inductance current. The outer voltage loop is employed to enhance the controller’s response
time. The inner current loop is used to provide active damping for the resonance created by the
LCL filter. A two-layer control scheme is adopted for the GFM inverter control. The primary
decentralized control uses droop control and virtual impedance loops to share active and reactive
power. Simultaneously, the centralized secondary control addresses frequency and amplitude
deviations induced by the droop control. Additionally, a synchronization loop is proposed for
seamless reconnection of GFM inverters to the MG and to connect the GFM-controlled MG to
the main grid. It has the advantage that the inverter operates in GFM mode even after the
synchronization has occurred. The simulation results have shown that the voltage controller
ensures a 0.005 s settling time and maintains the steady-state error at its minimum value of 0.1 V.
Similarly, the current controller ensures a 0.006 s settling time with a 10−5 steady-state error. The
system with the designed controller has a low total harmonic distortion (THD) of 1.46% and
improved power quality of the output voltage. Furthermore, a quick restoration time is observed
during load steps and tripping events, with a restoration time of 1 s with 10−10 steady-state error.
Synchronization is achieved within 0.8 s for the incoming inverters and requires 3 s to synchronize
the MG with the main grid, maintaining a steady-state error of 10−9.

Keywords: grid-forming; microgrid; island mode; droop control; decentralized control; synchronization;
frequency restoration

1. Introduction

The amount of renewable energy generation systems that are connected to the grid is
continuously increasing. Consequently, the presence of power electronics devices in power
systems has also increased. At present, the electrical grid is predominantly characterized by
synchronous generators (SGs). These generators provide a consistent voltage and frequency,
facilitating the synchronization of VSIs and their connection at the point of common
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coupling (PCC) for injecting power into the main grid. These inverters operate as current
sources and are known as grid-following inverters. The imperfections of grid-following
inverters arise when the grid is absent, as this concept fails to produce instantaneous
voltage and frequency set points. Therefore, this operating mode has been significantly
modified, from following the grid to leading it. This concept is known as grid-forming
(GFM) inverters, which can independently set up and keep the voltage and frequency
within their nominal ranges without the need for the main grid [1]. The block diagram of
both concepts is depicted in Figure 1.

Energies 2024, 17, 59  2  of  25 
 

 

and frequency, facilitating the synchronization of VSIs and their connection at the point 

of common coupling (PCC) for injecting power into the main grid. These inverters operate 

as current sources and are known as grid‐following inverters. The imperfections of grid‐

following inverters arise when the grid is absent, as this concept fails to produce instanta‐

neous voltage and frequency set points. Therefore, this operating mode has been signifi‐

cantly modified, from following the grid to leading it. This concept is known as grid‐form‐

ing (GFM) inverters, which can independently set up and keep the voltage and frequency 

within their nominal ranges without the need for the main grid [1]. The block diagram of 

both concepts is depicted in Figure 1. 

 

Figure 1. Power converter classification: (a) grid‐forming and (b) grid‐following inverters. 

GFM inverter control consists of a voltage control path that regulates the output volt‐

age to a specified voltage reference and a phase‐angle reference path that integrates a pre‐

determined frequency to obtain the phase‐angle reference. These references (voltage and 

frequency) are commonly achieved through decentralized control such as droop control 

[2,3], virtual synchronous machines [4], virtual SG [5], synchronverter [6], power synchro‐

nization control [7], generalized virtual synchronous control [8], and virtual oscillator con‐

trol [9]. Presently, the biggest challenges for decentralized control schemes are the seam‐

less reconnection and black‐start of GFM inverters [10]. 

The decentralized control for GFM inverters is generally composed of inner control 

loops  for current and voltage, a virtual  impedance  loop, and a controller employing a 

droop mechanism [11]. The primary control objectives for GFM inverters involve stabiliz‐

ing amplitudes and ensuring power sharing among them. The stabilization of frequency 

and voltage is typically accomplished through current and voltage control loops, while 

the droop control mechanism facilitates power sharing [12].   

This paper is structured as follows: In Section 2, a comprehensive review of the GFM 

inverter control methods is carried out. Section 3 outlines the design methodology of an 

MG‐based GFM  inverter,  including system description, modeling, voltage, and current 

loop control design. Section 4 explores GFM inverter frequency synchronization and res‐

toration, emphasizing decentralized control using droop mechanisms. It introduces a new 

synchronization approach and examines  frequency and voltage restoration during dis‐

turbances. Section 5 shows cases of the simulation results. A dedicated discussion is pro‐

vided in Section 6. Finally, conclusions and future work are described in Section 7. 

2. Related Work 

The decentralized control design  is very  important  for  the GFM  inverter’s perfor‐

mance. Various control approaches for GFM inverters are examined and compared with 

the GFM characteristics exhibited by synchronous machines in [13]. A hybrid grid‐form‐

ing/following controller was proposed in [14]. Voltage synchronization is achieved by in‐

Zeq

Voltage
control
loop

Vref

V*

w*

AC microGrid
Bus

Iref
Zeq

P*

Q*

AC microGrid
Bus

(a) (b)

Current
control
loop

Figure 1. Power converter classification: (a) grid-forming and (b) grid-following inverters.

GFM inverter control consists of a voltage control path that regulates the output
voltage to a specified voltage reference and a phase-angle reference path that integrates
a predetermined frequency to obtain the phase-angle reference. These references (volt-
age and frequency) are commonly achieved through decentralized control such as droop
control [2,3], virtual synchronous machines [4], virtual SG [5], synchronverter [6], power
synchronization control [7], generalized virtual synchronous control [8], and virtual oscilla-
tor control [9]. Presently, the biggest challenges for decentralized control schemes are the
seamless reconnection and black-start of GFM inverters [10].

The decentralized control for GFM inverters is generally composed of inner control
loops for current and voltage, a virtual impedance loop, and a controller employing a droop
mechanism [11]. The primary control objectives for GFM inverters involve stabilizing
amplitudes and ensuring power sharing among them. The stabilization of frequency and
voltage is typically accomplished through current and voltage control loops, while the
droop control mechanism facilitates power sharing [12].

This paper is structured as follows: In Section 2, a comprehensive review of the GFM
inverter control methods is carried out. Section 3 outlines the design methodology of an
MG-based GFM inverter, including system description, modeling, voltage, and current
loop control design. Section 4 explores GFM inverter frequency synchronization and
restoration, emphasizing decentralized control using droop mechanisms. It introduces a
new synchronization approach and examines frequency and voltage restoration during
disturbances. Section 5 shows cases of the simulation results. A dedicated discussion is
provided in Section 6. Finally, conclusions and future work are described in Section 7.

2. Related Work

The decentralized control design is very important for the GFM inverter’s perfor-
mance. Various control approaches for GFM inverters are examined and compared
with the GFM characteristics exhibited by synchronous machines in [13]. A hybrid
grid-forming/following controller was proposed in [14]. Voltage synchronization is
achieved by incorporating a phase-locked loop (PLL), and load sharing is facilitated
through the utilization of a power-frequency droop. A droop-based GFM adaptive
virtual resistance control was suggested in [15] for postfault oscillation mitigation in
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GFM inverters. In [16], authors investigated the use of impedance-based analysis to
define, assess, and enhance the performance of GFM inverter controllers in various ways.
In [17], a multivariable controller was proposed with the aim of decoupling P and Q
loops in GFM inverters using droop control and other methods. A decentralized control
approach for multiparallel GFM-distributed generators on island MG was developed
in [18]. It offers the advantage of decoupling the frequency from load conditions. The
authors in [19] explored GFM inverter modeling and control methodology, focusing
on droop control. Embedding voltage and current loops within a single controller is a
strategy that can significantly enhance the dynamic performance of the GFM system,
as discussed in [20]. In MG’s with mismatched inductive/resistive feeder impedance,
the virtual impedance loop, acting as an optional loop, plays a role in improving the
power quality and power-sharing accuracy of GFM systems [21]. Drawbacks such as
steady-state error and deviations in frequency and voltage amplitude are associated
with the GFM droop control mechanism [22]. Consequently, a secondary control is
introduced to mitigate these deviations [23]. Despite the deviations introduced by the
total demand for active and reactive power from the loads, the GFM inverter system
effectively restores both frequency and amplitude [24]. Additionally, a threshold-based
method for frequency and voltage restoration in islanded MGs fed by droop-controlled
GFM is proposed in [25]. It aims to restore the system when pulse load and plug-in
events occur. A relevant solution for enhancing the efficiency and power quality of GFM
inverters can be found in compact inverter structures, as demonstrated in [26].

The primary focus of the above studies is on the dynamics of GFM microgrids. This
focus intensifies specifically after a disturbance in the system when GFM inverters are
operated in parallel. Less attention has been given to the synchronization and reconnection
of GFM inverters in MG or the synchronization of GFM microgrids to the main grid. The
main difficulty is the lack of information about voltage, frequency, and phase angle at
the PCC. Hence, the synchronization with other sources and proportional contribution
to power-sharing in the (V-f) mode becomes challenging tasks for the incoming inverter.
Likewise, when transitioning from islanded operation to grid-connected mode, the syn-
chronization of the MG with the main grid is a necessary step. Thus, a synchronization
control algorithm is necessary. A seamless connection to the MG/grid is essential for both
GFM and grid-following inverters. A synchronization method for inverters in GFM, known
as the controller-sync, is proposed in [27]. In this approach, the inverter initially aligns with
the MG frequency without contributing to power sharing. Subsequently, the controller
transitions to power-sharing mode. A communication-based method to synchronize the
GFM microgrid to the utility grid is proposed in [28]. This approach is based on exchanging
data between two proposed devices: synchronization data sender and a synchronization
data controller.

In summary, the current state of research reveals certain gaps:

• The comprehensive applicability of droop-based control in GFM inverters remains
inadequately addressed.

• The analysis of the decentralized control’s performance is lacking, particularly in the
context of off-grid systems and varying PQ load demands.

Furthermore, when it comes to synchronization techniques, several gaps exist:

• While many techniques address the connection of inverters to the utility grid, there is
a lack of exploration regarding the (re)connection of an inverter to an islanded MG.

• The majority of techniques are designed for inverters operating in (P-Q) control mode,
leaving a gap in the understanding of inverters in (V-f) control mode post-(re)connection.

• Certain methods require communication infrastructure, leading to cost implications
for the seamless plug-and-play operation of inverters and exposing them to potential
cyber-attacks.

This paper provides a comprehensive examination of the theoretical analysis of GFM
inverters and their control structures. It validates the assumed and resulting P-f and Q-V
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droop characteristics utilized to drive GFM inverters. The verification process includes
assessing the power-sharing concept and demonstrating its effectiveness by connecting
two GFM inverters to meet varying load demands. The study also addresses the seamless
connection or reconnection of an inverter to an islanded MG in GFM mode. Additionally,
the paper proposes a synchronization loop designed to maintain the system in GFM mode
even after synchronization is established.

3. Methodology
3.1. System Description and Modeling

Usually, GFM inverter-based MG consists of VSIs, which can operate in stand-alone
and grid-connected modes of operation. VSIs stand as an interface between distributed
energy sources and loads; their main role is to convert the DC power into AC power and
supply the entire MG. The VSIs are controlled by the pulse width modulation (PWM)
signals, which generate harmonic components that decrease the power quality. Thus, filters
are required to mitigate harmonics and avoid disturbances caused by them. Considering
the voltage harmonic limitations defined in [29], the use of an LCL filter is considered to be
a good compromise in terms of high-frequency harmonic mitigation and passive element
design [30]. The LCL topology is adopted in this work, as can be seen in Figure 2. The
inverter is associated with the LCL filter to form the VSI.
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Figure 2. Three-phase inverter single-line diagram interfaced using an LCL filter.

The mathematical model of the VSI in the dq reference frame can be summarized by
the following equations: {

ed = L f sild + r f ild + vod − ωL f ilq
eq = L f silq + r f ilq + voq + ωL f ild

(1)

{
icd = C f svod − ωC f voq
icq = C f svoq + ωC f vod

(2)

{
vod = rciod + Lcsiod + vPCCd − ωLcioq
voq = rcioq + Lcsioq + vPCCq + ωLciod

(3)

{
ild = C f svod − ωC f voq + iod
ilq = C f svoq + ωC f vod + ioq

(4)

3.1.1. Voltage and Current Loops

For the voltage and current controllers, a cascade loop has been used; the current loop
must have the fastest response time and, hence the highest bandwidth. The voltage loop
must be slower than the current loop, and it must be quick enough to guarantee that the
system is properly operated. PI controllers have been employed by both regulators. This
choice has been made due to the straightforward design of the PI controller gains and the
simplicity of system modeling in the dq reference frame.
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The state space representation of the current loop is described as follows:

S
[

ild
ilq

]
=

− r f
L f

−ω

ω − r f
L f

[ild
ilq

]
+

1
L f

[
ed − vod
eq − voq

]
(5)

The terms ωL f ilq and ωL f ild in Equation (1) represent a coupling between the two
equations ed and eq. In other words, a variation of the current ild will create a variation of
the current ilq and vice-versa.

The state space representation of the voltage loop is as follows:

s
[

vod
voq

]
=

[
0 −ω
ω 0

][
vo,d
vo,q

]
+

1
c f

[
ild − iod
ilq − ioq

]
(6)

3.1.2. Inner Loops Control Design

The objective of any control system is to shape the response of the system according to
a given reference. It also aims to maintain the stability of the system in a closed loop with
the desired performance while minimizing the effect of disturbances and measurement
noise and avoiding the saturation of controllers, despite the uncertainties of modeling,
variations of parameters, or changes in the operating point.

The control diagram used for the GFM-MG in Figure 3 consists of an external voltage
loop and an internal current loop that provides the current reference and control signal,
respectively. This type of control is called multi-loop control or cascaded loop control.
It is usually chosen for current and voltage control of GFM inverters due to its superior
disturbance rejection performance and current-limiting capability [31].
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When using the GFM configuration, the voltage and frequency references are offered
by the local controller, such as droop control.

Current Loop Controller Design

The current control loop is responsible for the characteristics of the injected current. It
is highly desirable that the inverter current be free of low-order harmonics. High-frequency
harmonics can be eliminated with the LCL filter. Current control for the inner loop is
implemented using standard feedback control. The current control can be expressed by the
following system of equations:
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{
e∗d =

(
kpc + kic/s

)(
i∗ld − ild

)
− ωL f ilq + vod

e∗q =
(
kpc + kic/s

)(
i∗lq − ilq

)
+ ωL f ild + voq

(7)

where:

• e∗d and e∗q are the d- and q-axis components of the voltage modulation signals, respectively.
• ild and ilq are the values of the inductance current for the d- and q-axis compo-

nents, respectively.
• kpc and kic are the proportional and integral PI regulator parameters for current control

and L f represents the inductance of the inverter-side filter.

Figure 4 shows the detailed diagram of the current control loop. It should be noted
that all the current control loops, all signals in the loop feedforward, and the feedback loops
are direct quantities [32].
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Figure 4. Block diagram of current controller loops.

The transfer function of the d component of the current loop is identified by:

ild(s)
ed(s)

=
1/L f

s + r f /L f
(8)

To decouple the dynamics of the loops, the internal loop (current loop) must be
designed to have faster dynamics compared to the outer loop (voltage loop).

From Figure 4, it can be concluded that the two current control loops of the two d-
and q-axes are similar. Thus, the corresponding controllers can also be identical. Since the
switching frequency is significantly higher than the line frequency, sample delays can be
neglected in controller design [33].

The transfer function of the current PI regulator is:

Ki(s) = kpc +
kic
s

(9)

From the block diagram in Figure 5, the closed loop transfer function for the current
loop is as follows:

ild
i∗ld

=
kpc

L f

s + kic/kpc

s2 +
r f +kpc

L f
s + kic

L f

(10)



Energies 2024, 17, 59 7 of 24

Energies 2024, 17, 59  7  of  25 
 

 

The transfer function of the d component of the current loop is identified by: 

 
 

1 /

/
fld

d f f

Li s

e s s r L



  (8)

To decouple the dynamics of the loops, the internal loop (current loop) must be de‐

signed to have faster dynamics compared to the outer loop (voltage loop).   

From Figure 4, it can be concluded that the two current control loops of the two d‐ 

and q‐axes are similar. Thus, the corresponding controllers can also be identical. Since the 

switching frequency is significantly higher than the line frequency, sample delays can be 

neglected in controller design [33]. 

The transfer function of the current PI regulator is: 

  ic
i pc

k
K s k

s
    (9)

From the block diagram in Figure 5, the closed loop transfer function for the current 

loop is as follows: 

*
2

/pc ic pcld

f pc icfld

f f

k s k ki
r k kLi

s s
L L





 

 
(10)

By assimilating  the equation above with  the quadratic characteristic equation,  the 

damping factor and the natural oscillation frequency can be obtained as follows: 

  /

2 /

f pc f

i

ic f

r k L

k L



   (11)

2 /ni ic fk L    (12)

Hence, the parameters of the current regulator can be designed as follows: 

2

2pc i ni f f

ic f ni

k L r

k L




 
 

  (13)

According to the theory of optimal techniques  𝜉   0.707 and   ni   are based on the 

time domain specification. Usually, the natural frequency is selected as   / 50n s  , with 

s   is the switching angular frequency. 

 

Figure 5. Block diagram of the closed‐loop control for current. 

Ki(s) 1/Lf
s+ rf / Lf

+‐ ildild*
uideid

Ki(s) 1/Lf
s+ rf / Lf

+‐ ilqilq*
uiqeiq

Figure 5. Block diagram of the closed-loop control for current.

By assimilating the equation above with the quadratic characteristic equation, the
damping factor and the natural oscillation frequency can be obtained as follows:

ξi =

(
r f + kpc

)
/L f

2
√

kic/L f

(11)

ω2
ni = kic/L f (12)

Hence, the parameters of the current regulator can be designed as follows:{
kpc = 2ξiωniL f − r f

kic = L f ω2
ni

(13)

According to the theory of optimal techniques ξi= 0.707 and ωni are based on the time
domain specification. Usually, the natural frequency is selected as ωn = ωs/50, with ωs is
the switching angular frequency.

Voltage Loop Controller Design

Voltage regulation is required to inject good-quality energy. The external voltage con-
trol loop is developed using the standard feedback/feedforward control, which commonly
uses a PI controller. The voltage control can be expressed as:{

i∗ld =
(
kpv + kiv/s

)(
v∗od − vod

)
− ωC f voq + Fiod

i∗lq =
(
kpv + kiv/s

)(
v∗oq − voq

)
+ ωC f vod + Fioq

(14)

where

• i∗ld and i∗lq are the d- and q-axis inductance current references, respectively;

• v∗od and v∗oq are the voltage references;
• ω is the angular frequency, kpv and kiv are the proportional and integral parameters

of the PI regulator. For voltage control, C f represents the capacitance of the filter
and is the feedforward current gain. Figure 6 shows the block diagram of the voltage
control loop.

The transfer function of the voltage loop in the d-axis is:

vod(s)
ild(s)− iod(s)

=
1

C f s
(15)
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The transfer function of the voltage PI regulator is:

Kv(s) = kpv +
kiv
s

(16)

From the block diagram in Figure 7, the closed-loop transfer function of the voltage
loop is as follows:

ud
u∗

d
=

1
C f

kiv + kpvs

s2 +
kpv
C f

s + kiv
C f

(17)
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Like the process of designing the current loop controller, the damping factor ξv and
the natural oscillation frequency ωnv of the voltage loop can be obtained as follows:

ξv =
kpv/C f

2
√

kiv/C f

(18)

ω2
nv = kvi/C f (19)
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Hence, the voltage regulator parameters can be designed as follows:{
kiv = C f ω2

nv
kpv = 2ξvC f ωnv

(20)

ξv is chosen equal to 0.707 and ωnv is chosen as ωs/500.

4. Grid-Forming Inverters Frequency Synchronization and Restoration
4.1. Droop Control and Virtual Impedance

In order to equally share the power between the GFM inverters and to ensure the
power flow, the reference of the voltage control loop vref is provided by the decentralized
control that comprises the droop controller and the virtual impedance loop. The amplitude
and phase of the voltage reference are generated by the droop control according to the
measured active and reactive powers. The droop functions can be expressed as follows [34]:

ω = ω∗
o − mpP

vod = V∗
o − nqQ

voq = 0
(21)

where ω∗
o and V∗

o are the nominal frequency and voltage references, mp and nq are the
droop coefficients for the frequency and the voltage, respectively. Notice that the d-axis
is aligned with the phase A voltage in a three-phase system, thus the q-component is
equal to zero.

The droop coefficients mp and nq can be selected based on the following equations:

mp = ∆ f /∆P
nq = ∆V/∆Q

(22)

Being, ∆ f and ∆V are the maximum frequency and voltage amplitude deviations,
respectively. Parameters ∆P and ∆Q are the rated active and reactive powers, respectively.
The averaged power can be calculated through a low-pass filter to attenuate the high-
frequency noises as follows:

P = ωc
s+ωc

3
2
(
vodiod + voqioq

)
Q = ωc

s+ωc
3
2
(
vodioq − voqiod

) (23)

A virtual impedance loop has been added to the decentralized control to improve
the current sharing between the GFM inverters by fixing and normalizing the output
impedance of the GFM inverters, which will determine the P/Q power angle/amplitude
relationship (inductive droop), thus, avoiding using additional physical inductors/resistors.
Figure 8 shows the additional block of the virtual impedance loop; the output impedance of
the VSI must be sufficiently inductive. Thus, the additional block of the virtual impedance
loop can be expressed as shown below [35]:{

vvird = Rv · iod − ωLv · ioq
vvirq = Rv · ioq + ωLv · iod

(24)

where Rv and Lv are the virtual resistance and inductance value vvirdq and iodq are the
virtual voltage compensation and output current in dq—reference frame, respectively. The
closed-loop modeling and the stability analysis of the virtual impedance loop have been
studied in previous works [36,37], and will not be addressed here.
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4.2. Proposed Synchronization Loop

Before connecting the incoming GFM inverter to the MG, it must be synchronized
with the MG, and then the circuit breaker is closed for power sharing. Similarly, to connect
the MG to the utility grid for grid-connected operation, a synchronization process is
required. The synchronization process provides a seamless connection, which mitigates the
current fluctuations and maintains the system’s stability. The synchronization is achieved
through the proposed synchronization control loop in a synchronous dq reference frame, as
presented in Figure 9.
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The main difference between the state-of-the-art synchronization approaches and
the proposed one is that the controller in those approaches switches from GFM mode to
grid-following mode after connection to the PCC, causing the inverter to lose control over
the voltage magnitude and frequency. Indeed, in the proposed approach, the inverter
operates in GFM mode even after the synchronization has occurred.

When scheduling grid-connected mode operation, synchronization is released by
utilizing the direct and quadrature voltage components Vdqg and VdqMG of both the grid
and the MG, respectively. These components are acquired through the Park transforma-
tion, employing the phase angle provided by the phase-locked loop (PLL). A comparison
between the direct and quadrature components of both MG and the main grid voltages
produces signal errors, which serve as input for the proportional-integral (PI) regulators.
The PI controllers generate correction signals, Esync and ωsync, to ensure proper synchro-
nization. Similarly, for connecting an incoming VSI to the MG, the direct and quadrature
voltage components of the MG and the incoming VSI are used. The synchronization is
achieved when the voltage components are equal: VdMG = Vdg and VqMG = Vqg (MG
and grid synchronization). To achieve this, a synchronization structure is required.

The synchronization structure includes a three-phase PLL, a low pass filter and a PI
controller for both direct and quadrature axes as follows:

Esync =
(

vdg − vdMG

) ωc

s + ωc

kpss + kis

s
(25)

ωsync =
(
vqg − vqMG

) ωc

s + ωc

kpss + kis

s
(26)

where kps and kis are the PI parameters, which are the same for both axes and ωc is the
filter cut-off frequency. Esync and ωsync are the synchronization controller output signals
to be added for the droop controller functions P-w and Q-v, respectively at each VSI to
synchronize itself. Notice that the three-phase PLL is used to extract the phase angle of the
utility grid that is used after to transform both grid and MG voltages from the abc reference
frame to the dq reference frame.

4.3. Frequency and Voltage Restoration

The secondary control is introduced to compensate for the steady-state error caused
by the droop control deviations after load connection to meet the grid standard. In this
work, a centralized topology is adopted to allow the GFM inverters to compensate for the
frequency and voltage set points, as expressed as follows [38]:

ωrest = kpF
(
ω∗

MG − ωMG
)
+ kiF

∫ (
ω∗

MG − ωMG
)
dt

Erest = kpE
(
E∗

MG − EMG
)
+ kiE

∫ (
E∗

MG − EMG
)
dt

(27)

where kpF, kiF, kpE, and kiE are the control gains of the secondary control regulators. Notice
that the output must be saturated to avoid exceeding the maximum and minimal limits of
the voltage and frequency drops.

The entire GFM control system, including inner loops, virtual impedance, droop
control, and secondary control, is depicted in Figure 10.

4.3.1. Frequency Restoration

To design the frequency restoration controller gains and to ensure system stability, the
model depicted in Figure 11 is used. It consists of three main blocsk; the droop control
block to determine the MG frequency, a reduced first-order PLL model to measure the
MG frequency, and the secondary control compensator Gfsec(s) associated with a delay
transfer function Gd(s) to mimic the communication line delay. From the developed model
in Figure 10, the transfer function can be obtained as follows:
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ωMG =
G f sec(s)Gd(s)

1 + G f sec(s)Gd(s)GPLL(s)
ω∗

MG − mGLPF(s)
1 + G f sec(s)Gd(s)GPLL(s)

P (28)

where the transfer function of each bloc is as follows:

G f sec(s) =
kpFs+kiF

s ,

GPLL(s) = τ/(s + τ),

Gd(s) = 1
s+1.5ωs

,

GLPF(s) = ωc
s+ωc

,
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Figure 10. Block diagram of the entire control system of the MG.

Consequently, the closed loop transfer function P to ωMG can be obtained as follows:

ωMG = −
mωcs

(
s2 + sa + b

)
s4 + s3c + s2d + se + f

P (29)



Energies 2024, 17, 59 13 of 24

With the following parameters:

a = τ + 1.5Ts

b = 1.5Tsτ

c = 1.5Ts + ωc + τ

d = ωc(1.5Ts + τ) + τ
(
1.5Ts + kpF

)
e = τ

(
ωc

(
kpF + 1.5Ts

)
+ kiF

)
f = τkiFωc
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Figure 11. Block diagram of the frequency restoration control.

Figure 12 depicts the step response of the model in (29) for a P step change. This model
allows us to properly adjust the control parameters of the secondary control and study the
limitations of the communications delay.
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4.3.2. Amplitude Restoration

A similar method has been followed to adjust the voltage secondary controller param-
eters. The obtained block diagram, in this case, is depicted in Figure 13.
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By the same procedure, the closed loop voltage dynamic model is as follows:

E∗
MG =

GE sec(s)Gd(s)
1 + GE sec(s)Gd(s)

Esec − nGLPF(s)
1 + GE sec(s)Gd(s)

Q (30)

Being GE sec(s) is the voltage compensator.

GE sec(s) =
kpEs + kiE

s
(31)

Thus, the closed-loop transfer function of the voltage secondary controller from Q to
EMG can be expressed as follows:

EMG = − nωcs(s + 1.5)
s3 + as2 + bs + c

Q (32)

a = kpE + ωc + 1.5
b = ωc

(
kpE + 1.5

)
+ kiE

c = kiEωc

By using this model, the dynamics of the system for a step change in Q can be obtained,
as shown in Figure 14.
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5. Simulation Results

To implement and test the feasibility of the theoretical analysis developed above, a
GFM inverters-based MG model was built in Matlab-Simulink, as illustrated in Figure 10.
The used parameters are listed in Table A1 in Appendix A. The MG model consists of two
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VSIs interfaced using an LCL filter and connected to each other through a line. These GFM
inverters supply a local load.

5.1. Voltage and Current Waveforms

Figures 15 and 16 illustrate the voltage and output current waveforms of the GFM
inverters supplying a local load. Figure 16 further depicts the dynamic response of the
voltage and current loops in the dq reference frame for both axes. Notably, the voltage
controller achieves a settling time of 0.005 s while maintaining a steady-state error at its
minimum of 0.1 V. Similarly, the current controller ensures a settling time of 0.006 s with a
steady-state error of 10−5.
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Figure 17 illustrates the output currents of the two-paralleled GFM inverters controlled
using droop control in stand-alone mode. Initially, both inverters shared the load equally.
At t = 1 s, the second inverter is disconnected, and the remaining inverter continues to
supply the load, ensuring uninterrupted power supply even if one inverter is tripped. This
test shows the robustness of droop control in power-sharing among inverters without the
need for communication, thereby enhancing system reliability.
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Figure 17. Transient response of the output currents (a) VSI1 (b) VSI2, when the VSI 1 is disconnected
at t = 1 s.

In Figure 18, the spectrum of the voltage at the PCC is presented. The system employ-
ing the proposed controller demonstrates a low total harmonic distortion (THD) of 1.46%,
indicative of improved power quality of the output voltage.
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Figure 18. Spectrum of the voltage at the point of common coupling.

5.2. Inverters Synchronization to the MG

The process of connecting an incoming GFM inverter into the MG involves a crucial
synchronization step to ensure seamless integration, as depicted in Figure 19. Based on
the proposed synchronization approach, Figure 19a illustrates the synchronization process
by displaying the frequency profiles of both the MG and the incoming GFM inverter.
At t = 0.5 s, the synchronization process is initiated. During this phase, the incoming
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inverter undergoes adjustments to match its frequency and its phase with that of the MG.
These adjustments can lead to temporary frequency fluctuations in the incoming GFM
inverter. These fluctuations are part of the synchronization procedure, and they are carefully
managed to minimize any disruption to the MG’s operation. The critical moment arrives at
t = 2 s when synchronization is successfully achieved. At this point, the incoming inverter’s
frequency is perfectly aligned with that of the MG. Thus, the incoming GFM inverter can be
safely connected to the MG. Upon connection, the incoming inverter immediately begins
sharing active power within the MG, as can be seen in Figure 19b. This synchronization
and subsequent power-sharing ensure that the MG is efficiently operating, maintaining
stable frequency, and efficiently distributing electrical power to meet the connected loads
power demand.
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5.3. Freaquency and Voltage Restoration Performance

This test demonstrates how the secondary control restores the voltage and frequency
of the GFM-MG to switch to grid-connected mode. As can be seen in Figure 20a, the
secondary control is activated at t = 0.5 s and the system starts recovering the frequency
to its nominal value. After that the system subjected load changes at t = 2 s and t = 4 s. It
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can be noticed that the secondary control acted for both sudden changes and eliminated
the deviation. Similarly, when the inverter two is disconnected at t = 6 s, the secondary
control is quickly acted, and the frequency is kept at its set point after 2 s. It is clear from
Figure 20b that the active power sharing among GFM inverters was not affected by the
action of the secondary control.
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Figure 20. Simulation results during load step changes (t = 2 s and t = 4 s) and sudden disconnection
of inverter 2 (t = 6 s): (a) Frequency restoration (b) Active and reactive powers.

5.4. Impact of Communication Time Delays

Communication infrastructures play a critical role in GFM-MG operation by providing
and exchanging the data between the MG central controller (MGCC)and the DG units local
controllers. In secondary control, the voltage and frequency correction signals are sent
using the MGCC through a low-bandwidth communication infrastructure to restore the
deviations caused by the primary control. For this, the communication delay effect on the
secondary control has been investigated for different time delay amounts. Figure 21 shows
the voltage and frequency during the restoration process. It is clear that the communication
delays cause oscillations in both voltage and frequency, and the increase of the time delay
results in high oscillations up to 300 ms where the system stability becomes threatened.
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Figure 21. Secondary frequency dynamics under different communication delays (from top to bottom
150 ms until 300 ms).

5.5. Synchronization with the Main Grid

Synchronization is necessary for the transition from islanded mode to grid-connected
mode to avoid high current fluctuations and equipment damage. The synchronization
process between the DG unit and the main grid is illustrated in Figure 22a,b. As can be seen
at the start of the synchronization the voltage waveforms are not synchronized yet and the
voltage difference between the MG and the grid is high, during the synchronization process
the voltage waveforms started becoming closer to each other as shown by Figure 22b
and the voltage difference starts decreasing as depicted in Figure 22a. At the end of the
synchronization process, the voltage waveforms are matched and the voltage error value is
decreased to zero, which ensures a seamless transition mode. It is worth to notice that the
synchronization process has no impact on the system stability since the bandwidth is much
more reduced.
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Figure 22. Synchronization process (a) voltage difference (b) Grid and MG voltages. 

6. Discussion  
The simulation results provide a comprehensive overview of the proposed control 
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6. Discussion

The simulation results provide a comprehensive overview of the proposed control
strategies’ effectiveness. The GFM inverter exhibits a low total harmonic distortion
(THD) of 1.46%, enhancing the power quality of the output voltage. In stand-alone mode,
two paralleled GFM inverters controlled with droop control share the load seamlessly,
demonstrating the system’s reliability. The synchronization process is crucial for inte-
grating an incoming inverter into the MG. It ensures the successful alignment of the
frequency and phase, facilitating a smooth connection. Moreover, secondary control
is proved to be vital in restoring MG voltage and frequency, efficiently managing load
changes and inverters disconnection. Communication delays are identified as potential
sources of voltage and frequency oscillations, threatening system stability. Lastly, the
synchronization between the Distributed Generation (DG) unit and the main grid illus-
trates a gradual and stable transition from islanded to grid-connected mode. Overall, the
proposed control strategies exhibit robust performance, ensuring stability and efficiency
across diverse operating scenarios. Table 1 summarizes the main simulation results of
the proposed control approach for frequency synchronization and amplitude restoration.
However, the proposed control approach exhibit some limitations, notably a substantial
frequency drop during the synchronization process, increasing the synchronization time.
Additionally, the dynamic behavior of the voltage and current loops, assuming they are
faster than the outer loop, is proven to be accurate for high-bandwidth power converters
in low-power applications like MG and UPS. Nevertheless, in high-power scenarios such
as transmission systems, the control bandwidth constraints imposed by the switching
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frequency can result in delayed responses, decreased stability regions, and potential
instability issues in grid-connected mode, as detailed in our analysis. Addressing and
mitigating these limitations will be a priority for future works.

Table 1. Simulation results: Time domain and steady-state specifications of the proposed control diagram.

Controller Type Load Step Rise Time (s) Overshoot Ratio (%) Settling Time (s) Steady-State Error

d-axis voltage controller

4500 W
500 VAR

0.0002 4.4% 0.005 10−1

q-axis voltage controller 0.0005 0 0.004 10−1

d-axis current controller 0.002 23% 0.006 10−5

q-axis current controller 0.001 10% 0.006 10−2

Type of disturbance SC enabled Load step Inverter tripping event Steady-State Error

Restoration Time (s) 1.5 1 1 10−10

Synchronization Undershoot Ratio (%) Overshoot Ratio (%) Settling Time (s) Steady-State Error

Incoming inverter
frequency deviation 3% 1% 0.8 10−9

7. Conclusions

This paper focused on the modeling, analysis, and design of GFM inverters within
a MG. The islanded operation of GFM inverters is investigated. The droop control is
adopted as a decentralized method, and a secondary control for frequency and voltage
restoration is developed as centralized control loops. Moreover, this paper proposes a
synchronization loop to connect incoming inverters to the MG. The successful applica-
tion of this decentralized approach highlights the feasibility and accuracy of deploying
GFM inverters in the distribution network without the need for communication. The
simulation results highlight the robustness and efficiency of the implemented control
strategies. The voltage controller, ensuring an impressive settling time of 0.005 s, main-
tains a minimal steady-state error of 0.1 V. Similarly, the current controller exhibits
efficient dynamics, achieving a settling time of 0.006 s and a low steady-state error of
10−5. The designed controller contributes to the system’s overall quality by minimizing
total harmonic distortion (THD) to 1.46%, thereby enhancing the power quality of the
output voltage. Moreover, the system displays interesting resilience during dynamic
load conditions and tripping events, demonstrating a quick restoration time of 1 s with
a minimal steady-state error of 10−10. The synchronization process further validates
the system’s reliability, with incoming inverters achieving synchronization in just 0.8 s.
The MG synchronization with the main grid is accomplished in 3 s, maintaining a
steady-state error ratio of 10−9. These simulation results not only confirm the accuracy
of the assumed droop settings but also shows the responsive droop behavior to PQ
load variations. The droop control methodology effectively meets load demand with
precision, ensuring equitable power sharing between GFM inverters. Additionally, the
proposed synchronization loop facilitates a seamless transition for incoming inverters
without the need for communication between power generation units. This integrated
approach demonstrates the potential for practical implementation, offering a reliable
and efficient solution for MG operation with enhanced stability, power quality, and syn-
chronization capabilities. Thus, these methods provide decentralized power sharing
and avoid transients and undesired dynamics in the MG.

Future research possibilities include examining GFM inverters at distribution and
transmission levels, addressing aspects such as hardware implementation, energy storage,
system protection, fault ride-through capability, stability analysis, and economic dispatch-
ing. Furthermore, exploring the intricate dynamics between a GFM inverter and multiple
grid-following inverters within a MG offers an additional avenue for future investigations.
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Abbreviations

The following abbreviations are used in this manuscript:

GFM Grid-forming
MG Microgrid
VSI Voltage source inverters
SG Synchronous generators
DG Distributed generation
PLL Phase-locked loop
THD Total harmonic distortion
PWM Pulse width modulation
PCC Point of common coupling
MGCC Microgrid central controller
UPS Uninterruptible power supply

Appendix A

Table A1. Microgrid parameters.

Inverter Parameters (10 kVA Rating)

Parameter Value Parameter Value

fs 8 kHz Cf 50 uF

Lf 1.35 mH rf 0.1 Ω

Lc 0.35 mH rc 0.03 Ω

Line and Load parameters

rline 0.1 Ω rload 25 Ω

Lline 0.35 mH Lload 10−5 mH

Primary control parameters

mp 9.4 × 10−5 (=0.3% droop) nq 1.3 × 10−3 (=2% droop)

Wn 314.16 rad/s Vn 311 V

Wc 31.41 rad/s

Rv 0.0370 Lv 0.0200

Voltage and current Controller parameters

Voltage controller Current controller

Kpv 0.037 Kiv 393

Kpc 10.5 Kic 16 × 103

F 0.75
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Table A1. Cont.

Inverter Parameters (10 kVA Rating)

Parameter Value Parameter Value

Secondary control

KpE 0.2 KiE 0.05

KpF 0.01 KiF 5

τ 50 ms
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