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Abstract——The application of a virtual synchronous generator 
(VSG) to provide virtual inertia in isolated microgrids has 
emerged as a promising control strategy for converter-inter‐
faced renewable energy sources. However, tuning the VSG pa‐
rameters requires an accurate characterization of frequency dy‐
namics, which remains a challenge, particularly in hybrid mi‐
crogrids combining conventional and renewable units. In this 
context, this paper proposes a reduced-order model to support 
the parameter tuning of VSGs in an isolated hybrid microgrid 
composed of an oil and gas facility powered by gas generators 
connected to an offshore wind turbine. A VSG-based control 
strategy is applied on the grid-side converter of the wind tur‐
bine, allowing it to contribute to frequency regulation and iner‐
tia emulation. An analytical formulation is developed to deter‐
mine the frequency nadir, its time of occurrence, and the rate 
of change of frequency based on the fixed parameters of the 
gas generators and the tunable parameters of the VSG. A proce‐
dure for parameter tuning to attain the desired frequency dy‐
namics is derived from the analytical formulation. Simulations 
based on MATLAB/Simulink Simscape Electrical model demon‐
strate the effectiveness of the proposed procedure by illustrat‐
ing its consistency in guiding parameter tuning and achieving 
the desired frequency dynamics.

Index Terms——Microgrid, virtual synchronous generator 
(VSG), offshore wind turbine, frequency dynamics, parameter 
tuning, reduced-order model.

I. INTRODUCTION 

THE rising trend of replacing fossil fuels with renewable 
energy sources (RESs) has paved the way for the devel‐

opment of new technologies and different arrangements of 
grid-connected microgrids and isolated power systems [1] -
[3]. However, the variability and uncertainty of RESs in 
power generation pose some challenges to the system opera‐
tion. The replacement of conventional generators with con‐
verter-interfaced RESs reduces the overall system inertia [4]-
[6], as the converter-interfaced RESs lack inherent inertia 
and primary frequency support [7]. The inertia degradation 
affects the system dynamic performance and stability owing 
to a faster rate of change of frequency (ROCOF), creating 
large frequency deviations [7] and potential failures to re‐
spect the limits on grid operation (grid codes) or protection.

As inertial response is an essential element of power gen‐
erator control [6], different inertia emulation strategies for 
power converters have been proposed to mimic the inertial 
response of conventional synchronous generators (SGs) [5], 
[8]. These power converters can operate in the grid-forming 
mode and thus participate in the system frequency control 
[9]. In this scenario, a primary energy source coupled with a 
short-term energy storage element, a power converter, and 
control algorithms form a configuration referred to as a virtu‐
al inertia system [8]. In this study, the virtual synchronous 
generator (VSG) topology is based on the synchronverter 
strategy presented originally in [10].

Unlike conventional SGs, VSGs offer tunable parameters 
to enhance the system dynamic response. After a large distur‐
bance, the primary frequency support stabilizes the overall 
frequency, and the prediction of the frequency nadir is essen‐
tial to ensure sufficient spinning reserve for control action 
[11]. Hence, predicting the maximum frequency deviation 
and its time of occurrence is a critical design criterion for 
operating a microgrid, designing the primary frequency re‐
sponse, and tuning the controller. However, the accurate pre‐
diction of the frequency nadir must consider the system-
wide frequency response [12]. Various methods have been 
proposed to describe the frequency dynamics, namely, analyt‐
ical, simulation, and artificial intelligence methods [11]. The 
analytical methods, which constitute the scope of this study, 
directly characterize the frequency dynamics without requir‐
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ing extensive numerical simulations or complex tools. De‐
tails on simulation and artificial intelligence methods can be 
further found in [13], [14].

The analytical methods commonly simplify the frequency 
dynamic characteristics to develop a low-order model of the 
system frequency response. In [15], a low-order model esti‐
mates the essential frequency response characteristics, ne‐
glecting the generator nonlinearities and focusing on the iner‐
tia and time constants of a steam-turbine-based system. In 
[16], an equivalent dynamic model for average system fre‐
quency dynamics is proposed, accounting for the effects of 
different governor-turbine dynamics for a multimachine sys‐
tem. The frequency nadir prediction method in [11] includes 
the governor characteristics and considers a parabolic fre‐
quency deviation as input, decoupling the governor response 
calculation and frequency deviation. A two-machine equiva‐
lent model in [17] considers a spatiotemporal characteristic 
to describe the dynamic frequency response and interma‐
chine oscillation. Although different characteristics have 
been integrated to improve the accuracy of nadir prediction, 
the existing methods do not focus on tuning system parame‐
ters to attain the desired frequency dynamics—a feasible 
method with VSGs.

Several studies have addressed the emulation of SG dy‐
namics through a control method applied to a power convert‐
er with tunable parameters of VSGs. The concept of adap‐
tive virtual inertia in [18], which varies according to the fre‐
quency deviation, enhances the frequency regulation in a mi‐
crogrid. A solution for the improvement of frequency stabili‐
ty is presented in [19], which utilizes an adaptive virtual in‐
ertia scheme to promote the stable operation of an AC/DC 
microgrid with support for ancillary services. An adaptive 
control strategy with a mutual damping term in a parallel 
VSG system is proposed in [20], and the effects of the mo‐
ment of inertia and damping coefficients are also addressed, 
though without considering the influence of additional ma‐
chines in the transient response. In [21], an adaptive droop 
coefficient is proposed for active power and DC voltage in a 
VSG. Additional parameter adjustments in VSGs include the 
improvement in dynamic response speed [22], the inclusion 
of virtual impedance to enhance damping and limit fault cur‐
rent [23], as well as the analytical solution for designing out‐
put impedance, inertia constant, and voltage droop [24]. Al‐
though a set of guidelines has been established in the litera‐
ture to design parameters of VSGs, a comprehensive method 
relating the tunable parameters of VSGs to the frequency na‐
dir in microgrids combining conventional generators and re‐
newable units remains an open topic and represents the main 
focus of this study.

The hybrid microgrid considered in this study refers to a 
simplified oil and gas (O&G) facility powered by SGs driv‐
en by gas turbines, integrated with an offshore wind turbine, 
as the RES integration into the O&G exploration sector [1], 
[25], [26] represents a promising framework for the energy 
transition. A VSG-based control strategy is applied to the 
grid-side converter of the wind turbine, allowing it to con‐
tribute to frequency regulation and inertia emulation. Consid‐
ering this scenario, this study develops a systematic proce‐
dure for the parameter tuning of the VSG to shape the fre‐

quency response into the desired frequency dynamics. Un‐
like a conventional approach for tuning parameters of VSGs, 
which relies on detailed electromagnetic transient models 
and extensive simulations, the proposed analytical formula‐
tion aims to reduce the model complexity and computational 
effort.

The main contributions of this study are highlighted as fol‐
lows:

1) A reduced-order model for the parameter tuning of the 
VSG is proposed, and its analytical formulation is developed 
to determine the frequency nadir, its time of occurrence, and 
the ROCOF.

2) The analytical formulation allows the parameter tuning 
of VSGs such as virtual droop and inertia coefficients to 
shape the frequency response while considering the influ‐
ence of the governor parameters of a real SG.

3) The proposed procedure for parameter tuning of the 
VSG is not limited to wind power systems integrated with 
gas generators. It is also adaptable to alternative energy 
sources and battery energy storage systems, and may even 
be broadened to integrate other turbine types, including hy‐
draulic or steam turbines, by modifying the governor model 
appropriately.

The remainder of this paper is organized as follows. Sec‐
tion II summarizes the main aspects of the isolated hybrid 
microgrid considered in this study. Section III describes the 
procedure to define the analytical formulation of the reduced-
order model for determining the desired frequency dynamics 
as a function of the tunable parameters of the VSG. Section 
IV presents the detailed numerical results. Finally, Section V 
presents the main conclusions and highlights the specific 
contributions of this study.

II. MAIN ASPECTS OF ISOLATED HYBRID MICROGRID 
CONSIDERED IN THIS STUDY 

The configuration of the isolated hybrid microgrid consid‐
ered in this study is illustrated in Fig. 1, which is based on a 
realistic scenario provided by industrial partners for valida‐
tion. It comprises a compact structure of an O&G facility 
(named floating, production, storage, and offloading (FPSO) 
system) consisting of an SG driven by the gas turbine and 
the equivalent model of two induction motors (IMs) and an 
offshore wind turbine, which are connected by a short sub‐
marine cable with impedance ZLT and two transformers (T1 
and T2). The following subsections describe the main equip‐
ment, control systems, and variables presented in the FPSO 
system and offshore wind turbine from Fig. 1.

A. FPSO System

The simplified FPSO system is based on the model pre‐
sented in [27], in which 31.25 MVA, 13.8 kV, 60 Hz gas 
generators, driven by 25 MW gas turbines, provide electrici‐
ty to the consuming facilities such as oil extraction, accom‐
modation, processing, exporting, and water and gas re-injec‐
tions [26]. The load of the FPSO system is mainly represent‐
ed by the 11 MW, 13.8 kV, and 60 Hz IMs, which operate 
with a loading of 0.565 p.u.. This study further considers an 
auxiliary load of 3 MW, 13.8 kV, and 60 Hz for dynamic 
analysis purposes.
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The SG representation comprises the generator model it‐
self and its control systems, including the voltage regulation 
system—automatic voltage regulator (AVR)—and the speed 
governor for primary frequency control (PFC). The AVR re‐
ceives the terminal voltage and field current acting on the 
generator field winding to adjust the field voltage Efd. The 
AVR implementation in this study is based on the IEEE Std 
421.5-2005 AC8 model [28], associated with an over-excita‐
tion limiter.

The speed governor acts over the prime mover to control 
speed through the fluid intake valve position, adjusting the 
mechanical power supplied to the SG. Figure 2 illustrates 
the gas generator governor scheme as a simplification result 
of the gas generator governor presented in [27]. K1s and K2s 
are the gains corresponding to the tuning parameters to 
match the governor response; ωref is the reference value of 
the gas generator angular speed; ω1 is the actual angular 
speed of the gas generator; Pref1 is the power reference; Pe1 
is the active power; and Pm1 is the mechanical power of the 
gas generator. The frequency error ω1 -ωref is subtracted 
from the power error signal (between the power reference 
Pref1 multiplied by the gain K and the input power Pe1 multi‐
plied by the governor droop gain Kd1). Note that the gain K 
is set as a unitary value and is only used to match the power 
signal Pref1 in the sum point. Thus, it is not considered in 
the formulation development. The resulting signal σ̇1 is then 
used to compute Pm1 fed to the SG.

B. Offshore Wind Turbine

The offshore wind turbine is based on the 15 MW Type 
IV model specified in the National Renewable Energy Labo‐
ratory (NREL) technical report [29]. It is driven by a perma‐
nent magnet synchronous generator (PMSG), connected to 

the grid via a full-scale back-to-back converter, which en‐
ables active and reactive power control, smooth grid connec‐
tion, and generator operation under its full speed range [30]. 
In addition, variable-speed wind turbines driven by PMSGs 
correspond to a widely used configuration in offshore appli‐
cations owing to the absence of the gearbox, which reduces 
the maintenance costs [31].

From a control perspective, the wind turbine is designed 
to provide the maximum power available from the wind 
speed, by utilizing the maximum power point tracking 
(MPPT) strategy. Conventionally, the grid-side converter con‐
trols the DC-link voltage, whereas the rotor-side converter 
implements the MPPT control [30]. This power electronic in‐
terface decouples the generator dynamics from the power 
system, eliminating the frequency-dependent nature of the 
PMSG [32]. To enable the participation of the wind turbine 
in the regulation of the system frequency, a suitable control 
strategy, emulating an SG, can be applied to the grid-side 
converter of the wind turbine. In this scenario, the DC-link 
voltage is controlled by the rotor-side converter, as indicated 
in Fig. 1, based on the zero-direct current (ZDC) control 
strategy [30]. The DC voltage controller utilizes the rotor an‐
gular position θr, obtained from the rotational speed ωr, gen‐
erator current ir, DC-link voltage vdc, and its reference v*

dc as 
inputs for the control loops.

In this study, the VSG controller for the grid-side convert‐
er of the wind turbine is based on the synchronverter ar‐
rangement [10], in which the power converter is tied to the 
grid through an output filter with resistance Rs, inductance 
Ls, and capacitance Cs, as shown in Fig. 1, and is controlled 
through active and reactive power loops. The grid voltage vg 
and grid current ig are inputs to the controller, which gener‐
ates the voltage e applied to the converter. In the active pow‐
er loop, shown in Fig. 3, the virtual inertia emulation relies 
on using the swing equation to generate the control signal 
for the power converter. The parameter M2 is the virtual iner‐
tia coefficient; ω2 is the VSG angular speed; ωgrid is the grid 
angular speed; θ2 is the virtual mechanical angle; Pm2 is the 
virtual mechanical power; Pe2 is the converter output power; 
and D2 is the damping coefficient. In the grid-connected to‐
pologies of virtual inertia systems, D2 is often interpreted as 
a frequency droop [10], [33], [34], as ωgrid is defined as a 
nonvariable parameter. This assumption is not valid in the 
application presented herein—where the gas generator and 
wind turbine form an isolated system—as ωgrid varies accord‐
ing to the frequency oscillations.

In addition, to enhance frequency regulation, this study im‐
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plements the PFC as the supplementary loop in Fig. 3 to pro‐
vide the Pm2 signal, which is the mechanical power of the 
VSG. The parameter Kd2 is the virtual droop coefficient, and 
P0m2 is the mechanical power reference of the VSG (corre‐
sponding to Pset in Fig. 1). Note that P0m2 is provided by the 
secondary control action, which is out of the scope of this 
study. Both inertial and primary frequency responses require 
that the wind turbine be operated with a power reserve, 
which can be achieved with a degraded speed (over/under 
speed) or a pitch deloading action (the relation of VSG pa‐
rameters and the physical restrictions of the wind turbine 
shall be the scope of future studies). In this study, the opera‐
tion of the wind turbine under power reserve is achieved 
through the overspeed increase in the rotor speed reference 
in the pitch controller, which, in turn, is based on a simple 
proportional-integral (PI) control actuating over the pitch an‐
gle β (see Fig. 1).

Similar to the AVR operation in a conventional SG, a reac‐
tive power loop composes the VSG controller. The imple‐
mented reactive power loop is based on the model presented 
in [10], [33], [34] using the reactive power reference Qset 
and terminal voltage reference Vgref as inputs.

III. ANALYTICAL FORMULATION OF REDUCED-ORDER 
MODEL FOR DETERMINING DESIRED FREQUENCY DYNAMICS 

A. Swing Equations and Steady-state Frequency Dynamics

A procedure to create an analytical model used to deter‐
mine the frequency nadir, its time of occurrence, and the RO‐
COF is proposed based on the two swing equations in (1).

{M1  ω̇1 =Pm1 -Pe1

M2  ω̇2 =Pm2 -Pe2
(1)

where subscript 1 represents the gas generator parameters; 
subscript 2 represents the VSG parameters; and M1 is the in‐
ertia coefficient from the gas generator.

Three simplifications are made hereafter to obtain a re‐
duced-order model that establishes the influence of tunable 
parameters on the desired frequency dynamics.

1) Neglect of system losses. The losses in the model de‐
picted in Fig. 1 are disregarded, as a short-line model is uti‐
lized to connect the FPSO system to the offshore wind tur‐
bine. A small electrical distance (10 km) between the gas 
generator and the VSG is considered. Nevertheless, these 
losses may be incorporated into the load variation and have 
a negligible influence on the model.

2) Assumption of machine coherence. The oscillating pow‐
er between the gas generator and the VSG is ignored owing 
to the reduced electrical distance, which allows the assump‐
tion that both devices exhibit coherence and oscillate con‐
jointly following a disturbance. This is a conventional proce‐
dure even in the analysis of large-scale power systems. 
These potential oscillations would occur around the overall 
frequency excursion modeled in this study, and would not 
significantly alter the overall frequency dynamics.

3) Exclusion of damping coefficients. The damping coeffi‐
cients for the swing equations of the gas generator and the 

VSG are omitted (i.e., D2 is excluded in the formulation), fo‐
cusing on the dynamic interactions introduced by the control 
action.

Regarding the equations in (1), which describe the swing 
dynamics of the gas generator and VSG, the errors ῶ1, ῶ2, 
and ep1 are defined to allow a compact notation.

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

ῶ1 =ω1 -ωref

ῶ2 =ω2 -ωref

ep1 =
Pref1

Kd1
-Pe1

(2)

In a strict analogy to the role of P0m2, parameter P0m1 is 
defined according to (3), and the power error in the gas gen‐
erator ep1 is redefined in (4).

P0 m1 =
Pref1

Kd1
(3)

ep1 =P0 m1 -Pe1 (4)

According to (2) - (4), the governor and swing equations 
for the gas generator and VSG are rewritten as (5).

ì

í

î

ï
ïï
ï

ï
ïï
ï

σ̇1 =Kd1  ep1 - ῶ1

M1ω̇͂1 =K1sσ1 + ( )K2s Kd1 + 1 ep1 -K2sῶ1 -P0m1

M2ω̇͂2 =P0m2 -Kd2ῶ2 -Pe2

(5)

As the sum of individual power Pe1 and Pe2 corresponds 
to the load demand PL, as indicated in (6), the power error 
ep1 in (4) can be rewritten as (7).

PL =Pe1 +Pe2 (6)

ep1 =P0m1 -PL +Pe2 (7)

Assuming, at this stage, that ω1 and ω2 swing together (so 
that ῶ1 º ῶ2 º ῶ), Pe2 is declared as (8).

Pe2 =P0m2 -Kd2ῶ -M2ω̇͂ (8)

This assumption, namely, ῶ1 º ῶ2 º ῶ, relies on a specific 
physical motivation, neglecting intermachine oscillations ow‐
ing to the small electrical distance between the generation ar‐
eas. The approach follows the concept of coherent machines, 
which considers that SGs swing together after a large power 
system disturbance [35]. Thereby, the relations in (9) are em‐
ployed in the following developments.

ì
í
î

ïï
ïï

ω1 =ω2 ω
ῶ =ω -ωref

(9)

The substitution of (8) in (7), and later in the first two 
equations of (5), leads to a set of relations to characterize ῶ 
as a function of the governor and VSG parameters. Aiming 
at achieving a more compact notation, new variables such as 
γ1 and the modified equivalent inertia coefficient M 'eq are de‐
fined in (10) and (11), respectively.

γ1 = σ1 +Kd1 M2  ῶ (10)

M 'eq =M1 +M2 +K2s Kd1 M2 (11)

Thus, the overall governor response and the equivalent 
machine dynamics are expressed by (12).
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ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

γ̇1 =- ( )Kd1 Kd2 + 1 ῶ +Kd1( )P0m1 +P0m2 -PL

M 'eqω̇͂ =K1sγ1 - ( )ψ +K1s Kd1 M2 ῶ +K2s Kd1 P0m1 +

( )K2s Kd1 + 1 ( )P0m2 -PL

(12)

where ψ =K2s +K2s Kd1 Kd2 +Kd2 corresponds to a reparame‐
terization to simplify the notation.

The linear system described in (12) can be synthesized in 
the standard form:

{ẋ =Ax +Bu
y =Cx (13a)

A =

é

ë

ê

ê

ê
êê
ê

ê

ê ù

û

ú

ú

ú
úú
ú

ú

ú0 - ( )Kd1 Kd2 + 1

K1s

M 'eq

-
ψ +K1s Kd1 M2

M 'eq

(13b)

B =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úKd1 Kd1 Kd1

K2s Kd1

M 'eq

K2s Kd1 + 1
M 'eq

K2s Kd1 + 1
M 'eq

(13c)

C = [0 1 ] (13d)

x = é
ë
êêêê

ù
û
úúúú

γ1

ῶ
(13e)

u =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úP0 m1

P0 m2

-PL

(13f)

y = ῶ (13g)

Thus, the steady-state frequency dynamics of the closed-
loop system under the predisturbance condition is achieved 
by regarding Pe1 =P0 m1 and Pe2 =P0 m2; thus, PL =P0 m1 +
P0 m2 for t ³ t*, where t* is a certain positive real value. Thus, 
the following equations hold for t ³ t*.

P0 m1 -PL +P0 m2 = 0 (14a)

P0 m1 -Pe1 +Pe1 -PL +P0 m2 = 0 (14b)

P0 m1 -Pe1 +P0 m2 -Pe2 = 0 (14c)

-PL +P0 m2 =-Pe1 -Pe2 +P0 m2 =-Pe1 (14d)

Now, if the integral error (15) is defined, then (12) be‐

comes (16) for t ³ t*, that is, (17) holds with z = [ γ͂1ῶ]T
.

γ͂1 = γ1 -
Pe1

K1s
(15)

ì
í
î

ïï

ïïïï

γ̇͂1 =- ( )Kd1 Kd2 + 1 ῶ

M 'eqω̇͂ =- ( )ψ +K1s Kd1 M2 ῶ +K1s γ͂1

(16)

ż =A z (17)

The time-domain solution given by (18) tends exponential‐
ly to zero for any z (t* ), i. e., for any γ͂1(t* ) and ῶ (t* ), and 

for positive real values Kd2 and M2, as they correspond to 
the adjustable parameters of the VSG.

z (t ) = eA( )t - t* z (t* ) (18)

B. Transient Response Properties

Given the space state in (13), the resulting transfer matrix 
G (s) is shown in (19).

ì
í
î

ïï
ïï

Y ( )s =G ( )s U ( )s

G ( )s =C ( )sI -A
-1

B
(19)

where Y (s) is the column vector of the outputs; U (s) is the 
column vector of the inputs; and I is the identity matrix.

Each element of the transfer matrix G (s) can be de‐
scribed by a second-order transfer function with stable non‐
coincident poles and a real nonzero zero, whose general 
form is (20), in which Gi( )s  is the element of G (s); λ is the 
static gain; αi is a coefficient related to the zero location; ζ 
is the damping ratio; and ωn is the undamped natural fre‐
quency [36] with a clear physical meaning in the case of 
complex and conjugate poles. Note that the location of zeros 
significantly affects the system transient frequency dynam‐
ics, for example, increasing the overshoot [36]. Furthermore, 
the proximity of a zero to a specific pole tends to attenuate 
the dynamics of that pole [36]. Hence, a suitable fit for the 
system transient response requires an overall analysis consid‐
ering both poles and zeros.

Gi(s) = λ
s

αiζωn

+ 1

( )s
ωn

2

+ 2ζ
s
ωn

+ 1
(20)

Equation (20) is normalized in terms of frequency when 
s̄ = s/ωn, modifying the time scale in the step response, 
which leads to the corresponding notation:

Gi( s̄) = λ
s̄
αiζ

+ 1

s̄2 + 2ζs̄ + 1
(21)

The output profile, once the transient response profiles are 
exhausted (namely, for the initial time t0 tending to -¥), can 
be directly obtained as the inverse Laplace transform of the 
sum of the products of each transfer function and the corre‐
sponding input signal, starting from its Laplace transform.

Y ( s̄) = Y1( s̄) + Y2( s̄) + Y3( s̄) (22)
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Y1( )s̄ =G1( )s̄ L[ ]u ( )1 ( )s̄ = λ

s̄
α1ζ

+ 1

s̄2 + 2ζs̄ + 1
L[ ]u ( )1 ( )s̄

Y2( )s̄ =G2( )s̄ L[ ]u ( )2 ( )s̄ = λ

s̄
α2ζ

+ 1

s̄2 + 2ζs̄ + 1
L[ ]u ( )2 ( )s̄

Y3( )s̄ =G3( )s̄ L[ ]u ( )3 ( )s̄ = λ

s̄
α3ζ

+ 1

s̄2 + 2ζs̄ + 1
L[ ]u ( )3 ( )s̄

 (23)

where α1, α2, and α3 are the zero coefficients for the transfer 
functions G1( s̄), G2( s̄), and G3( s̄), respectively; u ( )1 , u ( )2 , 
and u ( )3  are the elements of the input column vector in 
(13f); and L[ ]×  is the Laplace operator.

The evaluation under a step response of amplitude DPL is 
considered, presuming a sudden power variation in the sys‐
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tem at t = 0 following the initial time t0 that, in turn, tends to 
-¥, whereas the remaining inputs are always maintained 
constant from t0. The inputs are then taken as u ( )1 =P0m1, 
u ( )2 =P0m2, and u (3) =-PL =-PL0 -DPL1, with 1 being the 
unit step function.

Regarding the constant inputs P0m1, P0m2, -PL0 from t0, 
the corresponding steady-state responses are simple con‐
stants (namely, λP0m1, λP0m2, -λPL0, respectively) and can be 
considered by using the superposition principle. Thus, the 
corresponding overall contribution to y = ῶ before the appli‐
cation of the step disturbance of PL is zero as PL0 =P0m1 +
P0m2 in accordance with (14). Nevertheless, the general out‐
put expression y = ῶ for t ³ 0 is the inverse Laplace trans‐
form (with normalized time t̄ ) of (24), leading to (recall that 
the analysis is restricted to the case of noncoincident poles 
ϕ1, ϕ2) (25).

-λ

s̄
α3ζ

+ 1

s̄2 + 2ζs̄ + 1

DPL

s̄
(24)

y ( )t̄ =C1eϕ1 t̄ +C2eϕ2 t̄ +C3 (25)

C1 =-Z2  Z3  DPL (26a)

C2 =-Z2  Z4  DPL (26b)

C3 = Z1(P0m1 +P0m2 -PL0 -DPL ) =-Z1DPL (26c)

Z1 = λ (27a)

Z2 =-
λ

2α3ζ ζ 2 - 1
(27b)

Z3 = 1 - α3ζ
2 + α3ζ ζ 2 - 1 (27c)

Z4 =-1 + α3ζ
2 + α3ζ ζ 2 - 1 (27d)

ϕ1 =-ζ - ζ 2 - 1 (27e)

ϕ2 =-ζ + ζ 2 - 1 (27f)

Thus, y(0)=C1 +C2 +C3 = 0 in accordance with the previ‐
ous computations and reasoning.

An analysis of (25) yields the characterization of two sig‐
nificant parameters, namely, the maximum frequency devia‐
tion and its time of occurrence. The time-domain solution 
for the normalized peak time t̄p, which represents the re‐
quired time for the response to achieve the first peak value, 
is given by (28), which leads to (29).

|
|
||||dy

dt̄ t̄ = t̄p

= 0 (28)

t̄p =
ln ( )-

C1ϕ1

C2ϕ2

ϕ2 - ϕ1

(29)

The load-variation-dependent characteristic is eliminated 
when the equations in (26) and (27) are substituted in (28), 
which indicates that the time of maximum frequency devia‐
tion does not depend on the power imbalance.

The maximum overshoot Mp, i.e., the maximum peak val‐

ue of the response curve measured from the desired response 
of the system [37], is obtained by substituting (29) into (25), 
resulting in (30).

Mp =C1( - C1ϕ1

C2ϕ2 ) -
ϕ1

ϕ1 - ϕ2

+C2( - C1ϕ1

C2ϕ2 ) -
ϕ2

ϕ1 - ϕ2

+C3
(30)

Note that the frequency nadir prediction is directly related 
to the parameters of transient response λ, ζ, and α3, indicated 
in (27). However, a relationship must be established between 
the general transient response parameters and the control 
ones that characterize the system frequency dynamics regard‐
ing the studied case. Thus, the application of (19) from the 
state-space defined in (13) results in the following form:

L[ ῶ] (s)= [G1(s) G2(s) -G3(s) ]
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úP0m1

P0m2

PL0 +DPL

(31)

G1(s) = Kd1 K2s s +Kd1 K1s

m ( )s
(32)

G2(s) =G3(s) = ( )1 +K2s Kd1 s +K1s Kd1

m ( )s
(33)

m (s) =M 'eq s2 + (ψ +K1s Kd1 M2 ) s +K1s(Kd1 Kd2 + 1) (34)

The correspondence between the parameters of transient 
response, i.e., αi, λ, ζ, and ωn, and the parameters that define 
the system frequency dynamics, i.e., Kd1, Kd2, K1s, K2s, M1, 
and M2, is achieved by comparing (22) and (33) with the 
general transfer function form presented in (20), which leads 
to:

λ =
Kd1

1 +Kd1 Kd2
(35)

α1 =
2K1sM 'eq

K2s( )ψ +K1s Kd1 M2

(36)

α2 = α3 =
2K1s Kd1 M 'eq

( )1 +K2s Kd1 ( )ψ +K1s Kd1 M2

(37)

ζ =
ψ +K1s Kd1 M2

2 M 'eq K1s( )1 +Kd1 Kd2

(38)

ωn =
K1s( )1 +Kd1 Kd2

M 'eq

(39)

Additionally, from (25), the derivative of the frequency re‐
sponse can be computed. A time correction is first applied to 
(25), resulting in (40), for which the ROCOF is computed as 
the derivative of the frequency at t = 0, as indicated in (41), 
which, in the case of the maximum contingency 
(DPL =Pmax), denotes ROCOFmax.

y(t)=C1eϕ1tωn +C2eϕ2tωn +C3 (40)

|
|
||||dy

dt
t = 0

=C1ϕ1ωn +C2ϕ2ωn (41)

Finally, the frequency indicators are presented in (42) -
(44). The time of minimum frequency occurrence in (42) is 
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obtained from (29), after correcting the time-scale effect ow‐
ing to the frequency normalization in (21), and considering a 
generic disturbance initial time td. The frequency nadir (43) 
(minimum frequency point) is obtained from the expression 
in (30) and considering the frequency reference value ωref. 
The ROCOF (44) is a direct result of applying the transient 
parameters in (41).

tp =
t̄p

ωn

+ td (42)

Nd =Mp +ωref (43)

ROCOF =-
λ
α3ζ

ωnDPL (44)

C. Role and Tuning of Control Parameters

The relations in (35)-(39) comprise a valuable tool to de‐
termine the effect of control parameters on the transient re‐
sponse. As the gas generator parameters are fixed and speci‐
fied by the manufacturer, the parameters of the VSG can be 
adjusted to shape the dynamic behavior. In this study, the vir‐
tual droop coefficient Kd2 and virtual inertia coefficient M2 
are tunable parameters whose adjustment affects the frequen‐
cy nadir and its time of occurrence. Remarkably, the coeffi‐
cient λ only depends on the droop characteristics regarding 
its influence on the steady-state error. The coefficient αi and 
damping factor ζ are critical in the system overshoot charac‐
terization, with Kd2 significantly influencing the magnitude 
of αi. The damping factor ζ is affected by both parameters 
Kd2 and M2. However, the underdamped characteristic of the 
transient response is more affected as Kd2 becomes smaller. 
Moreover, the virtual droop and inertia coefficients influence 
the natural frequency ωn.

Although determining the adjustment for Kd2 and M2 for 
a particular frequency nadir is possible by the numerical so‐
lution of (30), this study considers Procedure 1 below, based 
on the steady-state error to determine Kd2 and setting a 
range of M2, for which Mp and tp are obtained, given the sys‐
tem power imbalance DPL.

IV. NUMERICAL RESULTS 

This section illustrates the frequency dynamics obtained 
using the proposed procedure. A test case of load connection 
in the system shown in Fig. 1 is performed to analyze the 
frequency dynamics and interaction between the gas genera‐
tor and the VSG. According to Fig. 4, a minor oscillation ap‐
pears in the gas generator frequency ω1 and VSG frequency 
ω2. However, a common frequency can be derived from the 
center of inertia (COI) concept according to (45), where p is 

the number of synchronous generating units (both real and 
virtual machines); Mi is the individual inertia coefficient; MT 
is the total inertia; ωi is the individual frequency; and ωCOI 
is the COI frequency. Figure 4 indicates that ωCOI is consis‐
tent with the overall frequency dynamics. Thus, the follow‐
ing analyses consider the COI frequency.
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ωCOI =
1

MT
∑
i = 1

p

Miωi

MT =∑
i = 1

p

Mi

(45)

A brief discussion regarding the cable length variation 
over the frequency dynamics is presented in Supplementary 
Material A.

Proceeding to a system dynamic analysis, the system data 
are converted to the power base of the gas generator (31.25 
MVA), and an initial power demand of 0.4839 p.u. (two 11 
MW IMs at 0.565 p. u. mechanical power plus the system 
power losses) is considered. It is further assumed that the 
wind turbine operates in the overspeed mode for a wind 
speed of 9 m/s (deloaded operation) and provides 7 MW 
power to the system. The gas generator supplies the remain‐
ing power. The implemented scenarios consider an increase 
of 3 MW in the power demand applied as a load step. The 
gas generator governor parameters K1s, K2s, Kd1, and M1 are 
assumed as constants, and their values are presented in Ap‐
pendix A, in addition to the cables, power transformers, and 
VSG output filter parameters. As a project criterion, the pa‐
rameters of the VSG Kd2 and M2 can be adjusted to achieve 
a specific performance.

A. Effect of Parameter Variation

Initially, the effect of variation of Kd2 and M2 on the max‐
imum overshoot Mp and peak time t̄p related to ῶ is evaluat‐
ed assuming only the load effect in the transient response. 
The range of Kd2 is set for three different inertia coefficients 
regarding the VSG. The resulting parameters λ, αi, ζ, and ωn 
are substituted in (29) and (30), and the effects on t̄p and Mp 
are shown in Figs. 5 and 6, respectively. The results indicate 
a significant effect of both parameters, Kd2 and M2, on the 
peak time, according to the curves in Fig. 5. The increase in 
the inertia coefficient leads to a delay in reaching the maxi‐
mum overshoot owing to the ROCOF variation, consequent‐
ly raising the peak time. However, the increase in Kd2 tends 
to minimize the inertia effect on t̄p. This droop superimpos‐
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Fig. 4.　Frequency dynamics of generation units and system COI.

Procedure 1

Step 1: define the maximum steady-state error λ for a given DPL.

Step 2: find minimum Kd2 from (35).

Step 3: set a range of n values for M2.

Step 4: for each M2 value from Step 3, calculate the transient response pa‐
rameters from (25a)-(25c), (26a)-(26f), and (35)-(39).

Step 5: obtain the frequency indicators, i.e., time of minimum frequency 
occurrence (42), minimum frequency (43), and ROCOF (44).
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ing effect on the inertia is even more relevant for the ampli‐
tude of maximum frequency deviation, as presented in Fig. 6.

Aiming to validate the analytical formulation for the peak 
time and amplitude of the frequency nadir, a range of simula‐
tions is proposed based on the MATLAB/Simulink Simscape 
Electrical model of the isolated hybrid microgrid presented 
in Fig. 1. The modeling of the wind turbine comprises the 
drivetrain (modeled according to [38] based on the two-mass 
model), PMSG, pitch control system (according to [39]), and 
back-to-back voltage source converter. The gas generator in‐
cludes the SG and its control systems regulating the frequen‐
cy and voltage of the FPSO system. The load representation 
in the FPSO system includes the IM engines, characterized 
as an equivalent double squirrel-cage rotor model, and the 
spot load represented as a constant impedance model. The 
simulation scenarios consider a load-step of 0.096 p.u. at td =
25 s, in which the dynamic response of the frequency is 
evaluated under different values of Kd2 and M2.

The variation in the virtual inertia coefficient M2 consider‐
ing a nonzero Kd2 is set, and the frequency dynamics regard‐
ing different M2 and Kd2 = 20 are presented in Fig. 7.

In this case, both generation units, gas turbine and wind 
turbine, participate in frequency regulation through the PFC 
action. Considering the virtual droop coefficient as 5%, cor‐
responding to Kd2 = 20, the change in M2 indicates a minor 
effect on the frequency nadir. Although the effect of increas‐
ing the inertia coefficient on the ROCOF can be observed, 
as presented in detail in Fig. 7, the droop effect regarding 
the VSG minimizes the inertia effect on the frequency nadir. 
The same system conditions are specified as input to (42) 
and (43), aiming to validate the formulations. The compari‐
son of simulated results obtained by the MATLAB/Simulink 

Simscape Electrical model and analytical results obtained by 
the proposed analytical formulation for Nd and tp regarding 
different M2 and Kd2 = 20 is presented in Fig. 8, in which 
the maximum Euclidean distance corresponds to 0.0344. The 
comparison of simulated and analytical results for ROCOF 
regarding different M2 and Kd2 = 20 is presented in Table I 
and indicates a maximum relative error of 7.97%.

Figure 9, obtained from the MATLAB/Simulink Simscape 
Electrical model, illustrates a comparison with the absence 
of PFC (Kd2 = 0) for the same inertia coefficients.

0 10 20 30 40 50
Kd,2

4

6

2

8

t p 
(s

)

M2=20 s
M2=4.8 s
M2=0 s

Fig. 5.　Effects of Kd2 and M2 on t̄p.
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TABLE I
COMPARISON OF SIMULATED AND ANALYTICAL RESULTS FOR ROCOF 

REGARDING DIFFERENT M2 AND Kd2 = 20

M2 (s)

4.8

9.6

20.0

ROCOF (p.u./s)

Simulated

-0.00915

-0.00660

-0.00414

Analytical

-0.00936

-0.00647

-0.00381

Relative error (%)

2.30

1.97

7.97
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Fig. 9.　Frequency dynamics regarding different M2 and Kd2 = 0.
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Fig. 7.　Frequency dynamics regarding different M2 and Kd2 = 20.
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461



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 14, NO. 2, March 2026

In this case, the variation in the inertia coefficient signifi‐
cantly affects the frequency nadir and its time of occurrence. 
The inertia increase indicates a reduction in the ROCOF, as 
expected, and the frequency nadir is reduced as the system 
equivalent inertia tends to rise, whereas the peak time in‐
creases. The effects of inertia on the frequency performance 
constitute a relevant strategy to restrict the frequency varia‐
tion in power systems and further contribute to the system 
stability. The comparison of simulated and analytical results 
for Nd and tp regarding different M2 and Kd2 = 0 is illustrated 
in Fig. 10, in which the maximum Euclidean distance corre‐
sponds to 0.0311. Further, the comparison of simulated and 
analytical results for ROCOF regarding different M2 and 
Kd2 = 0 in Table II indicates a maximum relative error of 
12.85%.

Additional analyses are demonstrated for the simulations 
in MATLAB/Simulink software regarding Kd2 = 20 and Kd2 =
0 cases for M2 = 4.8 s. As indicated in Fig. 11, the effect of 
the variation in Kd2 significantly influences the frequency na‐
dir for the same inertia coefficient.

The control droop from the VSG side limits the frequency 
deviation and curbs the frequency nadir. The frequency dy‐
namics depend on how the power is managed from both gen‐
eration units. In the Kd2 = 0 case, an increase in the generat‐
ed power from the gas generator Pm1 (see Fig. 12(a)) satis‐
fies the load step PL (see Fig. 12(b)), as the mechanical pow‐
er from the wind unit Pm2 is maintained constant in Fig. 
12(c). In the Kd2 = 20 case, additional power supply is re‐
quired from the wind turbine, which is achieved by reducing 
its overspeed margin. Further results illustrating the dynam‐
ics of the gas generator terminal voltage, wind turbine rota‐
tional speed, and DC-link voltage are presented in Supple‐
mentary Material B.

B. Project Design

Based on the previous analysis and the definition of tran‐
sient response parameters, this subsection presents a se‐
quence of steps, based on Procedure 1, to determine Kd2 and 
M2 according to the desired frequency dynamics.

1) Defining the maximum steady-state error. A desired 
steady-state error is a project criterion for the maximum 
power imbalance. Initially, a load variation of 0.1259 p.u. is 
established, and a steady-state error of 0.003 p.u. is defined. 
The frequency deviation response in the steady-state, accord‐
ing to (25), results in (46).

y(t)=C3 =-Z1DPL =-λDPL (46)

2) Determining the minimum value of Kd2. The steady-
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Fig. 10.　Comparison of simulated and analytical results for Nd and tp re‐
garding different M2 and Kd2 = 0.

TABLE II
COMPARISON OF SIMULATED AND ANALYTICAL RESULTS FOR ROCOF 

REGARDING DIFFERENT M2 AND Kd2 = 0

M2 (s)

4.8

9.6

20.0

ROCOF (p.u./s)

Simulated

-0.00957

-0.00716

-0.00424

Analytical

-0.00931

-0.00624

-0.00375

Relative error (%)

2.72
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Fig. 11.　Comparison of simulated and analytical results for frequency dy‐
namics regarding M2 = 4.8 s and different Kd2. (a) Kd2 = 20. (b) Kd2 = 0.
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state criterion in the previous step leads to a minimum value 
of Kd2. As the parameter λ directly relates to the steady-state 
frequency deviation, the specified Kd2 leads to an adequate 
primary frequency response. From (46), λ is obtained, and, 
with the expression in (35), Kd2 is achieved. In this exam‐
ple, λ = 0.0238 and Kd2 = 16.9667.

3) Obtaining M2. The value of M2 for a particular Mp can 
be obtained from a numerical solution of (30) or from a 
graphical approach for a range of inertia coefficients, which 
are evaluated to assure the maximum frequency deviation 
Mp, according to (30). Hereafter, the graphical approach is 
chosen to demonstrate the correlation between M2 and Mp. 
Equation (30), which relates the adjustable parameters of the 
VSG to the maximum frequency deviation, is solved from 
Kd2 obtained previously and for a range of n values for M2. 
A variation in the virtual inertia coefficient from 0 to 20 s is 
considered to obtain the analytical results of Mp, as present‐
ed in Fig. 13.

4) Adopting a specific M2. A specific case of M2 = 10 s is 
chosen and the simulated result using the MATLAB/Simu‐
link Simscape Electrical model for frequency dynamics is 
presented in Fig. 14. The simulated results correspond to tp =
27.75685 s and Nd = 0.99464 p.u., whereas the analytical re‐
sults correspond to tp = 27.6332 s and Nd = 0.9946 p.u.. This 
indicates that the desired frequency dynamics are fully ob‐
tained by following the proposed procedure for setting the 
parameter values.

As indicated in Fig. 13, there is a slight variation in the 
possible maximum frequency deviations for the proposed 
range of inertia coefficients. The frequency dynamics indi‐
cate that the droop effect strongly influences the transient re‐

sponse and suppresses the inertia variation effect regarding 
the VSG. However, note that distinct combinations of Kd2 
and M2 can satisfy a specific transient response criterion, 
which requires a multi-objective approach to parameter tun‐
ing.

V. CONCLUSION AND FUTURE SCOPE

This study considers an isolated system driven by conven‐
tional synchronous (gas) generators and an offshore wind tur‐
bine. A virtual inertia control based on the synchronverter 
strategy is implemented on the converter connecting the 
wind turbine to the isolated hybrid microgrid, which allows 
for frequency and inertial support from the RES operating in 
the grid-forming mode. This study considers proposing pa‐
rameter tuning guidelines for the VSG to attain the desired 
frequency dynamics. Therefore, an analytical formulation is 
developed to determine the frequency nadir, its time of oc‐
currence, and the ROCOF as a function of the tunable pa‐
rameters for the VSG.

The developed formulation shows a direct relationship be‐
tween the control parameters (e. g., inertia coefficients and 
droop parameters) and the gas generator governor described 
by a second-order dynamic equation. A reduced-order model 
for the entire system is then developed, which is well suited 
for control design and mathematical analysis. This model 
highlights and isolates the effects of control parameters of 
the overall frequency dynamics, which, in turn, allows identi‐
fying the specific contribution of such control parameters 
and the system output. Thus, it is possible to identify the 
suitable parameter tuning for the desired frequency dynam‐
ics. Although a direct implication of grid codes is not ad‐
dressed in this study, note that the proposed analytical formu‐
lation for the tunable parameters Kd2 and M2 can support 
compliance with the frequency criteria.

The simulation results comparing the proposed model and 
the MATLAB/Simulink Simscape Electrical model show that 
the proposed analytical formulation is accurate. Furthermore, 
this reduced-order model can be adapted to different system 
configurations and governor topologies. The scenarios simu‐
lated consider a variation of virtual droop and virtual inertia 
coefficients, indicating that the virtual droop coefficient 
strongly influences the frequency deviation and suppresses 
the inertia variation effect.

Finally, the proposed procedure is verified using an exam‐
ple in which a desired maximum frequency deviation is set 
for a given contingency on the grid. The control parameters 
are tuned following the proposed procedure, and the simula‐
tion results show good precision. These results also validate 
the possibility of using wind power generation for frequency 
and inertia support for an offshore platform. Therefore, the 
utility of the proposed procedure relies on its ability to estab‐
lish a set of parameters to attain the desired frequency dy‐
namics.

In future studies, the physical restrictions of the wind tur‐
bine shall be associated with the parameters of the VSG, 
aiming to establish a limited variation range for droop and 
inertia coefficients. Moreover, the mathematical development 
could consider simplifications regarding electrical losses, 
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damping effects, and machine coherence. Expanding the 
analysis to include the aforementioned effects can be consid‐
ered to evaluate the model adequacy for a wide range of 
grid topologies.

APPENDIX A 

1) Parameters of transformers
The rated power, rated voltage, resistance, and leakage re‐

actance of the transformer T1 are 17.5 MVA, 13.8/66 kV, R =
0.3%, and X = 10%, respectively. The rated power, rated volt‐
age, resistance, and leakage reactance of the transformer T2 
are 17.5 MVA, 66 kV/8.26 kV, R = 0.3%, and X = 10%, re‐
spectively.

2) Parameters of cables
The resistance, reactance, and length of the cable are RLT =

0.058 Ω/km, XLT = 0.1395 Ω/km, and l = 10 km, respectively.
3) Parameters of gas generator
M1 = 6.4 s, Kd1 = 0.04, K1s = 1.4, and K2s = 5.6.
4) Parameters of VSG output filter
Rs = 0.1423 Ω, Ls = 60.363 μH, and Cs = 139.88 μF.
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