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ABSTRACT Renewable energy resources emerge as a sustainable alternative to augmenting the energy
supply of floating production storage and offloading (FPSO) platforms. However, the increased generation
at FPSO based on converter-interfaced energy decreases the system-equivalent inertia constant, which
becomes more susceptible to frequency deviations. This paper proposes and evaluates the combined
frequency-voltage-var control performance to mitigate frequency variation in a typical FPSO unit with
penetration of floating wind energy generation. The control functions are communication-free and
embedded in the active front-end variable frequency drives (AFE-VFDs), which are installed on the FPSO
and have the primary function of controlling the speed of water injection pumps. The FPSO electrical power
system model is developed in MATLAB/Simulink®. Comparative results obtained from the AFE-VFD
equipped with volt-var, freq-var, and combined freq-volt-var functions are shown to highlight the proposed
solution merits. The results have shown a conflicting behavior with the frequency and voltage deviation
improvement associated with absorption and injection of reactive power, respectively. Accordingly, the
frequency-volt-var prioritizes frequency deviations during heavy transient events and voltage deviations
during regular operation.

KEYWORDS Control embedded in AFE-VFDs, Frequency support, Isolated power systems, Oil and gas

production platforms, Offshore wind energy generation.

I. INTRODUCTION

Floating platforms are offshore structures for oil and gas
(O&G) production with an anchoring system developed
for deep-water exploration. The engineering challenges in
deep waters (300-1500 m) and ultra-deep waters (beyond
1500 m) render using fixed offshore platforms impractical.
The floating production storage and offloading (FPSO) is
a floating platform that can, in most cases, produce, store,
and transfer oil to a tanker cargo ship. According to [1f], the
FPSOs represent a compact and reliable alternative for the
rapid decline in the discovery rate of large oil fields.

The FPSO power generation consists primarily of syn-
chronous generators (SGs) driven by gas turbines, which feed
loads through a medium-voltage (MV) bus. The electrical
energy consumption can reach tens of megawatts due to
specific functions, the complexity of the system, and environ-
mental conditions [2]. Since the main energy generation on
FPSOs is achieved through SGs powered by gas turbines, the
platform operation is associated with high inertia and carbon
emissions [J3].

The sustainable expansion of FPSO power generation is
highly desired to support production growth environmentally

friendly. Floating offshore wind power generation has proven
to be a viable solution for such a challenge [4]]. However,
the FPSO is isolated from the conventional grid, which con-
figures a weak power system and is susceptible to electrical
disturbances. In this context, the inherent intermittency of
wind-based generation can affect FPSO power quality issues
concerning frequency and voltage. Also, the inclusion of
wind-based energy causes an inertia constant (H) decrease
when compared to increased generation by adding more
SGs [3].

Several papers in the literature focus on frequency support
for electrical systems connected to offshore wind farms.
However, many of these publications concentrate on off-
shore wind farms connected to electrical grids onshore via
high-voltage direct current (HVDC) transmission systems.
Publications [[6]-[11] use converter control techniques with
the energy from the wind farm, and in some cases from
extra sources of energy storage. The authors of [|6] propose
a frequency control through virtual inertia emulation. In [7]
and [[8], the authors employ reverse droop relations: active
power related to voltage (P — v) and reactive power related
to frequency (@ — f). The authors of [9]] and [10] propose the
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implementation of droop controls in grid-forming converters.
Reference [9] uses conventional droop functions () — v
and P — f), while [10] employs reactive power-frequency
(@ — f) droop. The authors of [11] apply P — w, and
P — f droop controls, where P, w, and f represent the
wind turbine active power, rotor speed, and power system
frequency, respectively.

On the other hand, the authors of [12[]-[19] address
frequency support for offshore electrical grids integrated
with offshore wind farms. In [12f], [[13[], and [17], control
strategies with the energy from wind turbines are proposed
for frequency regulation. While the authors of [[13] apply
inertia emulation for frequency control, the authors of [12]
implement conventional voltage and frequency droop con-
trols, P — f and () — v. The publications [[14], [15] and [16]
include an energy storage system (ESS) for frequency sup-
port, approaching sizing methodologies to determine the
appropriate power and energy for the ESS. The authors
of [[18]] explore frequency regulation using active power from
ESSs and motors. However, solutions that require additional
space and weight are challenging for offshore applications.
The authors of [[17] propose using P — f droop control in
conjunction with pitch control and deloading techniques. A
coordinated control strategy is proposed in [19] by digitally
implementing the volt-var () —v) function in active front-end
variable frequency drives (AFE-VFDs). Herein, the reactive
power is processed through the AFE-VFDs, as in [19],
nonetheless for frequency support.

On FPSOs, the largest motors are usually equipped with
diode front-end variable frequency drives (DFE-VFDs). The
DFE-VFDs can improve efficiency, AC speed control, soft
start, and limit motor transient short-circuit current contri-
bution. The drawback of DFE-VFD installation is that it
reduces the equivalent system inertia. The motors driven by
DFE-VFDs stop contributing to inertia since they become
electrically decoupled from the main busbar. The connection
of a wind energy conversion system (WECS) to the FPSO
also decreases the equivalent FPSO inertia since it increases
the power generation with a null inertia contribution. In
this context, an increase in voltage and frequency variations
is expected, which may exceed the standard limits. In this
circumstance, replacing DFE-VFDs with AFE-VFDs embed-
ded with active and reactive power processing functions to
regulate voltage and/or frequency is highly desirable. The
frequency regulation positively affects the system equivalent
inertia. Therefore, this paper proposes a decentralized control
solution implemented on AFE-VFDs to support frequency
and avoid footprint allocation for new equipment on the
FPSO.

Thus, the contribution of this paper is to propose and eval-
uate the performance of the combined function frequency-
voltage-var (freq-volt-var). The freq-volt-var function is dig-
itally implemented at AFE-VFDs and processes reactive
power to frequency and voltage support. The precedence is
for frequency support, supposing frequency deviations above

an established threshold. In case frequency deviations do not
exceed the established threshold, voltage support is enabled.
This paper is an extended version of [20], in which an
analysis of the X/R characteristics of the FPSO cables and
their relationship with the use of reactive power processing to
support frequency and voltage is added. Furthermore, a pro-
cedure for tuning the notable points of the freq-volt-var curve
is shown as a novelty. The FPSO electrical power system is
simulated in MATLAB/Simulink®. The proposed strategy
is compared with two other related works in literature: volt-
var and freq-var [21]]. The comparisons are made to highlight
the superiority of the proposed method applied to the FPSO
power system. The figures of merit used to evaluate the
control performance during steady-state and transient events
are voltage and frequency variations, frequency nadir, rate of
change of frequency (RoCoF), and system inertia constant.

This paper is structured as follows. Section |l presents the
FPSO electrical power system and the cable characteristics
related to the use of reactive power processing to frequency
support. Section shows the functions implemented at
AFE-VFDs: volt-var, freq-var, and freq-volt-var. In addition,
it describes the tuning procedure for the proposed freq-volt-
var. Comparative simulation results are shown in Section
Finally, Section [V| concludes this paper.

Il. FPSO UNIT WITH FLOATING OFFSHORE WIND

Fig. [T] shows a 50 MW wind farm integrated into the elec-
trical power system of a typical Brazilian FPSO from Mero
Oil Field through a 12 km umbilical cable. Five WECS, each
composed of a 10 MW wind turbine, a permanent magnet
synchronous generator (PSMG), a back-to-back converter,
and an LCL output filter, are employed herein. The back-to-
back converter is controlled in grid-following mode to min-
imize the umbilical cable transmission losses. Three 36.25
MVA SGs driven by 29 MW gas turbines compose the FPSO
main power generation. Each SG has 3175 kgm? of inertia
moment and 1800 rpm of rated speed, contributing then with
1.56 s of inertia constant, as similarly found in [14]. The
SGs are equipped with frequency and voltage slow dynamic
secondary control to achieve steady-state regulation at 60 Hz
and 11 kV, respectively. Conforming to Fig. [} an MV load,
low-voltage (LV) loads fed by step-down transformers, and
MYV motors are connected to two MV busbars, referred to as
Topsides and Vessel. The motors, such as compressors and
water injection pumps, store kinetic energy in their rotors.
When directly connected to the FPSO busbar, they contribute
to frequency stability and enhance the FPSO equivalent
inertia. The circuit breakers between the Topsides and Vessel
buses are closed, as shown in Fig. [T} This arrangement
configures a radial system, which simplifies the protection
functions required for the safe operation of the FPSO.

The case study of this paper contains two 16 MVA AFE-
VFDs driving two water injection pumps, as represented
in Fig. According to [22], in the context of power
electronics-based technologies development, the connection
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FIGURE 1. Simulated electrical power system of a typical Brazilian FPSO from Mero Oil Field with two AFE-VFDs.

of crucial equipment through AFE-VFDs has become a
widely accepted solution to mitigate the drawbacks of the
all-electric FPSO. Among the commercially available topolo-
gies, the cascaded H-bridge converter with DFE rectifier
is a cost-effective solution widely used [23]]. The cascaded
H-bridge converter has speed and torque control of the
onboard motors with minimum maintenance requirements.
Nonetheless, the passive rectifier stage produces high lev-
els of harmonic distortion without any inertia contribution,
which is undesirable in offshore systems [24]. This issue is
overcome by employing the AFE-VFD. In AFE-VFDs, the
input waveform is less harmonic polluted, and the drive has
a feature 4-quadrant speed-torque operation (i.e., allowing
energy regeneration from the motor to the main feeder).
Furthermore, it is possible to enable grid-side unity power
factor operation [25]. Detailed parameters for each piece of
equipment used in the FPSO model can be found in [26].
Notably, the proposed control strategy is evaluated through
simulation results, considering a real-case test bench where
the main operating results of the FPSO were validated
against real tests conducted on a Brazilian offshore platform.

A. REACTIVE POWER PROCESSING FOR FREQUENCY
AND VOLTAGE SUPPORT

The literature widely identifies the coupling between active
power and frequency (P — f) and reactive power and
voltage (QQ — V) [21]] for electrical power systems with line
impedances that feature an X/R ratio greater than one (induc-

tive grid). This inductive characteristic of line impedance is
found predominantly in medium and high-voltage systems.
Conversely, P —V and @ — f couplings occur in electrical
power systems with resistive impedances, where the X/R
ratio is less than one, typical of low voltage grids [27].
The droop controls are considered conventional when the
relationships P — f and (Q — V are used for frequency and
voltage regulation, respectively.

As shown in the Appendix, the FPSO system, the case
of study of this paper, has approximately 32% of lines with
inductive characteristics, with an average of X/R = 1.93,
and 68% of lines with resistive characteristics with an
average of X/R = 0.30. Since the FPSO system comprises
cables with varying X/R ratios, a coupling between P—V — f
and Q@ — V — f is expected. Based on this premise, this
paper adopts frequency-voltage-var control, which operates
on QQ— f and Q@ —V couplings. It is essential to highlight that
the inductive characteristic (X/R = 2.11 and X/R = 2.08)
of the lines where the AFE-VFDs are connected (i.e., I5 e
l30) provides a more significant coupling of reactive power
to voltage. The Appendix shows the FPSO power lines,
insulated for 15 kV.

lll. VOLTAGE CONTROL AND FREQUENCY SUPPORT
USING REACTIVE POWER THROUGH THE AFE-VFDs
Due to the power electronics embedded in the AFE rectifier
cells, the reactive power exchanged with the FPSO can
be explored to improve voltage and frequency fluctuations.
Reactive power configures a degree of freedom in AFE-
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FIGURE 2. Communication-free functions digitally implemented on the i-th AFE-VFD: (a.1) volt-var with dead-band; (a.2) volt-var without dead-band;
(b.1) freq-var with dead-band; (b.2) freq-var without dead-band; and (c) freq-volt-var with freq-var precedence.

VFDs, in contrast with active power, which depends on
the motor shaft load. The dg-reference frame control loops
implemented at the AFE-VFD are described in [26]. Reactive
power references of the grid-side converter are calculated by
the autonomous control functions described below and are
provided for two AFE-VFDs set on water injection pumps.

Figs. 2] (a)-(c) show the communication-free functions: the
volt-var, the freq-var, and the proposed combined freq-volt-
var, all locally implemented at AFE-VFDs. According to
Fig. 2] the curves are defined by intervals in which the AFE-
VFDs give instructions regarding reactive power injection or
absorption (). The dead-band defines the interval at which
the AFE-VFDs do not exchange reactive power with the
power system. ()7 is real-time reactive power injected or
absorbed computed based on the i-th AFE-VFD idle power
(SVEDY2 — (PYFDP)2 in which S,‘L/fD
and PYFP are the rated apparent power and actual active
power processed by the i-th AFE-VFD, respectively. All idle
reactive power capacity available in AFE-VFDs is exploited
within the limits from —Q"** to Q"**.

Fig. 2| (a.1) shows the volt-var function with the dead-
band defined within v; and vy. For FPSO voltage higher
than v3 or less than vy, the AFE-VFD processes (Q7***
(inductive) and —Q7*** (capacitive), respectively. The volt-
var curve is centered on the FPSO-rated voltage, i.e., v, = 1
pu. Similarly, for the freq-var function, the dead-band limits
are defined within f; and f5, as shown in Fig. [2| (b.1). For
FPSO frequency higher than f3 or less than fj, the AFE-
VED processes —@Q7"** (capacitive) and (Q7*** (inductive),
respectively. The midpoint relative to the frequency axis is
set to f,, = 60 Hz. Figs. [2| (a.2) and (b.2) show the volt-
var and freq-var curves without dead-band, while Fig.
(c) shows the proposed freq-volt-var curve with frequency
support precedence. The points mentioned above, vg, v1, Vs,
vs, fo, f1, f2, f3, which delimit the different voltage and

availability, i.e.,

frequency control curves regions, are referred on this study
as notable points.

A. VOLT-VAR FUNCTION

The volt-var function is a well-established piece-wise linear
voltage curve as a function of reactive power [21]. This
curve can be implemented with or without dead-band, as
shown in Figs. E] (a.1) and (a.2), respectively. The volt-var
function with dead-band is described by (I, while the volt-
var function without dead-band is described by (2).

—Qrer if v < g
anam _ .
#, if vg <v <y

QF = 0, if v v < g D
W7 if vg < v < s

Q7 se v > v3

-, if v <y
Q; = %» if vo <v < w3 2
Q" ifv>ws

where )} is the reactive power reference applied to the AFE-
VED control loop [26] and v is the root-mean-square (RMS)
voltage measured at the AFE-VFD output terminals.

B. FREQ-VAR FUNCTION

The freq-var function is defined in Figs. E] (b.1) and (b.2)
with and without dead-band, respectively. It is a piece-wise
linear frequency curve as a function of reactive power. The
curves with and without dead-band are defined in (3) and (@),
respectively.
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Qrer, if f < fo
S i fo < f < fo
0,if fi < f<fa
QU iffy < f < fo
—QeT, it f > fy

Q" if f < fo

e p p 2]
L P i fo < f < s

—Q it f > fs
where f is the frequency estimated by a phase-locked loop
(PLL) algorithm from the voltage measurement at the AFE-
VFD output terminals.

3

Qi = “

C. PROPOSED COMBINED FREQUENCY-VOLTAGE-VAR
FUNCTION

The combined freq-volt-var function is shown in Fig. [2] (c).
The proposed curve is composed of the volt-var function
without a dead-band and the freq-var function with a dead-
band. The freq-var function precedes the volt-var function,
i.e., frequency deviations greater than fo or less than f;
enable the volt-var curve, as described in (3) and ().

Q" if f < fo

LU it fo < f < fu

Q: = Ql volt—var? (Eq' @a if fl < f < f2 ®))
ity < f < fs
—Q"*, if f > fs
—Q", if v <wg
:voltf'uar = W, if Vg < v < U3
QY if v > 3
(6)

The proposed freq-volt-var strategy differs from others in
the literature, since the volt-var function is triggered under
steady-state conditions, while freq-var function is triggered
under transient events. The proposed control is locally man-
aged based on the AFE-VFDs-driven load demand, therefore
active power processing is not considered in the proposed
control.

D. PROPOSED FREQ-VOLT-VAR CURVE TUNING
PROCEDURE

The main goal of the proposed freq-volt-var function is to
regulate the frequency. The freq-volt-var curve comprises a
dead zone, limited for the notable points f; and fo, and
straight lines with a slope depending on the saturation points,
fo and fs. Saturation points are the frequency values in
which the reactive power reaches the limit imposed by the
available amount of AFE-VFD power. For the freq-var and
volt-var, the dead-band is the curve region with no reactive
power sharing. Nevertheless, for the freq-volt-var, the dead-
band is also the frequency range in which reactive power
sharing stops processing for frequency regulation and starts

| A f=0.93Hz

Frequency [Hz]

20 30 40 50 60 70 80 90 100
Time [s]

FIGURE 3. Frequency behavior in the absence of transients.

TABLE 1. Voltage and frequency tolerances according to IEC 61892 stan-
dard [28].

Profile Steady-state Transient
Frequency +5.0%. fn +10%. fr.
Voltage +2.5%.vn +20% .0, -15%.vy,

processing for voltage regulation. Whereas the freq-volt-var
strategy is designed for frequency support during transient
events and voltage support during the conditions considered
by this paper steady-state.

1) Dead-band definition

Fig. [3| shows the FPSO frequency behavior under steady-
state conditions, i.e., without transient events. The frequency
deviations shown in Fig. [3| are caused by the intermittent
WECS generation interconnected to the FPSO, leading to a
maximum frequency oscillation of approximately 0.93 Hz.
Based on this empirical value, the dead-band is set at 1 Hz
(notable points: fi; = 59.5 Hz, f = 60.5 Hz) to ensure that
the freq-var activates only during transient events.

2) Saturation points definition

The standard IEC 61892 [28] is used as a reference for
the tuning procedure for points associated with Q7" and
—Q7%*, ie., the notable points fp and f3 for activated
frequency support, and vy and v for activated voltage regu-
lation. Table [T| shows the acceptable deviation for frequency
and voltage, during steady-state conditions and transient
events, according to IEC 61892 standard.

From the tolerances defined by the IEC 61892 standard,
curve slope values are tested as shown in Figs. 4] and [3
The notable points fy and f3 ranges from +6 Hz (IEC
61892 reference, £10% of f,) to £1 Hz, as shown in
Fig. @ Similarly, the notable points vy and vz ranges from
1.2 pu (IEC 61892 reference, +20% of v,) to 1.05 pu, as
shown in Fig. 5] The frequency intervals between fy - f1,
and between f; - f3 in the freq-volt-var are designated as
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FIGURE 5. Volt-var curve actived during freq-volt-var dead-band with
notable points tested.

frequency coefficients, while the voltage interval, from f
to fs is referred to as the voltage coefficient. Therefore,
six frequency coefficients, from 0.5 Hz to 5.5 Hz, and four
coefficients for voltage, from 0.1 pu to 0.4 pu, are tested.

The root mean square error (RMSE) quantifies the per-
formance of freq-volt-var under the tested frequency and
voltage coefficients.

RMSE = (yi — pi)? (7

where n represents the number of analyzed results, y; is the
measured values, and p; is the nominal references.

Fig. [f] shows the RMSE for frequency results correlate
to frequency coefficients. Fig. [7] shows the evolution of
the RMSE for voltage results correlated to the voltage
coefficients. According to Fig. [6] the increase in the fre-
quency RMSE error follows the increase in the frequency
coefficient. While the variation in the voltage coefficient
does not significantly affect the frequency RMSE error. From
these results, the frequency coefficient used in the freq-
volt-var implementation is 0.5 Hz (from dead-band), which
corresponds to fo = 59 Hz and f3 = 61 Hz. Following the
RMSE parameter, these values present the best performance
among the analyzed cases, without exceeding the IEC 61892
requirements.

Frequency RMSE [Hz|
o
=
(0]
[en)

5.5

Voltage coefficient [V] 0.2

2.5

0.1 1.5

05 Frequency coefficient [Hz]

FIGURE 6. Frequency RMSE.

— 800
Z.
= 700
2
=
= 600
[}
E@ 500
; 400
0.4
0.3
Voltage
C()ef[f\l/C]lent ~ 55
0.1 5 2.5 :

Frequency coefficient [Hz]

FIGURE 7. Voltage RMSE.

Analysis of the results in Fig. [7]reveals that increasing the
voltage coefficient leads to the largest RMSE error among
the cases analyzed. Therefore, the smallest tested voltage
coefficient, 0.10 pu, is applied, corresponding to vy = 0.95
pu and vz = 1.05 pu. Increasing the frequency coefficient
reduces the voltage RMSE error. However, the frequency
coefficient is set up first, in order to prioritize the frequency
support performance. The notable points selected for the
volt-var function show the best performance according to the
RMSE error and do not exceed the IEC 61892 requirements.
Table [2] shows the notable points for the tested functions. As
shown in Fig. [2] the combined freg-volt-var with freq-var
precedence comprises the freq-var with dead-band and volt-
var without dead-band.

E. EVALUATED FIGURES OF MERIT

Power quality issues may increase on the FPSO due to
the intermittent generation of wind power. Additionally, the
reduction in system inertia caused by the use of AFE-VFDs
without inertia control also contributes to an increase in
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TABLE 2. Notable Points.

freq-var volt-var
with without with without
dead-band dead-band dead-band dead-band
59.0 Vi 0.950
fo fo 590 | ° Vo 095
fi 595 Vi 0975
fn 600 f, 600 | V, 1.000 V, 1.00
60.5 1% 1.025
P2 f5 610 | 2 Vs 105
fa 610 Vs 1.050

frequency variation. Herein, the power system quality issues
are quantified by the following figures of merit:

1) Voltage variation: AV = V02 — Vinin.

2) Frequency variation: Af = fiae — frin-

3) Frequency nadir: f,qqir-

4) RoCoF [29]: RoCoFy .55 = (fo.5 — fo)/0.5.

5) Inertia constant [30]: H = —AP/(2- RoCoFy 5s)-

During the steady-state condition, the minimum and max-
imum values of voltage and frequency are evaluated within
two predetermined time windows. The figures of merit
fradir» ROCOF, and H are calculated to evaluate frequency
deviations associated with transient events. f,,q: 1S defined
as the minimum frequency reached after the disturbance,
and the RoCoF is the time derivative of the power system
frequency (df/dt). The RoCoF is typically estimated by
using two frequency measurements within a short period
(i.e., 0.5 seconds) immediately following a sudden distur-
bance [29]]. Until that time, which is before the response
of most turbine governors to the frequency deviation, the
system response depends primarily on the size of the con-
tingency and the system inertial response. Lastly, H is
estimated by the relation between the amount of generation
loss and the system RoCoF immediately after the transient
event [30]. These measurements are discussed by comparing
the communication-free control functions implemented at the
AFE-VFDs: volt-var, freq-var, and combined freq-volt-var.

IV. SIMULATION RESULTS

Section [[VIA compares AFE-VFDs set up to unity power
factor (PF = 1); volt-var with dead-band; and volt-var without
dead-band. Section [[VIB also addressed three scenarios:
AFE-VFDs with PF = 1, freq-var with dead-band, and freq-
var without dead-band. The better performances related to
the presence or absence of dead-band at the curve are applied
to compose combined freq-volt-var control. Section [[V]C
compares the results of volt-var, freq-var, and freq-volt-var
implementing.

The figures of merit established at Section are
evaluated for two steady-state periods (30 < ¢ < 40 s and
80 <t < 90 s) and two transient events (at 40 s and 70 s). In
addition to the three control settings, the numeric results for
the FPSO without AFE-VFDs, i.e., the 13 MW motors are
directly connected to the 11 kV busbar and operating with

PF = 1, are also presented. The simulated transient events
are the sequence of generation loss following:

e at t =40 s, an unscheduled interruption of one SG is
performed (Ngg = 3 — 2);

e at ¢t = 70 s, an unscheduled shutdown of one wind
turbine is simulated (NV; = 5 — 4).

These transient events are computed for time windows:
40<t<44sand 70 <t < 74 s.

A. COMPARISON BETWEEN PF = 1, VOLT-VAR CONTROL
WITH DEAD-BAND, AND VOLT-VAR CONTROL WITHOUT
DEAD-BAND

Fig. [§ shows a set of results composed of active and reactive
powers at: (a) SGi, (b) WECS and (c) AFE-VFDs; (d)
voltage; and (e-g) frequency. Only SG; data are addressed
due to the power system symmetry and the power-sharing
derived from the droop-based control of the SGs. As can be
seen in Fig. [§] (a) and (b), SGs complement the intermittent
active power generated by the WECS, which leads to a
natural oscillation in the FPSO frequency due to the governor
slow dynamics - see Fig. [§] (e). As a result of the power
coupling caused by the FPSO line impedances and the slow
dynamics of the SG automatic voltage regulator (AVR),
the main busbar voltage also oscillates with the WECS
penetration -see Fig. [§] (d).

From Fig. [§] (d), immediately after 40 s, the FPSO voltage
sag reaches 0.93 pu, considering the AFE-VFDs controlled
for PF = 1. With volt-var set up with dead-band, this
FPSO RMS voltage sag improves from 0.93 to 0.96 pu.
While programmed with volt-var without dead-band, the
improvement is to 0.97 pu. This difference is explained due
to a higher positive slope of the volt-var curve with dead-
band, in the intervals between vy - vy, and vy - v3 - see
Fig. 2] (a.1), compared to the volt-var curve slope without
dead-band, between vy - vs - see Fig. @] (a.2). A higher
positive slope is associated with a higher capacity for voltage
regulation.

Moreover, during the 50 s to 68 s, steady-state improve-
ment of FPSO voltage regulation is seen when the AFE-
VFDs operate with the volt-var curve without dead-band
(AV = 6.94 x 1072 V) compared to the case with dead-band
(AV = 14.44 x 1072 V) - see the enlarged view of Fig.
(d). On the other hand, no improvement or deterioration is
observed in the frequency variation with the presence or
absence of the dead-band, during steady-state (i.e., Fig.[§](c))
or transient (i.e., Figs. [§] (f)-(g)). Due to this lower voltage
variation in steady-state, the volt-var without dead-band is
adopted for the proposed combined freq-volt-var strategy.

B. COMPARISON PF = 1, FREQ-VAR CONTROL WITH
DEAD-BAND, AND FREQ-VAR CONTROL WITHOUT
DEAD-BAND

Figs. E] (h)-(n) show steady-state and transient results for
the scenario characterized by AFE-VFDs embedded into the
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FIGURE 8. Simulated results considering AFE-VFD embedded with volt-var and freq-var, with and without dead-band: (a) active and reactive power at
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TABLE 3. Summary of the results sampled from Fig.

Steady-state Transient-state
. 30 <t < 40s 80 <t < 90s 40 <t < 44s 70 <t < T4s
Function

Conirol NSG:3,Nt=5 NSG:Q,Nt=4 NSG:3—>2,Nt:5 NSG:2,Nt=5—>4
AV Af AV Af | frnadir ROCOFy5s  H | fnadir ROCOFyss H
(pu) (Hz) (pw) (Hz) (Hz) (1/s?) (s) (Hz) (1/5%) (s)
without AFE-VFDs | 7.05x 1073 052 | 559x 1073 044 | 58.64 2.55 353 | 59.11 1.61 3.36
PF=1 658 x 1073 054 | 482x 1073 0.3 58.42 2.92 3.08 58.97 1.87 2.90
volt-var 451x107% 054 | 272x 1073 053 58.39 2.98 3.02 58.97 1.87 291
freq-var 658 x1073 054 | 659x 1073  0.53 58.49 2.87 3.14 59.02 1.83 2.97
freq-volt-var 451x1073 054 | 227x 1073 053 58.47 2.90 3.10 59.02 1.82 2.98
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FPSO operating with PF = 1 and equipped with the freq-var
curves with and without dead-band. Figs. |§| (h)-(G) shows
active and reactive powers at (h) SGy, (i) WECS, and (j)
AFE-VFDs. Notably, the reactive power profile of the AFE-
VFD, when programmed with the freq-var functions, exhibits
greater oscillations compared to the same device configured
with the volt-var functions. With the volt-var function, the
maximum Qv rp injected is 3.35 Mvar in the transient event
(after 40 s) and 1.47 Mvar in steady-state - see Fig. [§
(c). While with the freq-var function, the maximum Qv rp
absorbed is 11.97 Mvar in the transient event (after 40 s)
and 6.55 Mvar in steady-state - see Fig. [§] (j).

The greater amount of reactive power processed by the
AFE-VFD configured for frequency regulation affects the
FPSO voltage. This voltage disturbance is associated with
the coupling between voltage and reactive power due to
the inductive portion of the FPSO power system upstream
to the AFE-VFD connection, as shown in Table 4. The
most considerable voltage oscillations are associated with
the implementation of freq-var without dead-band. In such
a scenario, the voltage variation reaches AV = 0.26 pu
in the transient event (after the SG shutdown at 40 s) and
AV = 0.11 pu in steady-state condition. The RMS voltage,
considering the implementation of freq-var with dead-band,
corresponds to the RMS voltage for PF = 1, except at the
instants following the transient events. The voltage variation
for freq-var control with dead-band implemented is AV =
0.03 pu in the transient event (after the SG shutdown at 40
s) and AV = 0.01 pu in steady-state.

Eletrénica de Poténcia, Rio de Janeiro, v. 29, e202447, 2024.

The frequency behavior during the steady-state shows a
negligible difference with PF = 1 or with the employment
of the freq-var curves - see Fig. [§](1). On the other hand, after
the first transient event (t = 40 s), the frequency nadir shows
a recovery from 58.42 Hz (PF = 1) to 58.49 Hz (freq-var
with dead-band) and 58.51 Hz (freq-var without dead-band)
- see Fig. |§| (m). After the second transient event (t = 70
s), the following metrics are computed: f,qq:;- = 58.97 Hz
(PF = 1), fraair = 59.02 Hz (freq-var with dead-band), and
fradir = 59.05 Hz (freq-var without dead-band) - see Fig. @
(n). The frequency nadir results for freq-var with and without
dead-band are similar. The reduced effect on FPSO voltage
with the employment of freq-var with the dead-band defines
the employment of this curve on the proposed combined
freq-volt-var.

C. COMPARISON BETWEEN VOLT-VAR, FREQ-VAR, AND
COMBINED FREQ-VOLT-VAR FUNCTION

Fig. 0] shows the steady-state and the transient results consid-
ering the AFE-VFDs equipped volt-var without dead-band,
freq-var with dead-band, and combined freq-volt-var control,
considering the functions described in Figs. |Z| (a.2), (b.1), and
(c), respectively. The active and reactive power at the SGy,
WECS, and AFE-VFDs terminals are shown in Figs. |§| (a),
(b), and (c), respectively. Figs. |§| (d) and (e) show the voltage
and frequency profiles, respectively. Table [3] summarizes the
figures of merit sampled from Fig. [0} In addition, Table [3]
presents the figures of merit for AFE-VFDs controlled with
PF =1 (Q} = 0) and for the operation of the FPSO electrical
power system without AFE-VFDs connection.
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From Table |3} with two evaluated steady-states, the FPSO
system without AFE-VFDs presents the smallest frequency
variations (0.52 Hz and 0.44 Hz), the highest f,,qir values
(58.64 Hz and 59.11 Hz) and lowest | RoC'oF'| values. These
enhanced frequency parameters are assigned to the inertia
contribution when the two 13 MW water injection pump
motors are directly coupled to the main busbar. Conversely,
without AFE-VFDs, the AVR control represents the only
voltage control of the entire power system. The reactive
power absorption by the directly coupled motor to the
FPSO main busbar deteriorates the voltage-related figure
of merit, with voltage variations of 7.05 x 10~3 pu and
5.59 x 103 pu. Reactive power regulation at the AFE-VFD
output terminals leads to a voltage regulation improvement
compared to the case without AFE-VFD.

From the second line of Table i.e., AFE-VFDs con-
trolled at their terminals with PF = 1, the system inertia de-
creases, and consequently, frequency-linked parameters show
deterioration. The implementation of volt-var control (third
line of Table , compared to the PF = 1 case, improves volt-
age variation at the same time that continues to deteriorate
frequency parameters. With volt-var implemented, reactive
power absorbed for voltage regulation disturbs the frequency.
The opposite relation is evidenced when reactive power is
injected for frequency regulation (freq-var implemented): the
voltage variation is disturbed while frequency parameters
show improvement.

During the steady-state intervals, with the incorporation of
the volt-var in the freq-var function, i.e. the proposed freq-
volt-var, an improvement in voltage variation is observed
from 6.58 x 1072 pu (with freg-var) to 4.51 x 10~3 pu
(with freq-volt-var) - see Table [3} Regarding the transient
event caused by the unscheduled interruption of one SG, the
voltage sag reaches 0.83 pu and 0.82 pu with freq-var and
freq-volt-var strategies, respectively - see Fig. [9] (d). Due
to the freq-var and freq-volt-var dead-bands practically not
being violated, a similar Af is obtained for all strategies
during steady-state.

Nonetheless, the frequency profile enhancement is noted
in the functions with freq-var compared to the volt-var
function, as shown in Figs. E] (f) and (g). For instance,
with the SG shutdown at 40 s, the frequency nadir rises
from 58.39 Hz (with volt-var) to 58.49 Hz and 58.47 Hz
with the employment of freq-var-based strategies (i.e., freq-
var, and freq-volt-var, respectively). |RoCoF| value for the
disturbance triggered by the shutdown of one wind turbine
also shows an improvement: a reduction from 1.87 Hz/s with
volt-var to 1.82 Hz/s with combined freq-volt-var for the 70
- 74 s simulated period. Besides, the system inertia constant,
calculated using the disturbance triggered by the shutdown
of one wind turbine, increases from 2.91 s with volt-var to
2.98 s with freq-volt-var.

V. CONCLUSION

This paper proposed and evaluated the communication-free
freq-volt-var function embedded in AFE-VFDs for frequency
support in offshore FPSO systems with high WECS pen-
etration. The freq-volt-var prioritized frequency deviations
during transient events and voltage deviations during steady-
state conditions. This strategy aims to frequency support by
processing only reactive power. The evaluation methodol-
ogy showed that the frequency support via reactive power
flow improves the frequency, although it disturbs the FPSO
voltage. The incorporation of voltage function to the con-
trol guarantees the minimization of these deviations during
steady-state and maintains the improvements in frequency
at transient events. Steady-state simulation results from the
combined freq-volt-var method showed a reduction of 31.5%
in voltage variation compared to the freq-var function. The
figures of merit for the transient event of SG shutdown,
frequency nadir, and inertia constant were enhanced by
0.08 Hz and 2.65%, respectively, compared to the volt-var
function.

This means that the improvement in frequency and voltage
deviations are achieved with absorption and injection of reac-
tive power by the AFE-VFDs, respectively. This conflicting
behavior indicates that it is not possible to improve voltage
and frequency deviation simultaneously in FPSO power
systems by processing only reactive power. Future work
will focus on validating the presented results by means of
hardware-in-the-loop simulation validated by experimental
data.

APPENDIX
Table [] shows all FPSO conductors with the cable length
and characteristics.
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TABLE 4. Conductors characteristics.

R L Length  Cross-sectional ~ Conductors
Busbar Tag -
) (mH) (m) area (mm?) per phase

15 0.0021  0.0115  2.06 95 300 4
153 0.0021  0.0115  2.06 95 300 4
I3 0.0022  0.0121 2.07 100 300 4
Iy 0.0056  0.0197 1.33 40 185 1
Is 0.0028  0.0157 2.11 130 300 2
lg 0.0057  0.0314  2.08 130 300 2
Iz 0.0057  0.0314  2.08 130 300 2
Ig 0.0057  0.0314  2.08 130 300 2
lg 0.0070  0.0386  2.08 160 300 2
lio 0.0330 0.0484 055 160 120 1
l11 0.0104 00125 045 40 95 1
li2 0.0330 0.0484 055 160 120 1
Topsides A 133 0.0268 0.0245 0.34 75 70 1
lig 0.0672 0.0448 0.25 130 50 1
lis 0.0268 0.0245 0.34 75 70 1
lig 0.0672 0.0448 0.25 130 50 1
ly7  0.0517 0.0345 0.25 100 50 1
lig  0.0672 0.0448 0.25 130 50 1
lig 00775 0.0517 0.25 150 50 1
lop  0.0672 0.0448 0.25 130 50 1
Iy 0.0143 0.0131 035 40 70 1
loo  0.0517 0.0345 0.25 100 50 1
I3 0.0672 0.0448 0.25 130 50 1
log  0.0672 0.0448 0.25 100 50 1
los  0.0207 0.0138 0.25 40 50 1
lag  0.0021 00115 2.06 95 300 4
la7  0.0021 00115 2.06 95 300 4
lag  0.0022 00121 2.07 100 300 4
lag  0.0056 0.0197 133 40 185 1
lap  0.0057 0.0314 2.08 130 300 2
I31  0.0057 0.0314 2.08 130 300 2
lsz  0.0057 0.0314 2.08 130 300 2
I3z 0.0070 0.0386 2.08 160 300 2
I3 0.0440 00532 0.46 170 95 1
Ias  0.0330 0.0484 055 160 120 1
lsg  0.0440 0.0532 0.46 170 95 1
I3z 0.0330 0.0484 055 160 120 1
Topsides B l3g  0.0268 0.0245 0.34 75 70 1
lag  0.0672 0.0448 025 130 50 1
lyo  0.0517 0.0345 025 100 50 1
Iy 0.0672 0.0448 025 130 50 1
lyz 0.0672  0.0448 025 130 50 1
ly3 0.0672  0.0448 025 130 50 1
lyg 0.0672 0.0448 025 130 50 1
lys  0.0517  0.0345 025 100 50 1
lye 0.0143  0.0131 035 40 70 1
ly7 00517 0.0345 025 100 50 1
lyg 0.0517  0.0345 025 100 50 1
lyg  0.0517 0.0345 025 100 50 1
Iso  0.0207 0.0138 025 40 50 1
Is1 0.0083 0.0459 2.08 95 300 1
lsa  0.0056 0.0197 133 100 185 1
ls3  0.0517 0.0345 025 100 50 1
Vessel A ls4 00517 0.0345 025 100 50 1
lss  0.0517 0.0345 025 100 50 1
ls¢  0.0517 0.0345 025 100 50 1
ls7  0.0517 0.0345 025 100 50 1
lss 0.0517 0.0345 025 100 50 1
ls9 0.0083  0.0459  2.08 95 300 1
leo 0.0056  0.0197 1.33 100 185 1
le1 0.0517 0.0345 0.25 100 50 1
Vessel B le2 0.0517 0.0345 0.25 100 50 1
le3 0.0517 0.0345 0.25 100 50 1
lea 0.0517 0.0345 0.25 100 50 1
les 0.0517 0.0345 0.25 100 50 1
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