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Abstract: This paper proposes a preliminary design tool for active power filters’ (APFs) solutions to be
applied in offshore oil and gas platforms, where power quality indices are typically low, and reactive
power compensation and current harmonic mitigation are often desired. The proposed approach
considers that APF selection and rating is a trade-off between performance and size, and that both
component and system aspects need to be optimized to achieve a well-tailored solution. As size and
weight are critical constraints in offshore applications, possible benefits of using Silicon Carbide (SiC)
switches for the APF implementation are investigated. Moreover, different compensation strategies
are compared, varying the connection point of the APF between two different voltage levels and
assigning the APFs different compensation goals. Improvements in power quality indices, as well
as APFs rating, number of components, power losses, and filter size, have been considered for both
SiC and Silicon-based solutions to identify the best trade-offs suitable for the considered, energy
intensive industrial application.

Keywords: active power filter; O&G platform; power quality; wide band-gap semiconductors

1. Introduction

In spite of the development of the renewable energy sector, gas and oil are determined
to remain the two head energy assets until 2050 and beyond. In the past few decades, off-
shore oil and gas exploration and drilling have increased significantly. Currently, offshore
oil and gas (O&G) exploration accounts for 27% and 30%, respectively [1,2]. Still, fossil
fuel combustion in power plants, oil refineries, and large industrial facilities [3] (including
O&G platforms) is the main source of the anthropocentric CO2 emissions, and the environ-
mental problem is concurrent with the technical challenge of O&G platforms powering,
in indicating the need for more electric and more efficient platforms. In most cases, the
high distance between the platform and the mainland, and the high-power needs of local
processing equipment (5–200 MW) prevent the cable-connection to the land-based power
system. In this case, electricity is generated locally by gas turbines or diesel generators,
and the grid operates as an isolated power system, which is characterized by a weak grid.

Figure 1 represents a typical power system of an O&G platform. The main elements
are gas turbines coupled with synchronous generators, power transformers, power con-
verters, and loads. Although DC-based power distribution for O&G drilling applications
has recently been under investigation [4], AC systems represent the only industrially ap-
plied solution. Nonetheless, the utilization of different loads with high power demand
(e.g., pumps and compressors), and the developing use of electric drives, combined with
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generator impedances (12–25%) considerably higher than those of grid-connected power
systems contribute to deteriorate the local power quality (PQ). A significant disadvantage
of these AC power distribution systems is the inherent presence of reactive power (with
measured power factors, PF, that in extreme cases can be as low as 0.36 [5]), which leads to
increased current and losses. In addition, the connection of power electronic converters,
typically for AC and DC drives, results in non-linear loads, and therefore harmonic pollu-
tion with reported Total Harmonic Voltage Distortion (THDv) and Total Harmonic Current
Distortion (THDi) as high as 12% and 27%, respectively [5].
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Figure 1. Diagram of a typical power grid of an offshore oil and gas platform.

As space and weight are critical factors in offshore O&G platforms, the deployment
of any additional equipment occupying deck-space is preferably avoided, or carefully
weighed versus its added value, as proved by the recent trend to place more processing
equipment sub-sea [4]. On the other hand, the cost of a single power-quality incident
offshore can be up to 750,000 EUR per day [5]. In order to avoid such incidents and
guarantee that the system and the equipment work correctly, it is necessary to comply with
relevant standards.

That situation is not different from that of other offshore systems, such as maritime
microgrids, for which specific standards are also available [6–8] and power quality issues
have been more widely investigated [9].

Several methods have been proposed in the literature and also applied in practice
to compensate reactive power and harmonic components generated by industrial [10,11]
and maritime loads [9,12], but just a few contributions specifically targeted O&G drilling
rigs [13–15]. In [13], an analysis for passive filters selection in O&G industry is proposed.
The authors of [14] present the design and tuning of passive filters for offshore applications
using genetic algorithm technique. The authors of [15] compare passive and active filters
for oil rig power systems, and conclude that active filters are more suitable where space
constrain is an issue. Additionally, due to the typical load cycle of the oil drilling rig,
the source impedance seen by the filter varies and, in the passive filter, this will shift the
resonant peak.
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On the contrary, Shunt Active Power Filters (SAPFs) based on three-phase Voltage
Source Converters (VSCs) are proper for this application, as they use the ability of the
converter to generate reactive power without using bulky energy storage components, in
addition to flexibly compensating reactive power, they can also compensate for multiple
harmonics. Hence, they are faster, lighter, smaller, and with better performances at reduced
voltages compared to other solutions. In [16], a chain circuit active power filter for high
voltage and power applications is proposed, a prototype of 10 kV/1 MVA is built. However,
although a preliminary analysis has been presented in [17], a holistic and detailed study
bench-marking APF design and PQ performance for this specific application is not available
in the literature.

Over the past decades, there has been a breakthrough in devices based on wide-
bandgap materials, such as silicon-carbide (SiC). With the increasing demand for high
efficiency, voltages, and switching frequencies, the traditional switches made of silicon (Si)
may not be able to satisfy all the requirements. The emerging of silicon carbide (SiC) devices
has brought new design possibilities for high-voltage high-power converters. In contrast
to the Si technology, the SiC exhibits superior material properties. The higher thermal
conductivity, dielectric breakdown field strength, and wide band-gap allow an increase in
the operational switching frequency and voltage without increasing the losses [18]. The
higher the switching frequency, the smaller are the passive filtering components, and then
the cooling requirements can be reduced. Therefore, the overall system (converter and filter)
volume, area and weight are decreased [19–23]. In [24], a dynamic voltage restorer based
on SiC Mosfet is studied to mitigate voltage sag in the O&G industry. References [25,26]
present the design, performance analysis, and experimental results of high-speed motor
drives that are usually required in the O&G industries that use SiC Mosfet technology.

Based on these trends and needs of the O&G sector, the core contribution of the paper
is to provide a SAPF pre-selection tool to orient the O&G platform designer. The tool encom-
passes both component and system-level analyses tailored to such industrial applications.
More precisely, the paper considers: (1) the impact of using wide-band-gap semiconductors
and reduced output filter in the SAPF, for equipment size and loss reduction; (2) the PQ
performance achievable by connecting the SAPF to different buses/voltage levels, as well
as assigning it different compensation targets; and (3) the suitability of two compensation
strategies, i.e., sinusoidal current synthesis and resistive load synthesis, and respective
control implementations, which are analyzed in detail both by theoretical investigations
and dynamic simulations.

With respect to [17], this paper details the description of the SAPF control scheme,
with a thoroughly analytical analysis of the advantages of each compensation strategy,
supported by additional results. Finally, the paper concludes by presenting an integrated
SAPF pre-selection tool that allows to compare the different alternatives to identify the
most suitable one. It is worth noting that the proposed tool can have a wider validity than
for the proposed O&G application, if decision criteria are properly adapted and weighted.

The paper is organized as follows: Section 2 describes the main industrial pro-
cesses that take place on an O&G platform and the required electrical power components;
Section 3 shows the theoretical and mathematical analysis of SAPFs; in Section 4 the case
studies and results are presented and discussed. Finally, Section 5 concludes.

2. Processing of O&G on Offshore Platforms and Related Power Sources

On an O&G platform, the transformation process to convert the fluid extracted from
the well into marketable products and clean the waste products, such as produced water,
requires several stages and large equipment with high power consumption [27,28]. Each
O&G platform has generally multiple wells, divided into injection and production wells.
While the former is used for the production of O&G, the latter are drilled to inject gas or
water into the reservoir to increase its pressure and push the fluid towards the production
well in a process called “enhanced oil recovery”. This process needs large pumps or
compressors with high power demand ranging from a few MW up to more than 25 MW [29].
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Modern installations include also electrical submerged pumps, with power consumption
of a few MW, into the well.

In addition, as the well-stream often consists of crude oil, gas, water, condensates, and
contaminants, a separator is used to divide the different components. Owing to the low
pressure of the gas flowing from the separators, it must be recompressed before transport.
Several types of compressors can be used for this purpose, with the largest centrifugal
compressors having a power in the 80 MW range [2]. The production cycle ends with
the metering, storage, and export process, in addition to the treatment of chemicals and
wastewater.

With a few exceptions, power generation on O&G platforms is usually supplied by
local gas turbines (GTs) coupled to synchronous generators (SGs), as shown in Figure 1.
Their capacity range is normally between a few MW and 40 MW per turbine [30]. The
number of turbines is usually limited to three or four, with one used as a back-up for
reliability purposes. SGs and GTs are connected to the highest voltage bus on the platform
(i.e., Europe—11 kV, 50 Hz, USA—11 kV, 60 Hz, or South America—13.8 kV, 60 Hz).

For the platform power distribution system, two main AC voltage levels, i.e., 6.6 kV
and 11 kV, hereafter specified as medium voltage 1 (MV1) and medium voltage 2 (MV2),
respectively, are often used. Large drilling equipment, pumps, and compressors are the
main loads powered by electric motors. They usually reflect 75–80% of the overall electric
load on the platform and, as their individual power consumption is in the multi-MW range
(up to several dozens MW), they are typically connected to the MV2 bus. A low-voltage
bus (LV, i.e., 400 V) is also present to allow the interconnection of several small loads (e.g.,
lightning and living-quarter loads).

Due to the differences in load types and voltage levels, transformers and power
electronic converters are needed. Power converters, particularly large 6- or 12-pulse
rectifiers [31] coupled to fully controlled inverters, are increasingly connected to electric
motors for drilling, pumping, etc., to allow variable speed operation for improved efficiency.
This, however, leads to harmonic generation and power quality deterioration [31].

The considered electric power system of an O&G platform is shown in Figure 1, and
further described in Section 4. Such an electric grid supplies different load types based
on induction motors. The loads M1 to M4 are connected to the MV2 bus (11 kV), while
loads M5 and M6 are connected to the MV1 bus (6 kV). The points where the SAPFs are
connected are called Points of Connection (PoCs), and the Point of Common Coupling
(PCC) is at the output of generators, as shown in Figure 1.

3. Theoretical and Mathematical Analysis of Shunt Active Power Filter

Herein, the SAPF has been adopted as a power quality conditioner for reactive power
and harmonic pollution mitigation in an offshore O&G platform. The selected SAPF topol-
ogy is the three-phase two-level VSC, as shown in Figure 2. It consists of three arms,
each one comprising two half-bridge modules. Therefore, six sets of power switches are
required. Each set of power switches can be implemented with multiple power semicon-
ductor devices connected either in series or in parallel, depending on the voltage and
current rating. There are several methods to optimize the switching device number [32],
but this analysis is out of the scope of this work. To determine the number of power
semiconductors, the method presented in Section 3.1 is used. In addition to the switching
stage, the SAPF requires passive components: DC side capacitor and AC output filter. The
following subsections detail the SAPF.
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Figure 2. Power electronics structure of the shunt active power filter—SAPF [17].

3.1. Power Semiconductor Devices

An combination of series and parallel switches is necessary to comply with the require-
ments of the circuit current and voltage [33]. The number of devices in parallel (nparallel)
and series (nseries) for two-level converters is calculated by (1) and (2), respectively. Where
Idevice is the device datasheet direct current, Vdevice is the datasheet blocking voltage, and
SF is a voltage safety factor. The SF must be chosen according to typical values used and
values reported in the datasheet. A thermal runaway can happen with too high a repetitive
voltage peak, even if this value is below the avalanche break-down limit. Therefore, it is
necessary to consider a SF for the voltage. More details about this procedure can be found
on [34].

nparallel =
IDC

Idevice
(1)

nserie =
VDC

VdeviceSF
(2)

The converter losses calculation follows the methodology used in [22,35,36] that
includes both conduction and switching losses. The MOSFET and IGBT average conduction
losses are given in (3) and (4), respectively. Vce is the collector-emitter voltage, R0 is the slope
resistance, and Iav and Irms are the average and root mean square currents, respectively.

Pcond−mos f et = R0 Irms
2 (3)

Pcond−igbt = Vce Iav (4)

The switching losses for a two-level converter are calculated by means of (5) where
ndevice is the total number of devices, fsw is the switching frequency, and Eon and Eo f f are the
switching loss energy obtained from the datasheet and testing materials. Such calculation
is generic for both devices. Since the datasheet switching loss energy is measured for a
specific Vre f , it is necessary to correct the losses for the actual voltage across each device
(Vcc).

Psw,2L = ndevice fsw(Eon + Eo f f )
Vcc

Vre f
(5)
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3.2. Passive Components

The proper design of the output filter is of great importance for performance and size
of SAPF [19,20]. Literature reports different methods for designing passive components.
Herein the LCL filter configuration shown in Figure 2 has been considered. LCL is inductor-
capacitor-inductor output filter at the converter´s output to reduce high frequency ripples
on the current waveform caused by the pulse width modulation (PWM) technique. The LCL
filter attenuates more the high order harmonics with lower cost and reduced overall weight
and size compared to the L and LC filter [37]. The filter design follows the methodology
of [37]; C f , L f , Lg, and R f are calculated by (6)–(9), respectively.

C f = 0.05Cb (6)

L f =
VDC

6 fsw∆ILmax
(7)

Lg =

√
1

ka
2 + 1

C f wsw2 (8)

R f =
1

3wresC f
(9)

where ∆ILmax is the maximum current ripple at the inverter output, ka is the desired
harmonic attenuation, Cb is the base capacitance, and wres is the resonant frequency.

3.3. Control Scheme and Compensation Strategies

The block diagram of SAPF control scheme is shown in Figure 3. The control scheme
consists of a fast inner loop to regulate the current, and a slow outer loop to control the
DC-link voltage. V∗DC is the DC-link voltage reference, i∗ is the AC current reference, and
s∗ is the synthesis signal that can be the normalized voltage at the Point of Connection
(PoC) or can come from a phase-locked loop (PLL) algorithm, depending on the compen-
sation strategy adopted [38]. Cv and Ci are the controllers of voltage and current loops,
respectively. The switches are controlled by PWM (Pulse Width Modulation) control where
m is the reference signal, and δ is the control signal to the converter.

Cv (s) Ci (s) PWM

REFERENCE 

GENERATOR

VDC

VDC
*

s* i

iSCS, RLS
*

vx

iL

m δ

Figure 3. Block diagram of control scheme applied to shunt active power filter with sinusoidal
current synthesis (SCS) or resistive load synthesis (RLS).

Two compensation strategies can be implemented: (i) resistive load synthesis (RLS)
and (ii) sinusoidal current synthesis (SCS) [39]. The reference generator block is responsible
for synthesizing both compensation strategies and creating the current reference signal
(i∗). In short, vx is equal to the measured SAPF PoC voltage in each phase (vm) for RLS,
resulting in i∗RLS, whereas the SCS needs vx = vm1 resulting in i∗SCS, where the subscript 1
stands for the fundamental value of the variable.

Figure 4 represents the equivalent model of the electric grid shown in Figure 1, in
which the SAPF compensates three MV2 loads (M1, M2, and M3). Two assumptions can be
made for the analysis: (i) the operating generators are represented as a single equivalent
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voltage source, and (ii) the circuit is represented in per-unit (p.u.); therefore, the transformer
does not appear. Figure 5 shows the simplified model of Figure 4, where the current source
represents the non-linear load, the constant impedances the linear loads, and Zcomp the
loads to be compensated (M1, M2, and M3) associated with SAPF. Zcomp assumes different
features depending on the control strategy (RLS or SCS) applied. The capacitor branch
represents the typical shunt capacitor at the output terminals of SAPF.

COMPENSATED LOADS + FILTERGENERATORS LINEAR

LOAD

NON-

LINEAR

LOAD

M M M M M
M6 M5 M4 M3 M2 M1

MSAPF

LINEAR

LOAD

IPoC

VPoC

Figure 4. Equivalent model of the electric grid of Figure 1.

LINEAR

LOAD

COMPENSATED 

LOADS + FILTER
GENERATORS LINEAR

LOAD

NON-

LINEAR

LOAD

M6
M5 M4

IPoC

VPoC

ZM6 ZM4

ZG

IM5

ZCOMPZ
C

Figure 5. Simplified model of the electric grid of Figure 4.

3.3.1. Resistive Load Synthesis (RLS) Strategy

This strategy aims at emulating a resistive load behavior; therefore, the line current,
IPoC, has the same voltage waveform at the point of SAPF connection, VPoC. The current
reference i∗ is calculated as:

iRLS
∗ = iLm −

P
V2 vm = iRLS

naLm
(10)

where P is the total active power and iLm and vm are the measured load current and SAPF
PoC voltage in each phase (m = a, b, c), respectively. V is the collective value of the SAPF
PoC voltage, V2 = V2

a + V2
b + V2

c . Note that the current reference signal is equivalent to
the non-active current of the load (iRLS

naLm
).

In this strategy, the set of compensated loads (M1, M2, and M3) associated with SAPF
emulates a resistor behavior for every harmonic order within the SAPF bandwidth, as
given in (11), and the Zcomp is calculated by (12).

IPoC(h) = kVPoC(h), ∀h (11)
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Zcomp−RLS(h) =
VPoC(h)
IPoC(h)

=
1
k

, ∀h (12)

Such that k is a constant, IPoC and VPoC are the current and voltage at the SAPF PoC,
as shown in Figure 5, and h is the harmonic order.

3.3.2. Sinusoidal Current Synthesis (SCS) Strategy

This strategy produces a sinusoidal line current, IPoC, whatever the waveform of the
voltage at the SAPF PoC, VPoC, is. The current reference signal i∗ is calculated by (13), such
that V1 is the collective value of voltage considering only the fundamental components of
each phase. Note that the current reference signal is equivalent to the non-active current of
the load considering a sinusoidal voltage supply (iSCS

naLm
).

iscs
∗ = iLm −

P
V2

1
vm1 = iSCS

naLm
(13)

The equivalent circuit model is the same as Figure 5. Differently from the RLS, for the
SCS, the ratio of IPoC to VPoC varies with frequency. In terms of fundamental component,
the current is proportional to the voltage waveform emulating a resistor; however, for the
other harmonic orders, IPoC is equal to zero behavings like an open circuit, as expressed in
(14). The Zcomp is calculated then by (15).

IPoC(h) =

{
kVPoC(h), for h = 1
0, for h 6= 1

(14)

Zcomp−SCS(h) =
VPoC(h)
IPoC(h)

=

{
1
k , for h = 1
∞, for h 6= 1

(15)

3.3.3. Comparison between RLS and SCS

As shown in (12) and (15), both strategies have the same behavior at the fundamental
frequency. However, for other harmonic orders, the RLS emulates a resistor, while the
SCS emulates an open-circuit. Figure 6 represents the equivalent model for RLS and SCS
strategies considering frequency components higher than the fundamental one. It is worth
mentioning that the voltage source is short-circuited since the synchronous generators are
considered as purely sinusoidal, while the non-linear load, represented by a current source,
is still included because it generates harmonic currents.

From Figure 6 , the transfer functions between PoC harmonic voltage (Vh) and non-
linear load harmonic current (Ih) for SCS and RLS are given by (16) and (17), respectively.

VPoC−hSCS(s)
IM5−hSCS(s)

=
ZM6(s)ZM4(s)ZG(s)ZC(s)

ZM6(s)ZM4(s)ZC(s) + ZG(s)ZM4(s)ZC(s) + ZM6(s)ZG(s)ZC(s) + ZM6(s)ZG(s)ZM4(s)
(16)

VPoC−hRLS
(s)

IM5−hRLS
(s) =

ZM6(s)ZM4(s)ZG(s)ZC(s)
k

ZM6(s)ZM4(s)ZC(s)
k +

ZG(s)ZM4(s)ZC(s)
k +

ZM6(s)ZG(s)ZC(s)
k +

ZM6(s)ZG(s)ZM4(s)
k +ZM6(s)ZG(s)ZM4(s)ZC(s)

(17)
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Figure 6. Equivalent circuit model for the frequency components superior to the fundamental one:
(a) RLS and (b) SCS.

4. Simulation Results and Analysis

The power grid of Figure 1 was used as a test-case and was modeled for dynamic
simulations in Matlab/Simulink. The Simulink block diagram for Case 3 is shown in
Figure 7. It includes the gas turbines—synchronous generators (2x25 MVA), two 5 MW
drilling motors controlled by 6-pulse rectifier-based variable speed drive (VSD)—non-
linear loads, a 4 MW gas compressor, and a 4 MW water pump-induction motor (IM)
directly connected to the MV1 bus. Another induction motor (1 MW) was connected to the
MV1 bus, together with a multi-phase pump of 2 MW (non-linear load). Table 1 shows the
parameters of the loads, Table 2 highlights the case studies that are addressed in this section,
and Table 3 shows the simulation values to plot the Bode diagram of Figure 6. Cases 1, 2
and 3 were related to the position of the SAPF in Figure 1, while .a or .b sub-indices are
related to the semiconductor technology, i.e., Si or SiC.
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Figure 7. Simulink block diagram for Case 3.

Table 1. Parameters of the loads of Figure 1.

Load Type Active Power—P PF Apparent Power—A
√

A2−P2

M1 Drilling motor 5 MW 0.95 5.36 MVA 1.93 MVA

M2 Gas compressor 4 MW 0.85 4.71 MVA 2.48 MVA

M3 Drilling motor 5 MW 0.95 5.35 MVA 1.90 MVA

M4 Water injection pump 4 MW 0.8 5.00 MVA 3.00 MVA

M5 Multi-phase pump 2 MW 0.95 2.10 MVA 0.64 MVA

M6 Oil pump 1 MW 0.6 1.67 MVA 1.33 MVA

Table 2. Details of the case studies considered.

Case Comp. Loads Comp. Objective APF Bus DC Volt. Semic. Used

1.a M6 and M5 SAPF at MV1 bus MV1 (6.6 kV) 12 kV Si

1.b M6 and M5 SAPF at MV1 bus MV1(6.6 kV) 12 kV SiC

2.a M1 SAPF at M1 MV2 (11 kV) 18 kV Si

2.b M1 SAPF at M1 MV2 (11 kV) 18 kV SiC

3.a M1, M2 and M3 SAPF at M1, M2 and M3 MV2 (11 kV) 18 kV Si

3.b M1, M2 and M3 SAPF at M1, M2 and M3 MV2 (11 kV) 18 kV SiC
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Table 3. Simulation values to plot the Bode diagram of Figure 8.

Variable Value

k 0.115

ZG = Z + Zgenerator 14.34 + j734.2 mΩ

ZM4 = Z′ + Zmotor4 6.46 + j4.84Ω

ZM6 = Z′ + Zmotor6 14.56 + j19.37Ω

ZC 10 + j318.3Ω

4.1. Bode Analysis of the Circuit

Figure 8 shows the Bode diagrams for both strategies using the values of Table 3. From
Figure 8 one sees that the RLS strategy provided more damping effect for the harmonic
currents than SCS, minimizing the voltage distortion [38]. The SCS strategy created non-
linearity in the circuit, which may have amplified the THDv value up to 10 times [39].
Therefore, the RLS showed better performance than the SCS.
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Figure 8. Bode diagram of the VPoC-h/IM5-h.

4.2. Performance Analysis of Semiconductors

The first analysis carried out was the performance analysis of the semiconductor. Two
variants were considered for each case:

(a) refers to the implementation of SAPFs using Si-based IGBTs, with two voltage
ratings: 3.3 kV Si-IGBT 5SNA 1200E33100 [35] and 6.5 kV Si-IGBT 5SNA 0400J650100 [40]
with rated current capacity of 1200 A and 400 A, and maximum blocking voltage of 3.3 kV
and 6.5 kV, respectively;

(b) refers to the implementation of SAPFs using SiC-based MOSFETs (10 kV SiC
MOSFET/SiC-JBS diode [41]) with a rated current capacity of 100 A, and a blocking voltage
of 10 kV.

The first analysis was between the two Si-IGBT-based solutions. Following the method
described in Section 3, the total losses and number of switching components were calcu-
lated, as shown in Table 4. The number of components needed was smaller for the 6.5 kV
Si-IGBT, but the overall loss was higher than for the 3.3 kV Si-IGBT. The 3.3 kV Si-IGBT
solution (a-cases) was then chosen to compare further with the SiC alternative (b-cases).
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Table 4. Comparison results for the Si-IGBT SAPF.

Parameter Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Semicondutor Si

Switching frequency 2 kHz

Voltage safety factor (SF) 0.6

Model
5SNA 1200E330100 [35] 5SNA 0400J650100 [40]

3.3 kV 6.5 kV

RMS current of SAPF (A) 163.9 91.8 243.7 163.9 91.8 243.7

Number of devices 36 54 54 24 30 30

Switching losses (kW) 61.92 73.48 114.81 97.29 77.32 175.58

Conduction losses (kW) 1.61 0.76 5.35 4.29 1.69 11.88

Total losses (kW) 63.53 74.24 120.16 101.58 79.01 178.49

Table 5 shows the number of components, the losses and efficiency of the power
electronics part, and the required LCL filter for the 3.3 kV Si-IGBT and the 10 kV SiC-
MOSFET. Note that the high-power IGBT-based converter typically switched with lower
frequency (e.g., 2 kHz) than the high-power SiC-MOSFET-based converter that switched
at 10 kHz. The results show that the use of SiC considerably decreased the switching and
conduction losses and was better applicable for low-current applications, where it provided
a count of fewer switches than Si-counterparts. From the perspective of the size of the LCL
filter, the most compact solutions were those based on SiC, which provided lighter weight
and smaller volume than with Si-IGBT, as expected.

Table 5. Results of the SAPF design.

Parameter Case 1a Case 1b Case 2a Case 2b Case 3a Case 3b
Point of connection MV1 MV1 MV2 MV2 MV2 MV2

Semiconductor device Si [35] SiC [41] Si [35] SiC [41] Si [35] SiC [41]
Switching frequency (kHz) 2 10 2 10 2 10
RMS current of SAPF (A) 163.9 163.9 91.8 91.8 243.7 243.7

Number of devices 36 24 54 18 54 54
Switching losses (kW) 61.92 42.72 73.48 32.04 114.81 96.12

Conduction losses (kW) 1.61 6.45 0.76 6.07 5.35 14.25
Total losses (kW) 63.53 49.17 74.24 38.11 120.16 110.37

Efficiency (%) 96.61 97.38 95.76 97.82 97.41 97.62
∆ILmax 25% of ISAPF−peakvalue

ka 0.2

Passive filter
requirements

L f (mH) 17.26 3.45 46.22 9.24 18.88 3.78

Lg (mH) 5.27 0.21 14.96 0.59 4.58 0.18

C f (uF) 7.21 7.21 2.54 2.54 8.30 8.30

r f (Ω) 7.89 1.75 22.23 4.96 7.02 1.53

Resonance frequency (kHz) 0.92 4.20 0.94 4.21 0.91 4.18
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4.3. Performance Analysis of Power Quality in O&G Platform

The following analyses correspond to PQ performance. In order to select the more
suitable SAPF, several options considering different connection points (i.e., MV1 or MV2
and loads targeted) and compensation strategies (i.e., RLS or SCS) were analyzed.

4.3.1. Performance Comparison for RLS and SCS

Sinusoidal current is generated by the SCS technique independently of the voltage
waveform, and it may cause other non-linearities in the system and increase the system
harmonic content, as discussed in Section 3.3.3. The PCC voltage and current waveforms
are shown in Figure 9 for RLS and SCS in case 3 (M1, M2, and M3 compensated by the
SAPF). As expected, the harmonic content for RLS was lower than for SCS. For the latter,
the THDv was 4.39%, and THDi was 2.26%, while for RLS, the THDv was 2.07%, and
THDi was 1.73%. Given this, further analyses will focus on the RLS strategy, which is more
appropriate to O&G applications than SCS strategy.
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Figure 9. Waveforms of VPCC (continuous line-x0.25) and IPCC (dashed line) for (a) RLS and (b) SCS.

4.3.2. Power Quality Indices for Different Points of SAPF Connection

Table 6 shows the power quality parameters for the three cases and without compen-
sation. With no SAPF, the power factor (defined as the ratio between active and apparent
power) measured at the PCC was 0.91 and THDi = 12.57%. At t = 0.1 s, the SAPF was
activated with the RLS mode to achieve a purely active current (i.e., unity power factor) at
the chosen bus. The PQ output indices, regardless of the type of semiconductor used, were
similar. Therefore, the main reason for the performance difference introduced by different
locations of SAPFs was the power rating compensated by the SAPF. Large loads had the
most significant impact on PCC’s PQ indices.

Table 6. Analysis of the power quality performance.

Variable Base Case:No comp Case 1 Case 2 Case 3

SAPF bus voltage (kV) - 6.6 11 11

SAPF current (A) - 163.9 91.78 243.7

SAPF rating (MVA) - 1.87 1.75 4.64

THDv—@PCC (%) 10.39 9.73 5.92 2.07

THDi—@PCC (%) 12.57 11.65 7.09 1.73

PF—@PCC 0.91 0.94 0.94 0.98
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Case 1 employed the SAPF connected to the MV1 bus and had the smallest power
rating among the other case studies. Despite being successful in the local compensation
task (it achieved PF at MV1 equal to 1), the improvement of the PQ indices at PCC was
limited, as the power rating of the MV1 loads was negligible compared to the MV2 loads.
The THDv at PCC was reduced to below 6% with the SAPF connected at the MV2 bus
compensation only one load (M1—Case 2). The PF at PCC was almost unchanged due
to the presence of large uncompensated linear and non-linear loads at MV2 in both cases.
Finally, in Case 3, the SAPF compensated all the MV2 loads except M4, and the THDi was
decreased to 1.73% and THDv to 2.07%, with PF = 0.98. However, the goal was achieved at
the expense of a significantly high power rating for the SAPF converter.

Figures 10 and 11 show the waveforms corresponding to Case 3. Figure 10 shows
the instantaneous (p) and the average active power (P), the instantaneous (q) and the
average reactive power (Q), and the PF at PCC. As can be seen, the active power remained
unchanged since the filter did not exchange active power with the grid; however, the
reactive power at the PCC decreased when the SAPF operated (t = 0.1 s), increasing the
PF. Figure 11 shows the grid current and voltage (IPCC and VPCC), and the SAPF current.
As expected, when the SAPF operated, IPCC and VPCC became less distorted, which is
quantified in Table 6.
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The PQ indices should comply with the standards for electrical installations on off-
shore units. According to ABNT NBR IEC 61892-1:2016 [42] and NEK IEC 61892-1:2019 [43]
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that are based on IEC 61892-1:2015 and IEC 61892-1:2019 respectively; the voltage harmonic
distortion acceptance limits are 3% for each harmonic component, and 5% for the THD (i.e.,
class 1). However, for certain electrical installations where it is not practical to comply with
those requirements, higher values are accepted: no single harmonic shall exceed 6%, and
the THD shall not exceed 8% (i.e., class 2). Therefore, this requirement was met only in
Case 2 and Case 3.

4.4. Shunt Active Power Filter Pre-Selection Tool

The final choice of the SAPF to be applied to an O&G platform was a complicated
decision

that emerged as a trade-off between multiple factors, including the APF rating, de-
sign (e.g., output filter sizing, number, and type of semiconductor switches), overall PQ
performance (i.e., THDv, THDi, and PF), and operation (e.g., losses).

Figure 12 shows a summary of the different aspects considered in this study, proposed
as a preliminary selection method to orient the choice of the SAPF. The parameters were
normalized over their maximum value. Assuming they were weighted similarly, the
smaller area delimited by the line corresponded to the case that was considered indicative
of the better SAPF alternative. Table 7 shows the areas of Figure 12 for each case, in which
100% was the largest area.

It is worth highlighting that this was not the final tool to select the SAPF’s best choice.
A complete analysis involving several factors e.g, reliability, cost, user choice, and physical
size, must be provided to determine the final selection. Although, the technique presented
in this paper is useful as a pre-selection tool to orient the designer in the first analyses and
immediately disregard options clearly resulting in poor performances.

Figure 12. Comparison of SAPFs solutions, using pre-selection tool.

Table 7. Plot areas of each case in Figure 12.

Case 1a Case 1b Case 2a Case 2b Case 3a Case 3b

95.41% 83.12% 100% 66.09% 78.73% 70.90%

It can be seen, for example, that Case 2.b (SiC-based SAPF connected to MV2 and only
compensating the local load M1) offered the best compromise between the parameters, with
intermediate PQ performance, but low total losses, semiconductor count and APF rating.
As a comparison, the corresponding Si-solution (Case 2.a), despite providing equivalent
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PQ performance was penalized in terms of SAPF design (number of switches and filter
size), and higher losses, therefore, should be disregarded. When the Si and SiC solutions
were compared for each case, the latter options presented better or equal performance in
all parameters.

5. Conclusions

The electrical power system of an offshore oil and gas installation is characterized by
high energy consumption but with constrained physical space and weight. Most offshore
platforms operate in isolated-mode, i.e., without connection to the onshore electrical system.
The grid comprises generators, transformers, several loads, and different voltage levels,
and must maintain the power quality within the requirements of the standards.

This paper analyzed the use of shunt active power filter (SAPF) in this scenario. Sev-
eral aspects were addressed: semiconductor analysis, including the number of components
and technology (Si and SiC), converter losses (conduction and switching), the design of
passive components, and control strategies (resistive load synthesis (RLS) and sinusoidal
current synthesis (SCS)). Overall, this paper has shown that SAPF can be a viable solution
for isolated power grids, such as oil and gas platforms, where deteriorated power quality
requires reactive and harmonic compensation. A SAPF pre-selection tool was designed
based on several characteristics, e.g., SAPF connection point, losses, passive components,
power quality, and semiconductor type. Moreover, the advantage of a SiC-based imple-
mentation of such SAPF has been presented and quantified. Finally, the RLS strategy is
suggested for oil and gas applications, because it provides more damping to the system
than the SCS strategy.
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