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Abstract—This paper presents a study for active power
filters’ (APFs) application in a typical offshore O&G platform,
where reactive power compensation and current harmuc
mitigation are often needed to meet minimum power @gality
requirements. As size and weight are critical congtints in
offshore installations, possible benefits of usingilicon Carbide
(SiC) switches for the APF implementation are alsmvestigated.
Different compensation strategies have been compatevarying
the connection point of the APF between two diffem voltage
levels and assigning the APFs different compensatiatargets.
Improvements in Power Quality (PQ) indexes as wekbis APFs
rating, efficiency and design complexity have beenonsidered
for both SiC and Silicon-based solutions to identif trade-offs
suitable for the considered application.
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. INTRODUCTION

Despite the growth of renewable energy, gas andreil
forecasted to remain the two main energy resouncts2050
and beyond. The offshore exploration and drillidigoib and
gas (O&G) has gained momentum over the last dedadles
[2], and about 27% and 30% of the gas and oil etitnas,
respectively, are currently performed offshore. ldoer, the
power supply to O&G platforms still represents aduistrial
challenge. In particular, the distance betweemplatgorm and
the main land, and the high local power requires 200
MW) are critical factors, often preventing the aabl
connection to shore for technical and/or econoeésons. In
all those cases, power generation is provided lnpard gas
turbines or diesel generators and the local etegrid is
operated as an isolated network, characterizedhvesik grid.
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Fig. 1 illustrates the typical electric grid in @&G
platform, whose main components are: synchronous
generators coupled to the gas turbines, powerftianers,
power converters and loads. Although DC-based power
distribution for O&G drilling applications has retty been
under investigation [3], AC systems represent theeof the
art. However, the presence of large power loads, (@umps,
compressors, etc.), the increasing use of eledrices,
coupled to generator impedances (12-25%) that
significantly higher than those of grid connectedwpr
systems contribute to the deterioration of the liqguawver
quality. A major drawback of these AC power systésithe
inherent presence of reactive power (with powetofag PF,
that in extreme cases can be as low as 0.36 pHylting in
higher currents and increased power losses inigtigodition
lines. Additionally the connection of power conesst
typically for AC and DC drives, results in non-lareloads,
and hence harmonic pollutions, with reported THDW a
THDi as high as 12% and 27%, respectively [4].

The tight space and weight constraints of offsHo&G
applications make the deployment of any additiatealices
occupying deck-space critical, as proved by themetrend to
place more processing equipment subsea [3]. Orotier
hand, a single power-quality incident offshore cast up to
750.000 EUR per day [4]. Several methods have been
proposed to compensate the reactive power and hémo
components generated by industrial loads, and a few
contributions also targeted O&G drilling rigs, cimesing
both passive and active solutions [5]—[7]. In pautr, Shunt
Active Power Filters (SAPFs) based on three-phasitaye
Source Converters (VSCs) are well-suited for tpidiaation,

are
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Fig. 1. Schematic diagram of the isolated gridrobffishore O&G platform.
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as they exploit the converter capability of prodigcieactive
power without bulky energy storage components hay are
flexible in the compensation of multiple harmonigg,to high
orders, in addition to reactive power. Hence, theysmaller,
lighter, faster, and with better performances aluced
voltages comparted to other solutions. Howeverarsalysis
benchmarking PQ performance and APF designs for
specific application is missing in the previoustiture.

For this reason, the paper focuses on the desigrséiPF
to be used in an offshore O&G platform, considerihg
impact of different SAPF locations and investiggtinow
specific design considerations, including the ufevmle-
bandgap semiconductors and proper output filteigdes the
converter, can contribute towards size and lossatémh and
high compensation performance. It also commentdwan
compensation strategies, i.e., resistive load ggmhand
sinusoidal current synthesis, and their respestiitability for
the considered application.

The structure of the paper is as follows: in Sectlahe
main industrial processes that take place on an @&&orm
and the required electrical power components aeudsed;
Section Il presents the theoretical and matheralagicalysis
of the SAPF; in Section IV, the selected case sty the
results are presented. Finally, Section V includissussion
and conclusions.

II.  PROCESSING OF OIL AND GAS ON OFFSHORE
PLATFORMS AND RELATED POWER SUPPLY

On a platform, the process of transforming thedflui

extracted from the well into marketable produatgluding
cleaning of waste products such as produced wagujres
several stages and large equipment with high poearand.
Each oil and gas platform has typically severalsyelivided
into production and injection wells. While the faznare used
for production of oil and gas the latter are ddlte inject gas
or water into the reservoir to support its pressumg push the
fluid towards the production well (enhanced oil aeery).
Such process requires large compressors or purapisigha
power consumption from a few MW up to more tharVR&/
[8]. In modern installations, electrical submergmomps, up
to a few MW, are also inserted into the well.

Moreover, as the well-stream may consist of cruklgas,
condensates, water and various contaminants, aiaseps
needed to divide the different components. As #®eaming
from separators may have low pressure, it must
recompressed to be transported. Several typeswgbressors
can be used for such task, with the largest cegif

rigs are the main loads being driven by electricareo They
typically constitute 75-80% of the total electr@at on the
platform and, as their individual power consumpii®in the
multi-MW range (up to several dozens of MW), theg a
typically connected to the HV bus. A low voltageshiLV,
e.g. 400 V) is also present to allow the intercatioa of

theeveral smaller loads (e.g. lightning, living-qearfoads,
possibly also DC).

Due to the variety of voltage levels and load typed
characteristics, the use of both transformers aodep
electronic converters is required. Power converters
particularly large 6- or 12- pulse rectifiers [1€)upled to
fully-controlled inverters, are increasingly contest to
electric motors for drilling, pumping, etc., in erdto allow
variable speed operation for efficiency increaseisT
however, leads to harmonic generation and powelitgua
deterioration [10].

This paper analyzes the O&G platform electric gyste
shown in Fig. 1 and further described in Section Ifvhas
different loads types connected to both HV and Mi$ds.
Table | summarizes the loads parameters.

TABLE . DESCRIPTION OF THE LOADS PARAMETERS

Load Type pﬁs\};?p PF ,;;;p;\?ére_zt Az - pe
M1 Drilling motor 5MW | 0.95 5\/32 ,\j\?z
M2 | Gas compressor 4 MW 0.85 ,\j'\/?Al\ ,\i\;f
M3 Drilling motor 5MW | 0.95 ,3\?: I\:/LI\?X
Ma Wate;)ruimgction AMW | 08 '3\9'2 nﬁ\?g
M5 | Multi-phase pump| 2MW /| 0.95 ,\ivl,g I\(/I)\?;1
M6 Oil pump 1MW | 0.6 ;\j\% I\j\/%g

I1l.  THEORETICAL AND MATHEMATICAL ANALYSIS OF

SHUNT ACTIVE POWER FILTER

In this paper, the SAPF has been adopted as comtfmns
system for reactive power and harmonic pollutionaim
offshore O&G platform. A three-phase 2-level VSC is
selected as APFs topology. It consists of threesamach

beomprising one half bridge. Therefore, six poweitches are
required. Each of the switches can be realized waitlftiple
power semiconductor devices connected either irser in

compressors having a power in the 80 MW range [2]parallel, depending on the voltage and curreningatin

Metering, storage and export process concludertigiuption
cycle, while treatment of chemicals and waste weteriso
needed.

Power generation on O&G platforms typically relms
local gas turbines (GTs) driving synchronous geoesa
(SGs), as shown in Fig.1. Their capacity range ssally
between few MW and 40 MW per turbine [9]. The numiife
turbines on the platforms is often limited to thoedour, with
one used as a back-up for reliability purposes. &®@sGTs
are connected to the highest voltage bus on thfopta

addition to the switching stage, the SAPF requiseme
passive components, such as a DC side capacitanamatput
filter to be connected to the AC grid. Fig. 2 itiages a
simplified structure of a SAPF. The following subtisens
detail each part of the SAPF.

A. Power semiconductor devices

Traditionally the power devices are made up ofaili(Si)
material, but with the increasing demand on efficig high
voltages and high switching frequencies, the Sicheis may
not be able to satisfy all the requirements. Therging of

Two main AC voltage levels, e.g. 6.6 kV and 11 kV,silicon carbide (SiC) devices brings new designsjtoigties

hereafter defined as medium voltage (MV) and highage
(HV), respectively, are normally used for the piath
distribution system. Large compressors, pumps aitichg

for the medium-voltage high-power converters. ThHE S
technology presents superior material propertiesenwh
compared to the Si counterpart. The higher widelgap,



B. Passive components

The proper design of the output filter is of great
importance for performance and size [11], [12]tef SAPF.
i Different strategies for the design of the passimmponents
/ ; by are reported in literature. For this study the Ld@hfiguration,

- illustrated in Fig. 2, has been considered the suttble. The
LCL arrangement is capable to filter higher ordemhonics

/ | ....... with lower cost, and reduced overall weight ande siz
Toc, :/ - compared with the L filter [19]. The filter desidmllows the
| [ 1 < methodology presented in [19];, Ly, L,, andR; can be
_"i.} —u:} —u:} 1 - L, calculated by (5), (6), (7) and (8) respectively.
79 [830L_, v,
- (5501 (530, _ .
wl = o _,Vi C; = 0.05-C, (5)
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Fig. 2. Structure of the SAPF. \/Iz +1
L = ka (7)
dielectric breakdown field strength and thermaldugstivity 9 Crwéy
allow to increase the operational switching frequyeand 1
voltage without increasing the losses. With a higigtching = (8)
frequency, the passive filtering components havallemsize 3WresCr

and the cooling requirements can be relaxed, terethe  whereAl,,,,,is the maximum current ripple at the inverter
overall system volume and weight are reduced [J14t6  output, k, is the desired harmonic attenuatidlh, is base
order to compare the performance, both technolpg®sSi  capacitance ant,.; is the resonant frequency.
and SiC, are analyzed in the paper.
C. Control scheme

The SAPF's control block diagram is shown in FigTBe
control scheme has a faster inner loop to regtiteteurrent,
and a slower outer loop to control the DC voltdgg. is the
DC voltage reference’ is the AC current referencs, is the
synthesis signal that can be the normalized Péi@bonmon
Coupling (PCC) voltage, or can come from a PLL @eha
Locked Loop), depending on the selected compemsatio
strategy [21]c, andC; are the controllers of the voltage and
current loops, respectively.

An association of series and parallel switchegteasary
to comply with the requirements of the circuit agle and
current [16]. The number of devices in series.{.;) and in
parallel ¢, qrquer) for a two-level converter can be calculated
by (1) and (2) respectively.yic. is the direct curren¥/;.pice
is the blocking voltage of the switch afé is a voltage safety
factor taking into account the typical values comiyaused
and reported in the datasheet.

Ipc
Mparaltet = Liovice 1) Two compensation strategies could be implemented:
resistive load synthesis (RLS) and sinusoidal cuirsgnthesis
Vbe (SCS) [22]. The reference generator block is resjuta for
Mseries = —— < (2) synthesizing the two types of compensation andtertee

. reference current signalfy.
The losses calculation follows the methodology pemul

by [14], [17] and [18] and includes both conductiand The sinusoidal current synthesis results in a siiias line
switching losses. The average conduction lossgg,0 of ~ current, regardless of the voltage waveform atR@€. The
each device are given in (3), whéfgis the threshold voltage, 'esistive load synthesis emulates a resistive kmthviour;

R, the slope resistanck,, andl,,, are the average and root therefore, the line current has the same wavefarth@PCC
mean square currents respectively. voltage, changing only its amplitude. The resistivad
synthesis minimizes the current rms value for @giactive
power demand and has a damping effect for possible
Peona = Vo-Iay + Ro- s 3 resonances in the circuit [22].

The reference current signalcan be calculated as given

The switching losses for a two-level converter ¢Bn by (9) for the RLS, and by (10) for SCS.

calculated as given in (4), whetg.,;.. is the number of

devices usedf, is the switching frequency,,, andE, ., v
are the switching loss energy obtained from thasteget and Le Cv (9) Ci (S) | PWM—
testing materials. Since the datasheet switchisgjdénergy are
measured for a speciflG., it is necessary to correct the
losses for the actual voltage across each deVigé. ( Voc
Vim———| RerERENCEH]
VCC | L GENERATOR]

Psw,ZL = ndevice-fsw- (Eon + Eoff)' (4)

Vref Fig. 3. Control block diagram.



P

irLs = lpm — T 9) reduced below 5%.

increased compared to Case 1, but the THDv at PCC i

The PF at PCC remains almost unchanged due to the

e . P presence of large uncompensated linear and noarllnads
tscs = lm = 2 Vm (10)  at HV in both cases. Finally, in Case 3 the APFpprly
. ! i compensates all the HV loads except M4 and THDvTahd

wherei,, andv,, are the measured line current and voltagey; pcc are reduced to 1.37% and 1.91%, respectivighy
in each phasen{ = a, b, c) respectivelyP is the total active  pr—q 98 However, the goal is achieved at the esgoerh a
power,V is th_e collective value of the voltage at the R>d significantly higher SAPF rating. As an examplegsi4 and
the_ superscriptl represents the fundamental value of theg 5 strate the active power, the reactive powhg PCC
variable. current and voltage, and the SAPF current obtam&se 3.

IV. SIMULATION RESULTSAND ANALYZES Following the methodology presented in Section thk
The isolated grid of Fig. 1 has been used as tess-and switching losses associated to the inverter, tta tomber of
simulated in Matlab/Simulink. It includes the GBGs (2x25  SWitching components and the required values optssive

MVA). Two large 5 MW drilling motors controlled bg LCL filter conside_ring both technologies: Si and:_SiNe(e
Variable Speed Drive (VSD) with a 6-pulse rectifierd a 4 calculated. Two Si-IGBTs are analyzed and the coispais
MW water pump-Induction Motor (IM) and a 4 MW

compressor directly connected to the grid are natiegl into TABLE . DESCRIPTION OF THE CASES STUDIES
the HV bus. Another directly-connected IM motoMWV) is Case| Compensat|  Comp. APE bus | DS Semic.
integrated into the MV bus, together with a 2 M\Wver ed loads objective volt. used
controlled multi-phase pump. The main test-casarpaters 1a | M6andM5 f/IA\\/Pk'J: at 6'\2\&\/ 12 kV Si
are shown in Fig. 1, Table | and Table Il. Althougily one SAPF“;H ( iV )

SAPF is to be connected to the grid, several diffeoptions 1b | M6andM5| W/ o ©G6ky) | 12KV Sic
are considered for its connection point and comg@ns SAPF at ny; )
objectives, corresponding to different local congzgion 2.a M1 M1 (a1ky) | 18KV S
strategies. The details are presented in TablEhg. effect of 2b M1 SAPF at HV 18 kv siC
such choices on the final PQ indexes at the HV(B@&C) is ' M1 (11 kv)

assessed. Moreover, for each case, two variants ares.a Mld M2 SAPfFI as H\Ii 18 KV si
considered, where (a) refers to the SAPFs impleatient m mg S;;SF(;?a (llivV)

using Si-based IGBTSs, for which two different vgkeratings 83b | andm: | setofload | (a1kv) | 18KV | SIC

have been considered (i.e., 3.3kV Si-IGBT 5SNA

1200E33100 [17] and 65kV Sl'lGBT SSNA 0400J650100 TABLE IlI. POWER QUALITY PERFORMANCEANALYSIS.

[20]) and (b) refers to the SAPFs using SiC-bas@SHAETs .

(10kV SiC MOSFET/SIC-JBS diode [23]). The 3.3 kVdan Base U2 Case1| Casez CaseB
6.5 kV Si IGBTs have a maximum blocking voltage8d kV F

and 6.5 kV and a current capacity of 1200 A and A00 | APF bus voltage (kV) - 6.6 1 1
respectively and the SiC Mosfet has a blockingagstof 10 APF current (A) . 62| 9575 2405

kV and 100 A capacity.

As mentioned earlier, two compensation strategres a
theoretically possible: resistive load synthesid §R and THD v - @PCC (%) 5.78 55 4.6 1.37
sinusoidal current synthesis (SCS). As the O&Gfpiat is
characterized as a weak system, the SCS compeangatio
commanding a sinusoidal current independently ef/fitage PF - @PCC 0.91 0.94 0.93 0.98
waveform may force additional non-linearities i tystem,
which in turn can trigger voltage resonances. gwof this
fact, only the RLS results are shown and analysedditer.

APF rating (MVA) - 1.67 1.82 4.57

THD i - @PCC (%) 13.6 12.43 7.9 191

As shown in Table Ill, when no SAPF is connectéa, t
power factor measured at the HV bus (as ratio batveetive
power and apparent power) is 0.91 and THDi = 13T6#%.
SAPF is activated at t = 0.1 s, and controlled liSRnhode in
order to obtain a purely active current (i.e. upitwer factor
and current proportional to the local voltage wave) at the
selected bus. PQ performance indexes are simile
independently on the type semiconductors used ladare
compared in Table lll. Case 1 utilizes the SAPFhvile
smallest power rating, connected to the MV. Althoug
succeeding in the local compensation task ( itffaat MV =
1, with equal current and voltage THDs of 5.5 %je t |
improvement of corresponding indexes at PCC istéichias 09" T -
the power rating of the MV loads is significantipaller than aor G 408
that of the HV ones. When the SAPF is connectetiddHV Time [s]
bus in order to compensate only the harmonic distoof one  Fig. 4. Active (top) and reactive (middle) powed&®F (bottom) at the HV
local load, M1, (Case 2), the required rating ity atightly bus (PCC) in Case 3.

.
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Fig. 5. PCC voltage and current (top), SAPF cur(eattom) in Case 3.

shown in Table IV. As can be observed, using tte &/
IGBT the number of components required is lowet, the
total loss is higher than for the 3.3 kV IGBT. Fhis reason
the 3.3 kV solution (a-cases) is selected to taéncompared
to the SiC option (b-cases) in the various casaisleTVv shows
the results for the 3,3kV Si-IGBT and 10 kV SiC-Nkislt is
considered only the IGBTs/Mosfets losses and they a
calculated from the data in the datasheet [17] r@fietence
paper [23]. The results indicate that the use of Si
significantly reduces switching and conduction éssand is
better suited for lower current applications, whiepgrovides
lower switches’ count than Si-counterparts. In ®iwh LCL
filter sizing the most compact ones are those baseRiC that
provide smaller volume and lighter weight, as expec

V. DiscussiON ANDCONCLUSIONS

The final selection of an APF to be applied in a&@
platform is a complex decision that emerges asadetoff
among several factors, such as the APF ratinggddsi.g.,
output filter design, number and type of semiconaiuc
switches, etc.), operation (e.g., losses) and dvér®
performance it can provide (i.e., THDIHD;, PF, etc.). The
different aspects considered in this study can iseally
summarized in Fig. 6, which is proposed as a pieény
selection tool to orient the choice of the SAPF| the
parameters shown on the different axes for theouarcases
are normalized over their maximum value. Assuniirag they
are equally weighted, the smaller the area deldhitethe line
corresponding to one case, the better that SARmalive is
considered. It can be seen, for example, that Qads€SiC
based SAPF connected to HV and only compensatmnigtal
load M1) offers the best trade-off, with intermadih PQ
performance, but low total losses, semiconductomtand
APF rating. As a comparison, the correspondingo&it®n
(Case 2.a), despite providing equivalent PQ perdoce is
penalized in terms of APF design (more switcheslzagder
filter) and higher losses, and should be disreghrde

Overall, this paper has shown that SAPF can ba cmod
solution for isolated power grids, such as O&G fplaws,
where deteriorated power quality requires reactard
harmonic compensation,
constraints are present. In particular, the adggntd a SiC-
based implementation of such SAPF have been pezbant
guantified.

TABLE IV. COMPARISION OF THES! -IGBT.
Case| Case Case| Case
1 5 Case 3| 1 5 Case 3
Semicondutor Si
Switching frequency 2 kHz
Voltage safety 0.6
factor (SF) '
Model 5SNA 1200E330100 + 5SNA 0400J650100
3.3kV 6.5 kV
RMS current of |
SAPF (A) 146.2| 95.75| 240.5 1462 95.75 2405
Number of devices| 36 54 54 24 3 30
SMCP&C\%'OS%S 58.72| 7453 1139 88.27 79.63 1733
Conductionlosses| ) 55 | gg3| 521| 314 188 1157
(kw)
Total losses (kW) 60 75.4 1194 91{4 815 184.9
TABLE V. RESULTS OF THESAPFDESIGN.
© o) © e} © o)
— — N N ™ ™
[} (0] (0] [} [} (0]
Parameter & a a & & a
o (8] (8] o o (8]
Connection point MV| MV | HV HV HV HV
Semiconductordevice ;| sic | si | sic| si| sic
Switching frequency 2 10 2 10 2 10
(kHz)
RMS C“r(rz)m OFSAPF 146 | 146 | 96| 96| 240 249
Switching losses (kW)| 58.7 42y 7455 320 114 96.1
Conduction losses
(kW) 1.3 5.1 0.8 6.6 5.2 13.9
Total losses (kW) 60| 474 758 38l6 %9' 110
Number of devices 36 24 54 18 54 54
AIL'max 25% OfISAPF—peak value
kg 0.2
. Li(mH) | 193 | 39| 443| 89| 174 34§
Passive
Filter Lg(mH) | 53 | 02| 149 06| 4.6/ 0.2
require | G (uF) 72 | 72| 25| 25| 83| 83
ments
re(Q) 79 | 1.8 | 221 49| 69 15
Reso”?ﬂﬁi)ﬂeq“enc’ 092 | 419| 094| 427 092 4.9

but tight space and weigt

Switching devices (max:
54) h

APFfilter inductance inv.
Side (max 44.3 mH)

APF total 1055

(max: 119.2

Comparison of APFs

THDv @PCC (max:5.5%)

kw)

) THDi @PCC
®(max=12.43%)

1-PF @PCC (max:1-
0.98=0.02)

=9 APFrating
(max:4.57 MVA)

Fig. 6. Comparison of APFs solutions. (light bloase 1.a; orange: case
1.b; grey: case 2.a; yellow: case 2.b; dark blaee8.a; green: case3.b).
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