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Abstract—This paper compares control strategies for active
power exchange and electrical disturbance compensation for
multifunction active front-end converters applied to offshore oil
and gas platforms. Such scenarios are characterized as weak
grids due to their isolated nature and the presence of heavy motor
loads. Thereby, harmonic compensation may play an important
role in increasing power quality indexes. Thus, different strategies
(i.e., sinusoidal current and resistive load synthesis) are com-
pared, varying between injection, absorption and compensation
targets. Such functionalities are fully performed by active front-
end converters embedded in energy storage system since the
bidirectional power exchange is possible; or partially performed
by wind-based system, variable frequency drive and active power
filter. The strategies are analyzed in terms of damping capacity
through the frequency response, voltage distortion caused at the
point of the converter connection, total demand distortion for
the source current, and power factor at the terminals of the
generators.

Index Terms—Multifunctional
Power Quality, Control Strategies.

Converter, O&G Platform,

I. INTRODUCTION

ESPITE the modification in the world energy matrix over

the past few years due to the insertion of renewable
sources, the oil and gas (O&G) sector is still among the main
sources of energy [1]. Provision and increase of production
are guaranteed in the short- and medium-term because of the
discovery of new offshore fields located in deep water [2]. The
electrical system of an offshore platform is characterized as
an isolated grid that has its own generation system, through
gas turbines and/or diesel generators, without connection to
the onshore power grid.

Fig. 1 illustrates the typical electric grid in an O&G
platform. The main components are synchronous generators
coupled to the gas turbines, power transformers, short cables,
power converters, and loads. This power system is seen as a
weak grid, as it has a limited capacity to support deviations

Lais A. Vitoi
Graduate Program in Electrical Engineering
Federal University of Minas Gerais (UFMG)
Belo Horizonte, Brazil
Email: laisvitoi @gmail

Danilo I. Brandao
Graduate Program in Electrical Engineering
Federal University of Minas Gerais (UFMG)
Belo Horizonte, Brazil
Email: dibrandao@ufmg.br

in voltage and frequency during the operation. Due to the
type of equipment existing in these systems, such as pumps,
compressors, and drilling rings, there is a high use of loads
with low power quality (PQ) indices with a high level of total
harmonic distortion (THD) and a low power factor (PF). In
such scenarios, PF can reach minimum values of 0.36, just as
THD, and THD; can reach values of up to 12% and 27%,
respectively [3].

The O&G sector still has a large predominance among the
primary energy sources. The integration of renewable sources
at the platforms has been proposed as a solution for improving
efficiency and reliability of such power system [4]. Connecting
renewables into O&G platforms requires the integration of
energy storage systems (ESS) due to the fluctuations of power
generation [5], [6]. By doing so, it would be possible to
insert a multifunction system, capable of operating both for
injection and absorption of energy. In addition to providing
compensation for reactive and non-linear loads, thus enhancing
the PQ of the grid [7]. Such multifunctionalities can be fully
performed by active front-end (AFE) converters embedded in
ESSs [8]; and partially performed by wind-based systems [9],
[10], and variable frequency drives [11], [12].

Harmonic and reactive compensation has been studied in
the literature for industrial applications [13], [14] and marine
loads [15], [16], and there are even specific applications for the
0&G platform, although these are less investigated [17], [18].
In [17], a performance comparison between some harmonics
mitigation solutions is presented to determine the optimal miti-
gation method. In addition, an economical solution is proposed
to alleviate the failure mechanisms in adjustable speed drivers
in O&G industry without the insertion of expensive harmonic
filters. The authors of [18] present the design of a tuned
passive filter using genetic algorithm and applied to offshore
petrochemical industries. The optimization method is based
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Fig. 1: Schematic diagram of the isolated electric grid of an offshore oil and gas platform.

on minimization of rms source current, harmonic components
and reactive power requirement.

Thus, passive filters are a solution for improving PQ on the
platform, but they are very bulky elements. On the other hand,
active power filters (APFs) have better results in addition to be-
ing smaller and lighter. However, they are expensive elements
and are not commercially available for medium voltages (11-
13.8 kV). A more suitable solution is to use the converters
already present on the platform, such as variable frequency
drives or battery-storage systems, applied as multifunction
AFE converters.

Furthermore, different control strategies have been inves-
tigated in literature for the integration of multifunctional
converters in the utility grid [19]-[21]. In [19], the use of
the instantaneous symmetric component theory is proposed
to calculate the reference of current of the multifunctional
converter using sinusoidal current synthesis. In addition, a
damping filter is integrated with the control algorithm to
attenuate fluctuations in the converter currents under operating
conditions of variable power. In [20], a control strategy based
on direct Lyapunov control theory is used in order to provide a
region of adequate stability for the insertion of the distributed
generation in the electrical grid. It can reduce stress in the
grid by injecting energy distributed during peak demand. In
[21], control strategies are presented for a multifunctional
inverter using the Conservative Power Theory (CPT), which
seeks robustness in terms of system uncertainties and fast
dynamic performance on load fluctuations. In this paper, the
formulation of the balanced active current term from CPT is
used to calculate the references of current for active power
injection/absorption and for compensation [22]. This theory

makes use of instantaneous measurements of the electrical sys-
tem, does not require transformation of the frame of reference
and is independent of the disturbances of the waveform [23].

Despite the references above, there is a lack of reports
for applications in the offshore O&G sector, except for [24]
where the control strategies for compensation are investigated.
These applications are characterized by high voltage and high
rated power converters all operating without connection to the
onshore grid. Due to the high harmonic distortion in these
scenarios, it is important to know the effect that different
control strategies can have at the point of common coupling.
Some strategies can provide a greater damping effect for part
of the circuit [25], [26]. On the other hand, other strategies
for injection/absorption and compensation together can cause
greater harmonic distortion and even instability, when com-
pared to the results of the system without the insertion of the
converter.

Hence, the contribution of this paper is to analyze the
integration of a multifunction converter in an O&G platform,
approaching both theoretical investigations, and steady-state
and dynamic simulations analysis. In this regard, the paper
considers: 1) the frequency response for the analysis of the
damping system resonances at a weak grid; and 2) the PQ
performance achievable by connecting the multifunction con-
verter for different injection or absorption and compensation
targets. For active power injection strategies, sinusoidal current
injection and resistive current injection are used, in the same
way as for active power absorption. For compensation, two
strategies are applied, namely the resistive load synthesis and
the sinusoidal current synthesis.

This paper is organized as follows. The main electrical



components and industrial processes that are required in an

0&G platform are discussed in Section Il. In Section lll,

the con guration of the multifunctional converter control is

described, presenting the equations used to calculate the

reference of current for each strategy. Section IV presents

the mathematical formulation in the frequency domain for

analysis of the damping of resonances in each function g 2: Block diagram of control scheme applied to multifunction
the converter. Section V shows the frequency responses abfverter.

simulation results. Finally, Section VI concludes the paper. . ) .
y pap Moreover, s is the synthesis signal that also depends

Il. ELECTRICAL MODEL OF THEO&G PLATFORM on the control strategy. For strategies with resistive current
synthesiss has the same waveform as the voltage at the point
8§ connection (PoC). For strategies with sinusoidal current
r%(hthesiss is the fundamental component ¥ ,c [23].

The typical electric circuit of the offshore O&G platform
is shown in Fig. 1. The system consists of three gas turbin
one of which is used as a back-up in the event of failure of t
two main turbines. The local power generation is responsilie Control strategies for compensation, injection and absorp-
for supplying the load demand of the motors from kb Mg tion

connected on the medium voltage (MV) buses. The turbinesrq control strategies can be implemented for both injection
are connected in My, 11 kV, along with loads from Mo 5,q absorption of active power as well as compensation for
Mg. The loads M and M are connected to the MVDUS, 4¢iing as an shunt APF. Injection strategies #rasinusoidal
with 6.6 kV. ) i i _current injection (SCI) and) resistive current injection (RCI).
The motors represented in the electrical diagram are typigglhe apsorption of active power the possible strategies are:
loads on a platform, responsible for drilling, extracting anf sinyspidal current absorption (SCA) aiidresistive current
injecting uids into wells. The transformgtlon processes tha&bsorption (RCA). The compensation strategies iresistive
occur on an O&G platform are described in [24]. Thesgaq synthesis (RLS) andi) sinusoidal current synthesis
processes require large compressors, pumps and drilling Wecs) “The AFE converter is connected to compensate the

tors with high energy demands, ranging from a few MW tﬂ/lvl loads M, M,, and My according to analysis of the pre-
dozens of MW [2], [27]. Some of these motors are connected|action tool shown in [24].

to electrical converters causing the generation of harmonicyy Resistive current injection and resistive current absorp-
components in the circuit. However, these converters maj(g, strategies: the inverter is capable of operating with
it possible to condition the electric energy and drive with,ifunctionalities, offering power injection and absorption
variable speed of some pumps and drilling equipment. i, aqdition to support to the grid, which is performed through
In this regard, passive recti ers are inserted into the systefls compensation of non-linear loads. In the resistive synthesis
connected to the motors MMz, and Ms. In addition, an g the injection and absorption currents, the reference value
AFE converter is added to the system for analyzing contrd generated according to instantaneous voltage values at the
strategigs fqr compensation, injection and absorption of energ¥int of AFE converter connection. Thus, the reference of
as detailed in Section III. current for this strategy is:
[Il. CONTROL STRATEGIES OF THE ACTIVE FRONEND . P

Ia;RC = 2 VPoC;m (1)
CONVERTER Vioc

The AFE converter is controlled for current harmonic mitwhere vpoc.m  is the measured PoC voltage in each phase
igation as well as injecting and absorbing active power in gm = a;b; 9, andVpc is the collective value of the voltage
offshore O&G platform. The converter topology is the threeat the PoC, given bW g« = V& c.. + Viéocp + Vioce - P
phase two-level voltage source converter and uses passt/¢éhe reference of active power that is in]ected or absorbed,
components, such as a DC-bus capacitor and a LC output l@&tcording to the sign used in the control. The positive sign
[28]. The control scheme and the mathematical formulatiogpresents injection and the negative sign represents absorp-
of the control strategies of the converter are detailed iion.

Subsections IlI-A and 11I-B, respectively. 2) Sinusoidal current injection and sinusoidal current ab-
sorption strategiesfor injection and absorption of sinusoidal
active current, it uses an external circuit, such as phase-locked-

The converter control diagram contains the outer DC voltagsop (PLL), to obtain the PoC voltage in the fundamental
control loop, and a inner current control loop as shown iflequency. The reference of active curreiy)is:

A. Converter control scheme

Fig. 2.C, andVp represent the controller and the reference P
for the voltage control, respectivel; andi represent the iasc = VTVPOCI;m (2)
controller and the reference for current control in the output PoCy

Iter inductance. The reference generator block calculates tidere the subscrigh) represents the fundamental component
current reference according to the control strategy adoptedof the variables.



3) Resistive load synthesis strateggsults in the resistive impedance, it is then necessary to use conductakcasd
behavior of the set of loads (i.e.,iMM;, and M), so that k; with slight different values.

the current poc has the same waveform as the voltAgec . From these variablek (andk;) it is possible to obtain the
The reference of current for RLS compensation is computednsfer functions (8) and (14) for the RCA and SCA strategies,
as: P respectively. The transfer functions indicate the disturbance
itaprLs = TLm VTLVF’Oc;m (3) that the inverter current causes in the PoC volt¥gec for
PoC both strategies of absorption.
wherei., is the measured load current, aRd is the active
load power. Veoc Rea(s) _ 1 ®)
4) Sinusoidal current synthesis strateggpresents a sinu- linv rca(S) ki

soidal behavior of the currenf,c according to the funda- . .
mental component o¥poc . The reference signal of current AAnother analysis that can be performed is related to the
for SCS compensation is calculated by: equivalent impedance seen by _the grid indicated in (15) and
b (16) for SCA and RCA, respectively.
ifap;SCS = ium VziLVPocl;m (4)
PoCy B. Power injection strategies
5) Total reference signal of currentthe current reference h L h val £ th
of the converteii , given by the reference generator block or. In tle %ower |njlect|3_n, the gqglya ek:]t sou:cejs OI t ((ajdqgn—
Fig. 2, is the sum of the compensation currggf and active Inear loads are aiso disregarded in t'e analysis. in a |F|on,
currenti,, then: the grid is silenced, as shown in the simpli ed circuit of Fig.

) 3c, to obtain the gain offpoc in relation tolpoc due to the

i =i+ ; . . o
a’ 'fap in uence of the inverter only (i.e., superposition property). The
the current components in each part depend on the stratégpedance seen by the point of inverter connection is:
used. v ©
PoC inj S) _ — -
IV. FREQUENCY RESPONSES OF CONVERTER FUNCTIONS Troc m (9) Z6==lm4==2w s 9)

This section aims to analyze the frequency response when . _
the AFE converter is controlled for active power injectionC. Power compensation strategies

active power absorption, and compensation. The simpli ed Fig. 3d shows the simpli ed model for compensation strate-
model of the circuit is shown in Fig. 3a, where the converter Ejes analysis, where the current soulges represents the

:repéesenteql byI anoildbeal r::urrent SourgR\ ). Tlhe norgl“neaf non-linear load and comp represents the behavior of the AFE
oads are simulated by the current sourtgs, lms andims, onverter and the compensated loads (M, and M).

and the linear loads M M4 and Ms are constant impedances. ) . ]
Furthermore, the equivalent single-phase circuit is considered:Or the RLS strategy, the impedaricgmy is computed by:

for simpli cation. The motors M, M, and M; are the loads to Vpoc(h) _ 1
be compensated. The impedarie represents the branch of Zeomp ris ()= ——= =~ 8h; (10)

) ) : . lpoc(h) ko
the capacitor at the output terminals of the mveorter. The main
voltage sourc&/s is assumed to be ideds andZ represent representing a constant behavior for all harmonic components
the line impedances, antlr represents the equivalent linkagewithin the converter bandwidth, wheheis the harmonic order.
impedance of the transformer referred to the primary side. |n the SCS strategy, this ratio between voltage and current
at the PoC is only valid for the fundamental component due to

) . ) the sinusoidal behavior of the current. For the other harmonic
Fig. 3b shows the circuit for th_e power absorpthn analysl?rders,zcomp is equal to open circuit impedance, such that:
by the AFE converter. The non-linear loads are disturbances

A. Power absorption strategies

in this system and, therefore, are disregarded in this analysis. Veoc (h) ( 1. forh=1
For SCA strategy, the inverter output current is given by (6) Zcomp scs(h) = % = kZ_’ tor h (12)
and RCA strategy by (7). Thus, it is established for SCA poc () 1; forhél

that the inverter current waveform has only the fundamental
component, as considered for tMg voltage. In the RCA
strategy, the current waveform tracks the same shape of
voltage at the PoC.

The transfer functions of the ratio betwe¥p,c andly 5
{RE SCS and RLS are given by (12) and (13), respectively.

VPoC hscs (s)

= Z~== == == 12
linv = k Vg (6) M5 hscs (S) OTTAM 4= 672 (12)

Iinv = K1 Vpoc (7) vV,
T Ve s ) g g e ez =12k (19)
Note that as the voltage values of the connection point Im5 hes (S)

(Vroc) and the source\fs) are different, due to the line



Vpoc  sca (8) — [KZc+1[Zm6Zm 4Zc Zm 2]

I'nv _ sca (S) ~ K[ZmeZmaZcZm2+ZGZmaZcZm2vZGZm6ZcZm 2+ 2ZGZ M 6ZM aZm 2+ ZGZ M 6Zm aZc ] (14)
Ve sca () _ Zmoelmalclm2t Zoimalclmat Zoluelcim2t Zoimelmalm2 + ZoZmelmalc (15)
lc sca(S) ZvaZcZua+ Zmelclm2+ ZuelmaZc + ZmeZmalmz KZmeZmaZcZm o2

Ve rea () _ o+ ZmeZmaZc(1=ki)Zw 2 (16)
I Rrca (S) ZmaZc(1=k1)Zm2 + ZmeZc(1=k1)Zm2 + ZmeZm a(1=K1)Zm2 + Zm6ZmaZcZm2 + ZmeZm aZc (1=ky)

(@) (b)

(© (d)
Fig. 3: Equivalent circuit model: (a) Simpli ed, (b) Absorption, (c) Injection and (d) Compensation.

V. SIMULATION RESULTS A. Frequency response results

This section shows the results obtained by means of MAT. The theoretical transfer functions obtained in Section IV are

LAB/Simulink program considering the whole power systenP,'Otted and clompar.ed with the circuit simula‘gion results. The
as in Fig. 1. These results are presented in two separ§@iues used in the impedances are detailed in Table 1.
analysis:i) the system frequency responses compared to thel) Power absorption strategieshe bode diagrams of the
simplied transfer functions obtained in Section IV, andunctions (8) and (14) are shown in Fig. 4a. These transfer
i) the PQ performance indices for the operating modes nctions indicate voltage responsg.c in relation to the

the converter considering different strategies (i.e., injectioft/lrent absorbed by the converter. It can be seen that for the
absorption and compensation). The parameters of Fig. 1 f#g@damental frequency (50 Hz) the two strategies behave simi-

shown in Table . larly. The frequency response shows that the circuit has greater
gains from 1220 Hz for the RCA strategy. However, the SCA
TABLE I: Parameters of the loads of Fig. 1. strategy has a resonance peak at approximately 850 Hz. This

shows that the SCA ampli es the current harmonics around

Load Type ’;g\t,'\:’:r PF Agg‘;"vﬁ”t Pozz | this frequency. For RCA the voltage behavior is constant with
R Driling motor cvw T 095 [ 536 MVA | 193 MVA respect_to the curremtyy and is given accordlng_to the pqmt
M, Gas compressor | 4MW | 0.85 | 471MvA | 248 Mva | 17ki, with the conductance ds = 0:0468 S. This value is

Ms Drilling motor 5MW | 0.95 | 5.35MVA | LoomvA | Obtained based on the operating point of the SCA circuit at 50

Ms | Water injection pump| 4MW | 0.8 | 5.00 MVA | 3.00 MVA Hz. The comparison of the results shows that the RCA strategy
Ms Multi-phase pump | 2MW | 0.95 | 2.10MVA | 0.64MVA | s more suitable than SCA for the absorption of active power.
Ms Oil pump IMW | 06 | 167MVA | 133 MVA The points in Fig. 4a are the results of the simulated
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