Control Strategies for Multifunctional Active
Front-End Converter in Oil and Gas Platforms

Lorrana F. da Rocha
Graduate Program in Electrical Engineering
Federal University of Minas Gerais (UFMG)
Belo Horizonte, Brazil
Email: lorranafaria@ufmg.br

Elisabetta Tedeschi
Department of Electric Power Engineering

Norwegian University of Science and Technology (NTNU)

Trondheim, Norway and
Department of Industrial Engineering
University of Trento
Trento, Italy
Email: elisabetta.tedeschi @ntnu.no

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
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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 II. In Section III,
the configuration 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 of
the converter. Section V shows the frequency responses and
simulation results. Finally, Section VI concludes the paper.

II. ELECTRICAL MODEL OF THE O&G PLATFORM

The typical electric circuit of the offshore O&G platform
is shown in Fig. 1. The system consists of three gas turbines,
one of which is used as a back-up in the event of failure of the
two main turbines. The local power generation is responsible
for supplying the load demand of the motors from M; to Mg
connected on the medium voltage (MV) buses. The turbines
are connected in MV, 11 kV, along with loads from M; to
M,. The loads M5 and Mg are connected to the MV, bus,
with 6.6 kV.

The motors represented in the electrical diagram are typical
loads on a platform, responsible for drilling, extracting and
injecting fluids into wells. The transformation processes that
occur on an O&G platform are described in [24]. These
processes require large compressors, pumps and drilling mo-
tors with high energy demands, ranging from a few MW to
dozens of MW [2], [27]. Some of these motors are connected
to electrical converters causing the generation of harmonic
components in the circuit. However, these converters make
it possible to condition the electric energy and drive with
variable speed of some pumps and drilling equipment.

In this regard, passive rectifiers are inserted into the system
connected to the motors M7, M3, and Ms. In addition, an
AFE converter is added to the system for analyzing control
strategies for compensation, injection and absorption of energy
as detailed in Section III.

III. CONTROL STRATEGIES OF THE ACTIVE FRONT-END
CONVERTER

The AFE converter is controlled for current harmonic mit-
igation as well as injecting and absorbing active power in an
offshore O&G platform. The converter topology is the three-
phase two-level voltage source converter and uses passive
components, such as a DC-bus capacitor and a LC output filter
[28]. The control scheme and the mathematical formulation
of the control strategies of the converter are detailed in
Subsections III-A and III-B, respectively.

A. Converter control scheme

The converter control diagram contains the outer DC voltage
control loop, and a inner current control loop as shown in
Fig. 2. C, and V5 represent the controller and the reference
for the voltage control, respectively. C; and ¢* represent the
controller and the reference for current control in the output
filter inductance. The reference generator block calculates the
current reference according to the control strategy adopted.

Fig. 2: Block diagram of control scheme applied to multifunction
converter.

Moreover, s* is the synthesis signal that also depends
on the control strategy. For strategies with resistive current
synthesis, s* has the same waveform as the voltage at the point
of connection (PoC). For strategies with sinusoidal current
synthesis, s* is the fundamental component of Vp,c [23].

B. Control strategies for compensation, injection and absorp-
tion

Two control strategies can be implemented for both injection
and absorption of active power as well as compensation for
acting as an shunt APF. Injection strategies are: i) sinusoidal
current injection (SCI) and ii) resistive current injection (RCI).
In the absorption of active power the possible strategies are:
i) sinusoidal current absorption (SCA) and ii) resistive current
absorption (RCA). The compensation strategies are: i) resistive
load synthesis (RLS) and ii) sinusoidal current synthesis
(SCS). The AFE converter is connected to compensate the
MV, loads M;, M2, and M3 according to analysis of the pre-
selection tool shown in [24].

1) Resistive current injection and resistive current absorp-
tion strategies: the inverter is capable of operating with
multifunctionalities, offering power injection and absorption
in addition to support to the grid, which is performed through
the compensation of non-linear loads. In the resistive synthesis
of the injection and absorption currents, the reference value
is generated according to instantaneous voltage values at the
point of AFE converter connection. Thus, the reference of
current for this strategy is:

%
i:,RC = VP%WPOC,M (D)
PoC

where vp,c,m is the measured PoC voltage in each phase
(m = a,b,c), and Vp,¢ is the collective value of the voltage
at the PoC, given by V3,o = Vi, + Vioos + Viec,e P*
is the reference of active power that is injected or absorbed,
according to the sign used in the control. The positive sign
represents injection and the negative sign represents absorp-
tion.

2) Sinusoidal current injection and sinusoidal current ab-
sorption strategies: for injection and absorption of sinusoidal
active current, it uses an external circuit, such as phase-locked-
loop (PLL), to obtain the PoC voltage in the fundamental
frequency. The reference of active current (¢},) is:

*
iZ,SC = 7‘/]; VPoCy,m 2)
PoC1

where the subscript (1) represents the fundamental component
of the variables.



3) Resistive load synthesis strategy: results in the resistive
behavior of the set of loads (i.e., M;, M5, and M3), so that
the current Ip,c has the same waveform as the voltage Vp,c.
The reference of current for RLS compensation is computed

as:
o =1 — iv 3)
fap,RLS L,m V2 PoC,m
PoC
where iz, ,, is the measured load current, and Py, is the active
load power.

4) Sinusoidal current synthesis strategy: represents a sinu-
soidal behavior of the current Ip,c according to the funda-
mental component of Vp,o. The reference signal of current
for SCS compensation is calculated by:

. . Py,
i tap,5CS = iLm — x73—VPoCy,m “4)
VPOC1

5) Total reference signal of current: the current reference
of the converter ¢*, given by the reference generator block of
Fig. 2, is the sum of the compensation current i%,,, and active
current ¢, then:

i =g+ iy (5)

the current components in each part depend on the strategy
used.

IV. FREQUENCY RESPONSES OF CONVERTER FUNCTIONS

This section aims to analyze the frequency response when
the AFE converter is controlled for active power injection,
active power absorption, and compensation. The simplified
model of the circuit is shown in Fig. 3a, where the converter is
represented by an ideal current source (I7nv). The non-linear
loads are simulated by the current sources Ips1, {33 and Ipss,
and the linear loads My, M4 and Mg are constant impedances.
Furthermore, the equivalent single-phase circuit is considered
for simplification. The motors M;, M, and M3 are the loads to
be compensated. The impedance Zo represents the branch of
the capacitor at the output terminals of the inverter. The main
voltage source V is assumed to be ideal, Zg and Z ' represent
the line impedances, and Zp represents the equivalent linkage
impedance of the transformer referred to the primary side.

A. Power absorption strategies

Fig. 3b shows the circuit for the power absorption analysis
by the AFE converter. The non-linear loads are disturbances
in this system and, therefore, are disregarded in this analysis.
For SCA strategy, the inverter output current is given by (6)
and RCA strategy by (7). Thus, it is established for SCA
that the inverter current waveform has only the fundamental
component, as considered for the Vi voltage. In the RCA
strategy, the current waveform tracks the same shape of the
voltage at the PoC.

Irny =k Vo (6)
Itny = k1 Vpoc (7

Note that as the voltage values of the connection point
(Vpoc) and the source (V) are different, due to the line

impedance, it is then necessary to use conductances k£ and
k1 with slight different values.

From these variables (k and k) it is possible to obtain the
transfer functions (8) and (14) for the RCA and SCA strategies,
respectively. The transfer functions indicate the disturbance
that the inverter current causes in the PoC voltage Vp o for
both strategies of absorption.

Veoo—roa(s) _ 1 8)

Irnv_rca(s) ki

Another analysis that can be performed is related to the
equivalent impedance seen by the grid indicated in (15) and
(16) for SCA and RCA, respectively.

B. Power injection strategies

In the power injection, the equivalent sources of the non-
linear loads are also disregarded in the analysis. In addition,
the grid is silenced, as shown in the simplified circuit of Fig.
3c, to obtain the gain of Vp,¢ in relation to Ip,c due to the
influence of the inverter only (i.e., superposition property). The
impedance seen by the point of inverter connection is:

VPoc—in;(s)

Ipoc—inj(s) = Za//Zmal | Zme )

C. Power compensation strategies

Fig. 3d shows the simplified model for compensation strate-
gies analysis, where the current source [ps5 represents the
non-linear load and Z.,,, represents the behavior of the AFE
converter and the compensated loads (M1, Mo, and M3).

For the RLS strategy, the impedance Z,,,), is computed by:

Veoc(h) 1
Zcomp—RLS(h) - IPoC(h) - k2
representing a constant behavior for all harmonic components
within the converter bandwidth, where h is the harmonic order.
In 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
orders, Zcomp is equal to open circuit impedance, such that:

Yh,  (10)

(11

Veoc(h L forh=1
Zcomp—SCS(h) — L() — {kz

"~ Ipoc(h) oo, forh#1

The transfer functions of the ratio between Vp,c and Ips5
for SCS and RLS are given by (12) and (13), respectively.

Vi oC—hscs
Vpoo—hses () _ Zal]Zal | Zme) 2o (12)

IM5—hscs (5)

VeoeohuwsS) _ 7117000112067 )21 (1))

13
IMS—hRLs(S) (13
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Fig. 3: Equivalent circuit model: (a) Simplified, (b) Absorption, (c) Injection and (d) Compensation.

V. SIMULATION RESULTS

This section shows the results obtained by means of MAT-
LAB/Simulink program considering the whole power system,
as in Fig. 1. These results are presented in two separate
analysis: i) the system frequency responses compared to the
simplified transfer functions obtained in Section IV, and
ii) the PQ performance indices for the operating modes of
the converter considering different strategies (i.e., injection,
absorption and compensation). The parameters of Fig. 1 are
shown in Table I.

TABLE I: Parameters of the loads of Fig. 1.

Active Apparent
Load Type power PF power VA2 P2
M; Drilling motor 5 MW 0.95 5.36 MVA 1.93 MVA
Mo Gas compressor 4 MW 0.85 4.71 MVA 2.48 MVA
Ms Drilling motor 5 MW 0.95 5.35 MVA 1.90 MVA
My Water injection pump | 4 MW 0.8 5.00 MVA | 3.00 MVA
M; Multi-phase pump 2MW | 095 | 2.10MVA | 0.64 MVA
Mg Oil pump 1 MW 0.6 1.67 MVA | 1.33 MVA

A. Frequency response results

The theoretical transfer functions obtained in Section IV are
plotted and compared with the circuit simulation results. The
values used in the impedances are detailed in Table II.

1) Power absorption strategies: the bode diagrams of the
functions (8) and (14) are shown in Fig. 4a. These transfer
functions indicate voltage response Vp,c in relation to the
current absorbed by the converter. It can be seen that for the
fundamental frequency (50 Hz) the two strategies behave simi-
larly. The frequency response shows that the circuit has greater
gains from 1220 Hz for the RCA strategy. However, the SCA
strategy has a resonance peak at approximately 850 Hz. This
shows that the SCA amplifies the current harmonics around
this frequency. For RCA the voltage behavior is constant with
respect to the current /7y and is given according to the point
1/kq, with the conductance as k; = 0.0468 S. This value is
obtained based on the operating point of the SCA circuit at 50
Hz. The comparison of the results shows that the RCA strategy
is more suitable than SCA for the absorption of active power.

The points in Fig. 4a are the results of the simulated
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TABLE II: Simulation values to plot the Bode diagram of Fig. 4.

Variable Value

k 0.0413 S

k1 0.0468 S

ko 0.1150 S
ZG =Z+ denerator 14.34 + ]73420 mg
Zya = 2" + Zmotor2 7.27 + j4.54 Q2
Zya = 2" + Zmotora 6.47 + j4.85Q

Zyme = Z' + Zp + Zmotore 14.66 + j21.40Q
Zc 0.5 +j159.15Q

complete system. One can see that the simulation points
follow the trend represented by the transfer functions of
Veoc(8)/Irnv(s) for absorption, despite the simplifications
considered in the circuit of Fig. 3b. The resonance peak of
the SCA strategy is greater in the theoretical plot, since the
simulation considers certain components (e.g., series resistance
in cables and transformer) in its mathematical modeling, thus
providing more damping for the system.

Fig. 4b shows the frequency response of equivalent
impedance, (15) and (16), for absorption analysis. The RCA
strategy provides more damping to the system than SCA up to
600 Hz. The curve without the inverter shows that the system
has a resonance around 430 Hz, which is attenuated by the
absorption of power by the inverter. In addition, the phase

variation is more pronounced for SCA. Fig. 4b also shows the
results of the simulation through the points added in the bode
diagram. At these simulation points, the non-linear loads are
disregarded, as they affect the current drained from the source
but are not included in the transfer function of the model.

2) Power injection strategies: the impedance seen by the
PoC, given by (9), is shown in the bode diagram of Fig.
4c. This analysis indicates how the PoC is affected by the
current injected by the AFE converter. Signal amplification
is observed for frequencies above 100 Hz, which may cause
distortions in Vp,¢. Such slope is also noted by the simulation
points obtained. As shown in Fig. 4c, SCI strategy at 50 Hz is
more suitable than RCI strategy, which considers in the current
waveform the voltage harmonic components in addition to
the fundamental one. In this simulation, the current source
I, which represents the disturbance (i.e., non-linear load),
is neglected as per the theoretical analysis in Subsection [V-B.

3) Power compensation strategies: considering (12) and
(13), it is possible to obtain the frequency responses shown in
4d. As can be seen, the RLS strategy provides more damping
effect for harmonic currents than SCS at frequencies around
800 Hz. The gains obtained in the harmonics points of the
system through the simulation are shown in the Fig. 4d, where
it is possible to notice the tendency of the resonance peak for
the SCS strategy curve.



B. Power quality performance analysis

The performance analysis of PQ is carried out to compare
the response of the system to different injection/absorption
and compensation strategies. The PQ indices used are THD
for voltage of the PoC, total demand distortion (TDD) for
the source current, and PF at the terminals of the generators
according to the data shown in Table III. The values show
that the PQ indices prior the insertion of the AFE is 10.33%
for THD,, 10.59% for TDD;, and 0.9087 for PF. With the
active filter function, the circuit obtains a better PQ gain for
the RLS, which offers greater damping for the system in terms
of harmonic current than SCS.

When only the injection is considered in the converter, there
is a resonance for the RCI strategy, which makes the system
distortion very high and PF low. In this strategy, the reference
of the injected current has the same harmonic components
as Vpoc, accentuating the oscillation of the system at the
common coupling point. This characteristic is shown in the
frequency response. With SCI, the THD, is measured and
equal to 13.76%, being the best strategy for the injection.

In the active power absorption function, without compen-
sation, the RCA is more suitable, with lower THD,, values
than SCA strategy. Thus, the system sees the inverter as
another resistive load, proportionally decreasing the distortion
in relation to the system without inverter.

The following analysis in Table III shows the same con-
clusions obtained by the analysis of the transfer functions,
where the strategy of RLS, SCI and RCA are better for
the comparisons described. The RLS strategy with the RCA
obtained the lowest distortion value for the simulated values
in the active power absorption and compensation mode. For
injection and compensation, the best result was RLS and
SCI. These conclusions are also evidenced qualitatively by
the waveforms shown in Fig. 5, where less distorted forms
are perceived for the best strategies.

TABLE III: Power quality analysis for multifunctional converter
control strategies.

Compepsation Inj ./Ab§. THDy, . | TDDy, Fp
Strategies Strategies (%) (%)
- - 10.33 10.59 0.9087
SCS - 7.05 3.14 0.9802
RLS - 222 1.50 0.9832
- SCI 13.76 12.11 0.8637
- RCI High High Low
- SCA 13.54 11.94 0.9413
- RCA 10.74 11.10 0.9483
scs SCI 7.-10 3..16 0.9683
RCI High High Low
RLS SCI 223 1.49 0.9717
RCI 2.74 1.69 0.9715
scs SCA 6.98 3.14 0.9861
RCA 3.46 1.95 0.9883
RLS SCA 221 1.52 0.9888
RCA 1.90 1.37 0.9889

VI. CONCLUSION

This paper investigated different control strategies for mul-
tifunctional active front-end converter injecting or absorbing
active power and compensating harmonics. The electrical
system analyzed was referred to the O&G platform, being
characterized as an isolated system, with high energy con-
sumption and low power quality indices.

For compensation strategies, it has been shown that the
RLS strategy obtained a THD, value three times smaller
and a TDD; value half than the SCS strategy, for the case
study carried out herein. In the other scenarios, considering
absorption or injection concomitantly with compensation, the
best power quality indices values were obtained using the RLS
strategy. Regarding injection strategies, it was observed that
the RCI strategy is not suitable for the O&G power system, as
it amplifies the high frequency components. It resulted in very
high harmonic content in the two simulated scenarios. For the
scenarios considering absorption, the RCA strategy performed
better, with 20% lower THD,, value than SCA, which means
that absorbing active power following the voltage waveform
provides damping like a resistor at the end of a feeder.

Moreover, this paper showed that using the proper strategies
for the active front end converter embedded in energy storage
system, wind-based system or variable frequency drive can
bring appealing results in terms of power quality enhance-
ment. Specially for the electrical systems on O&G platforms,
where reactive and harmonic compensation is usually required.
Finally, the RLS, SCI and RCA strategies are suggested for
0O&G applications, because they provide more damping to the
system than the others strategies, SCS, RCI and SCA.
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