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Abstract

A substantial share of the electric energy is generated with synchronous generators that
provide sustained alternating current (AC) voltage and frequency energy to regional and
national power systems, which subsequently transport and distribute it to diverse users. In an
attempt to reduce environmental effects, electric energy markets have recently become more
open, resulting in more flexible distributed electric power systems. In such distributed
systems, stability, quick and efficient delivery, and control of electric power require some
degree of power electronics control to allow for lower power in the electric generators to tap
the primary fuel energy potential better and increase efficiency and stability. This is how
variable-speed electric generators (VSEG) recently came into play, up to the 400-megavolt
ampere (MVA)/ unit size, and which have been at work since 1996. This paper provides
coverage of variable-speed electric diesel generators (VSDEG) in distributed generation and
their impacts on fuel efficiency and greenhouse gases (GHG). It discusses permanent-magnet-
(PM) synchronous generators, solutions based on power electronics such as diesel-driven
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wound-rotor-induction generator, doubly-fed-induction generator (DFIG), rotating stator
generator, and the application of continuously variable transmission to a VSEG. The benefits
and limitations of the selected technologies are also presented. The list of references given at
the end of the paper should offer aids for students and researchers working in this field.

Keywords
Diesel generator; variable speed diesel generator (VSDG); energy efficiency; fuel efficiency;
greenhouse gases (GHG); permanent-magnet synchronous generator; DFIG

1. Introduction

Environmental concerns and the search for reduced greenhouse gas emissions have encouraged
the rapid development of renewable energy technologies to produce electricity. However, fossil fuel
generators are indispensable as autonomous sources of primary power supply or reserve for marine
vessels and onshore facilities [1-3].

Diesel Engine Generators (DEG) are widely used in isolated regions because they have high
reliability, stability, long service life, and ease of production [4-6]. These advantages justify the
preference for this energy source over renewable energies for these applications, which, despite
technological advances, are unpredictable, intermittent, and have limited storage capacity [7, 8].
However, the high fuel consumption in DEGs is a disadvantage, as this consumption represents an
increased emission of greenhouse gases. According to [9], only one-kilogram diesel-burning leads
to nearly 3-kilogram greenhouse gas emissions. Furthermore, the incomplete combustion of diesel
is responsible for the emission of hazardous and destructive gases to the environment, in addition
to the emission of particles that contribute to air pollution [10-14]. This is more apparent when the
diesel generator is operated at a low charge for an extended period, causing combustion wastes to
condense on the engine cylinder walls, increasing friction, decreasing efficiency, and increasing fuel
consumption [5]. Another disadvantage of DEG systems is the fluctuation of fuel price and the high
costs of transportation to isolated regions, which increase the cost of electricity [15-19]. Many
studies have been carried out to reduce fuel consumption and pollution, as well as to improve the
efficiency of the generation system [20-23]. Furthermore, it is anticipated that fossil fuels will
deplete within the next 40-50 years, as illustrated in Figure 1.
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Figure 1 Years of global coal, oil, and natural gas availability based on known reserves
and annual production levels in 2015. Note that these values can change in time based
on new reserves and changes in annual production.

Traditional Generator sets powered by DEGs (Genset) typically work at a fixed speed to provide
reliable synchronous speed for the electric power generators. Therefore, The DEGs are sized to
provide the peak of local load demand, presenting a nominal power due to this peak demand.
Although the DEG has maximum efficiency when operating at rated capacity, its efficiency decreases
considerably when working in low load regimes [19]. Thus, efficiency is compromised in regions
where Gensets operate continuously, and there is a significant difference between the low load,
with high duration, and the peak load, which usually occurs during a short period. In addition, low
load operation increases the fuel consumption, increasing fuel costs and the machine maintenance
frequency, which wears out faster when not operating at rated power [24].

This work aims to present the leading diesel generator technologies operating at variable speed,
highlighting the advantages and disadvantages of each and showing their impacts on fuel efficiency
and greenhouse gases (GHGs). A comparison between the studied technologies will also be
presented according to the possible applications.

Section 2 presents the power conversion systems at fixed and variable speeds. Section 3 presents
the characteristics of power generation technologies at a fixed speed and variable speed. Section 4
describes diesel generator technologies at variable speed discussed in the literature, while section
5 compares these technologies concerning system efficiency, fuel consumption, and emissions of
gases and particles into the atmosphere. Finally, section 6 presents the conclusion of this work.

2. Power Conversion Systems at Fixed and Variable Speeds
2.1 Fixed Speed Diesel Generator (FSDG)

In DEG systems operating at a fixed speed, the diesel engine runs at a constant speed to provide
specific mechanical torque for an electric power generator without monitoring the variation of the
electric charge or the engine efficiency [24]. The advantages of this topology are the robustness and
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simplicity of construction and operation (which implies a reduced cost). The disadvantage is that in
an FSDG, as the load decreases, to maintain the fixed speed required by a fixed frequency and
voltage amplitude, the rotor will operate with a high mechanical torque uselessly [25] (Figure 2).
The diesel engine, which is connected directly to the rotor shaft of the generator, must provide
mechanical torque appropriate to the load level to maintain quality power production [26]. In other
words, as the load decreases, in an FSDG, the DEG will operate less efficiently to maintain a fixed
speed, which implies higher fuel consumption for a low load regime, i.e., between 30 and 40% of
the rated load [27]. In addition, fixed speed operation generates more significant mechanical efforts
on the system, increasing the risk of failure. Moreover, the high maintenance rate affects the system
during low load operations due to cylinder glazing or, in worse cases, piston locking [28]. Figure 3
shows a diagram representation of this technology.
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Figure 2 The diesel engine's peak torque, power, and fuel consumption in a proof-of-
concept Genset.
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Figure 3 Fixed Speed Diesel Generator diagram.

These systems are designed for a limited variation of the speed range to optimize their efficiency,
typically presenting two rotation speeds. This is possible by using two generators of different
numbers of poles and different rated powers [28, 29] or by using only one generator with the
possibility of varying the number of poles. Either way, using two rotational speeds allows for a
relative efficiency increase. Furthermore, the rated rotational speeds are chosen to optimize the
fulfillment of the local demand due to the characteristic load curve of the system.
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2.2 Variable Speed Diesel Generator (VSDG)

The operation at variable speed allows the search for operating conditions that promote the
maximum efficiency of the power generation system. This is because the rotation speed affects the
consumption of the engine when the mechanical load decreases according to the electrical load, as

seen in Figure 4.
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Figure 4 Two Specific Fuel Qil Consumption (SFOC) for variable and fixed speed diesel-
driven electric generator 3516C rated at 2350kW.

In the VSDG, the mechanical torque provided by the DEG is adjusted according to the demand of
the load. Therefore, when the system operates under a low load, the DEG slows down, avoiding the
unnecessary production of mechanical torque. As seen in Figure 4, the results show a 27% fuel
saving at 10% load down to 3,5% fuel saving at 80% load when running the engine at variable speed

from 1,200 RPM to 1,800 RPM.

Figure 5 indicates the Genset scheme with a Variable Speed Diesel Generator system.
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Figure 5 Variable Speed Diesel Generator diagram.
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Generation systems that operate at variable speed have many advantages over systems
operating at a fixed speed [29]. Although these systems have a higher initial investment than FSDG
systems, this cost is justifiable when considering improving fuel efficiency [30] and reducing
greenhouse gas (GHG) emissions. A comparison between typical GHG emissions from a 500kW FSDG
vs. VSDG at different load levels is presented in Table 1 [1].

Table 1 Improved GHG emission at different load levels for a 500kW FSDG versus a VSDG
using ultra-low sulfur diesel fuel (0,1% S) [1].

Gases Applied Load FSDG VSDG Difference (%)
° 25% ° 107 kg/hr e 90 kg/hr @ 15,9%
co2 . 50% . 203 Kg/hr e 191 Kg/hr o 5,9%
° 75% ° 300 Kg/hr e 274 Kg/hr e 8,6%
° 100% ° 389 Kg/hr e 359 Kg/hr e 7,7%
° 25% ° 0,17 kg/hr e 0,14 kg/hr e 17,6%
SOx ° 50% ° 0,32Kg/hr e 0,29Kg/hr e 9,4%
° 75% ° 0,44Kg/hr e 0,42 Kg/hr e 4,5%
° 100% ° 0,60Kg/hr e 0,56 Kg/hr e 6,6%
° 25% ° 0,08 kg/hr e 0,06 kg/hr e 25%
NOx ° 50% ° 0,16 Kg/hr e 0,15Kg/hr e 6,3%
o 75% o 0,23Kg/hr e 0,22 Kg/hr e 4,4%
° 100% ° 0,31Kg/hr e 0,29Kg/hr e 6,5%

VSDG systems that use power electronics also can control the active and reactive power supplied
to the electrical network [31]. Another advantage is reducing the dynamic stress of the mechanical
parts, implying less maintenance and increased engine life [32]. Finally, VSDGs can operate for
extended periods at low rotation speed to withstand lower loads [33].

VSDGs adapt more quickly to the variable conditions of the electrical network, provide better
controllability, effective damping of active power fluctuations, and minimize harmonic injection,
facilitating integration into weak networks [34].

Many studies are conducted to improve the efficiency of Gensets operating at variable speed.
Several solutions are proposed to relate the rotation of the diesel engine with the mechanical
torque required by the generator. Some methods are focused on the treatment of electrical output,
while others are based on mechanical conversion to synchronize the engine speed with the variable
electrical charge profile.

3. Variable Speed Diesel Generator Technologies

VSDGs have many advantages over FSDGs systems, as discussed in the previous section. Among
these advantages are the more significant operational flexibility that adapts the DEG rotation to the
electrical load and reduces fuel consumption. This characteristic makes VSDGs widely used in
regions where the electric grid is weak or isolated, without connection to the electric grid, especially
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in hybrid systems that combine DEG with wind or solar systems [35, 36]. This section presents the
characteristics of the latest and most relevant technologies used by VSDGs, particularly electrical
and mechanical approaches that allow the operation of variable speed of the DE depending on load
variation.

Among the technologies presented, the most traditional ones use power electronics to correct
the frequency and regulate the output voltage. We also present an electromechanical and a
mechanical solution for the speed variation of the DEG according to load variation.

3.1 Solutions Based on Power Electronics

In variable speed systems based on power electronics, the generator is connected to the network
through an ac/dc/ac converter, also called a frequency converter, which decouples the frequency
of the network and the frequency of the generator, allowing the control of the rotation speed of
the generator on a broader range [35, 36]. Thus, the generator connected to the electric grid enables
the decoupled control of active and reactive power, the effective damping of power fluctuations,
the operation with maximum energy efficiency, and the minimization of the problems of power
quality (dependent on the generator technology to be used), facilitating its integration into weak
networks.

These variable speed systems can be equipped with wound rotor induction generators or
synchronous generators.

3.1.1 Diesel-Driven Wound-Rotor Induction Generator

The most used generators in DEG assemblies are wound-rotor induction generators [33]. The
induction machine has a structural symmetry with three-phase windings in stator and rotor. In
wound rotor generators, rotor windings are made with copper wires, like the stator winding. This
construction allows the connection of the rotor terminals by passive elements or external sources,
which requires constructing a set of three collector rings and brushes that will enable the electrical
connection between the rotating winding and the static terminal connections [37].

It is necessary to monitor the voltage amplitude and frequency deviation in variable speed
applications. The machine stator can directly connect to the network for grid-connected
installations that dictate the frequency and voltage [38]. For isolated installations without
connection to the power grid, control strategies should be used to keep these parameters within
the operational limits to ensure the quality of the supplied electricity. The control strategy is
implemented considering rotor speed variation and load fluctuations [39, 40].

Generation systems using DEG, and the wound rotor induction generator have a separate exciter
system for voltage control and a speed regulator for frequency control. The doubly excited
generator allows frequency and voltage control, which are kept constant despite load fluctuations,
through adjusting the current controller parameters.

In isolated systems, the induction generator rotor can be connected to an inverter with a battery
bank, and its stator connected to a load and a capacitor bank. It also provides a magnetization
current for the induction generator and controls the output voltage amplitude [41, 42].

Voltage and frequency control is achieved through the inverter connected to the induction
generator rotor, Figure 6. This equipment is responsible for stabilizing the voltage when the rotor
speed varies according to the fluctuation of the load and regulating the frequency, controlling the
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electrical angle of the rotor. The inverter and battery bank are also used for starting the engine [43,
44].

ENGINE

LOAD INVERTER| +
BATTERY
INDUCTION
MACHINE

Figure 6 Wound rotor induction generator [44].

A disadvantage of this configuration is its slow dynamic response that does not support sudden
significant changes in the electrical system. It is more efficient when combined with other
renewable energy sources, such as hybrid systems that combine wind and photovoltaic with the
diesel generator set.

Diesel-Driven Doubly-Fed Induction Generator (DFIG). The Doubly-Fed Induction Generator is a
particular operation of the wound rotor induction generator having independent feeding on stator
and rotor windings. When the induction generator operates connected to the power grid, we can
use a Doubly Fed Induction Generator (DFIG), one of the most competitive technologies for
generation systems operating at variable speed. The DFIG technology has been extensively studied
and is widely used. However, its operation is greatly affected by disturbances in the electrical
network. Therefore, many studies dealings with system modeling to develop complex control
strategies are available in the literature.

The standard configuration of the electrical generation system using a doubly-fed induction
machine, using the slipping power, is shown in Figure 7. The machine stator is connected directly to
the power grid in this system. The rotor circuit is powered by two PWM converters and a
transformer responsible for the adequacy of the voltage level.
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L |

H1

Rotor side Grid side
converter converter

ENGINE

Figure 7 Diesel-driven doubly-fed induction generator.
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This setting enables the doubly-fed induction generator to work by varying the speed within the
operating limits, depending on the load fluctuation, in subsynchronous and super-synchronous
rotation. The power to the network is made with the machine working below, above, and even at
the synchronous speed [45]. The power flow can be established both from the induction generator
rotor to the power grid and in the reverse direction. The converters must operate respectively in
the rectification to transfer electrical power from the rotor circuit to the power supply [44].

A vector control strategy is adopted to manage the rotor's injection/consumption of power,
generating independent PWM pulses for the IGBTs (Insulated Gate Bipolar Transistors). The grid-
side converter controls the voltage on the DC bus and supplies reactive power to the rotor. The
machine-side converter controls the rotor's active power and reactive stator power, using an
orientation strategy for the quantities according to the stator flow, ensuring a decoupling between
the active and reactive power control channels [46].

This setting allows power converters with a power rating equal to a fraction of the generator
power. This feature will enable lower cost but simultaneously limits the generator's speed range
according to the converter's rated power [47]. The sizing of the converters should be done
considering that speed varies according to system load. Traditionally, the converter power is chosen
around 30% of the generator's rated capacity. The operation of the generation system above or
below the limits results in unwanted harmonics [44].

Another disadvantage of this configuration is its high sensitivity to voltage variations in the
electrical network, such as voltage sags. One way to improve the supportability to voltage sags and
protect the DFIG, highly discussed in the literature, is using the crowbar device [48, 49]. This device
is a circuit designed to protect the rotor converter from overcurrent, which occurs from voltage
transients in the stator [50]. It can be formed by a three-phase resistor bank or by a thyristor rectifier
bridge and a load resistor [46, 51].

3.1.2 Diesel-Driven Permanent Magnet Synchronous Generator

Synchronous generators are also used in VSDG systems. However, most applications of these
generators with DEG use Permanent Magnet Synchronous Generator (PMSG). These generators are
more efficient than conventional synchronous machines and simpler because they do not require
external excitation. In addition, its rotor with permanent magnets eliminates Joule losses on the
rotor, thus achieving higher efficiency levels [52].

Many studies propose different control strategies for these generator sets to improve the
system's efficiency [53-64]. In these studies, the power flow extracted from the engine through the
generator is controlled by the electronic power converter.

In [61], the applied power electronics converter is built based on the intermediate voltage of the
dc link. The voltage of the variable frequency and amplitude generator is rectified and then
converted into ac voltage. This concept is accomplished by applying several different rectifier and
inverter topologies. The power converter controls the rectified current and thus adjusts the load
torque produced by the generator.

In [60], the generator engine group consists of an internal combustion engine, a synchronous
generator with permanent magnets, a battery bank, and static converters, as shown in Figure 8. The
topology is composed of a back-to-back converter, a two-way interleaved boost converter
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connected to a battery bank, a dc bus, and the synchronous permanent magnet generator (PMSG)
[61].

BACK-TO-BACK CONVERTER

PRIMER : INVERTER + TRANSFORMER
MOVER GENERATOR ~: RECTIFIER LCL FILTER 380/380V
ICE ) PMSG Grid

-

Figure 8 Genset with PMSG [44].

The rectifier controls the synchronous generator currents. All electricity generated is transferred
to the DC bus, where its voltage is regulated by the buck-boost converter, storing or removing
energy from the battery bank. The inverter uses the energy in the dc bus to supply the load. The
buck-boost converter is responsible for controlling the charge/discharge current of the battery bank
and for regulating the dc bus voltage from the battery bank current. The batteries operate as an
energy buffer between the generator and the output load with this arrangement. Thus, unnecessary
torque/speed transients are avoided at the engine, implying greater fuel consumption [60]. The
rotation of the internal combustion engine, directly coupled with the synchronous generator, is
controlled through a closed-loop injection system to follow an optimal speed reference.

In [52], the problem of slowing the dynamic behavior of the engine in the face of sudden power
variations is compensated by the inclusion of supercapacitors in the dc bus, also reducing the
emission of pollutants and fuel consumption.

Since all power energy in PMSGs is generated at a variable frequency, proportional to the
mechanical speed of the DEG, a full-power converter (FPC) is required. Although these components
are more expensive and present more significant electrical losses than the partial converters used
in a DFIG, it is noteworthy that the use of an FPC provides a complete decoupling with the network.
Thus, they ensure lower sensitivity of the generation system to disturbances from the external
network to the system. On the other hand, a disadvantage of the PMSG-based generation systems
is the cost of manufacturing the synchronous machine. This cost is high due to the complexity of
machine construction that keeps the air gap between stator and rotor small, even with machines of
several meters in diameter. It is also because rare earth magnet prices have significant volatility.
Some elements are highly susceptible to corrosion or sensitive to heat, with the possibility of
permanent loss of magnetic field or polarity reversal [61].

3.2 Rotating-Stator Generator

It is a new electrical technology patented in Canada, the United States, and Australia known as
Genset-Synchro. This technology uses an electromechanical solution for operating at variable
speed, without power converters.

The generation system consists of a diesel engine, a synchronous generator, and an auxiliary
compensating motor. The difference in this technology is that the synchronous machine stator is
not stationary. Therefore, the structure of this machine is modified. First, bearings are installed in

Page 10/23



JEPT 2022; 4(1), doi:10.21926/jept.2201003

its outer layer, between the stator and the generator housing, allowing the free rotation of the
stator about the rotor [63].

The compensating motor is installed on a casing fixed to the synchronous generator housing. The
motor's output shaft is aligned in parallel with the stator shaft [64]. The shafts of the compensating
motor and the stator are connected via a toothed belt and pulleys. The relative speed of the system
will be the combination of the rotations of the rotor and the stator. The stator can rotate in the
same direction as the rotor or in the opposite direction. The goal is that the relative speed is always
constant and equal to the synchronous speed. Figure 9 shows a diagram representation of this
technology, while Figure 10 shows the system's main components.

Load

ENGINE

@/} DRV

COMPENSATING
MOTOR

Figure 9 Rotating-Stator Mode technology [47].

Electric machine

Synchronous P

alternator

asing of Compensating
motor

Figure 10 The concept and main components of the rotating stator generator.

During a low load operation, the rotor, fixed to the diesel engine (DE) shaft, can slow down to
increase efficiency. This is because the power generator reaches synchronous speed by turning the
stator in the opposite direction to the rotor. This feature allows the DE to operate within its
optimum speed range while there is a considerable change in electrical load [65].

Up to 15% of the energy generated by the synchronous generator is used to power the
compensating motor, so the generator itself provides its energy. No other modifications are made
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to the synchronous machine rotor. The windings of the stator also remain the same [1]. Power
converters are used to control the Genset-Synchro compensator motor. As this motor has a power
equal to a small fraction of the permanent magnet synchronous generator (PMSG), the costs with
the power electronics are less, as are the negative impacts of the power converters on the system,
such as the presence of harmonics due to the switching thyristors [65]. Figure 11 shows a diagram
representation of this control system.

Actuator GENSET Digital Control Board

Synchronous Generator

) :
Y

Control Algorithm
g
3 I

Diesel Engine

J—\
Q
=4
[N

Mechanical force
Transmission System

Induction Motor

Host PC

Rectifier
_N_
b
o
i~

Figure 11 Rotating-Stator Mode technology with automatic control system [48].

The main advantage is that this solution can be applied in isolated locations in the existing
generator without modifying the diesel engine block. Studies [1, 3, 64-66] show that the Genset-
Synchro system saves up to 15% when the applied load is below 40% of the rated power and an
average reduction of 7% of pollutant emissions. The disadvantage of this technology is the presence
of brushes in the synchronous generator that require higher maintenance frequency. In addition,
its maximum power is limited to 85% due to the compensation motor that drives the stator [1, 3,
64-66].

3.3 Continuously Variable Transmission (CVT)

The application of CVT to variable speed generators emerges as an economical alternative to
electronic power systems for small and medium-sized equipment. Moreover, incorporating squirrel
cage induction generators, known for their low cost and high reliability, makes this configuration
even more economically attractive.

In the continuously variable transmission system, CVT, within a restricted range, a great number
of transmission interfaces is possible [67]. This technology was initially applied to car transmission
systems to benefit the smooth transition between the relations, reducing the fatigue of mechanical
components and increasing the engine performance. There are various configurations of the CVT
according to the type of application, the torque, and the speed. They are generally classified
according to the transmission elements used as toroids, spheres, belts, and chains.

The application of CVT in electric power generating systems is motivated by the increase in the
rotor speed range, making it possible to operate at a speed of greater efficiency for the DEG
according to load variation without changing the generator's synchronous speed. As a result,
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Gensets connected to the grid that use CVT can have up to 27% fuel economy [68]. This
characteristic enhances CVT application in high-reliability generators such as permanent magnet
synchronous and induction asynchronous, with cage rotor, presenting benefits such as reduced
maintenance costs and power electronics [69]. Figure 12 indicates the Genset scheme developed
with a proposed CVT system. The variation of the DE speed depends on CVT's flexibility and electrical
demand.

GENERATOR

P P
’—”“—)- ——
< CvT LOAD

ENGINE

Figure 12 Diagram of powertrain using CVT technology.

As this is a mechanical solution, this technology does not include control strategies that improve
the quality of the electricity produced. However, since it does not use power electronics, it also does
not inject harmonics into the system.

This technology's advantages are a low complexity in the control system and a low initial
investment cost [70]. This feature makes this technology ideal for isolated systems that provide
power to small communities or when low load represents a large portion of the machine's operating
time. It is also used in applications connected to the power grid to regulate frequency and increase
stability [68].

4. Comparison of VSDG Technologies According to Possible Applications

As discussed in the previous section, each VSDG technology has advantages and disadvantages.
One cannot generalize by choosing one of them as the best overall diesel generator technology
operating at variable speed. The different applications that use VSDG should be considered
according to the characteristics of each specific system.

Among the main characteristics to be considered for selecting the most appropriate VSDG
technology, it is necessary to analyze whether the diesel engine generator is connected to the power
grid, works isolated, or is part of a hybrid system combined with renewable energy sources. In
addition, it is also essential to know the load characteristics, such as the speed variation, the
operating levels, the peak and low load periods, for example.

Most of the references used for the development of this study deal with autonomous systems.
The diagram below shows which references deal with autonomous systems and with systems
connected to the network (Figure 13).
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Isolated Systems Grnid-connected Systems

[1][4]07]
[26][28][30][31][32][34]
[35][38][39][41][42][43] [33][36][37][47][4E][49]

[44][46][52][53][54][58] [50]51][57][58]
[59][60][61][62][63][64]
[65][66][57I[68][69][70]

Figure 13 Classification of references according to connection to the energy network.

The power quality supplied to the consumer is an important feature that the managers of an
electrical system closely monitor. Limits on the voltage and frequency values are imposed to ensure
the system's proper functioning and the power supply quality. An energy conversion system using
DEG can be a generator of disturbances in the power grid, causing power quality phenomena such
as voltage fluctuations (flicker) and harmonic distortion. It can also suffer the effect of disturbances
existing in the electrical network. Among these, the impact of momentary voltage sags in generation
systems stands out [49].

Harmonic distortions are a problem for technologies that use frequency converters in their
switching operation. For example, in DFIGs, which use converters feeding the rotor circuit, only a
small portion of the power (approximately 1/3 of the total power of the shaft) passes through the
converters [48, 49]. In contrast, in the PMSGs, which use stator converters, all power passes through
the converters [46]. Thus, in the technology that uses converters at full power, the impact caused
by harmonic distortions is greater for the same generated power.

The inverter control using pulse width modulation has as main objective to minimize distortions
at low frequencies. The use of PWM makes the most significant distortion frequencies become
located in the region of multiples of the switching frequency, thus reducing the costs with filters,
which may have higher cutting frequencies. Usually, L series, LC, or LCL series-parallel filters or filters
tuned to frequencies near the switching frequency are used. These filters are essential to minimize
harmonics' penetration in the switching frequency, and its multiples in the electrical network to
values allowed for the power supply. Despite this characteristic, VSDG technologies that use power
converters are the most widespread solutions today. They are present in applications connected to
the grid [48, 49] or isolated regions [46, 52-62]. These technologies are widely studied, and many
projects develop control strategies to ensure the best efficiency of these systems, with the lowest
fuel consumption.

A momentary voltage sag can be caused by short circuits, overloads, and the start of large
motors. The operators of electrical systems consider a criterion for connecting a generation system
its ride-through fault capability (RTF), that is, the ability to remain connected to the grid during
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momentary voltage sags at the connection point. DFIGs are very sensitive to disturbances in the
power grid. Thus, many studies define control strategies to solve this problem [49].

Another critical aspect to consider is the value of the project's initial investment. For small
communities in isolated regions, where load fluctuation is small, the most feasible solution would
be to use a generation system that reliably provides electricity with the lowest control complexity
and a low initial cost. In this case, the CVT and the Rotating-Stator Mode (RSM) for the Diesel
Generator would be the most suitable technologies [1, 7, 66-69]. Compared to others who use
power electronics, the disadvantage of these two technologies is higher maintenance rates.
However, the RSM, a newer technology, has proven to be a good alternative for long-term
applications [66].

For systems that operate isolated with large fluctuations of the electric loads, it is necessary to
use a compensation system to avoid harmonic pollution. In such cases, the use of PMSG equipped
with supercapacitors as described in [52] is recommended. This system, however, requires a high
initial investment [52]. Wound rotor induction generators are not suitable in isolated systems that
present large electrical load fluctuations. As the inverter directly controls the excitation system, with
limited capacity, sudden changes at the stator terminals can ruin the rotor winding [44, 45].
Therefore, these generators are best for systems with low load variation or in applications combined
with other renewable energy sources [25, 44].

The diagram below classifies the references used in the development of this study according to
the primary source of energy used to generate electricity (Figure 14). As this work deals with
technologies applied to the diesel engine, most references use diesel as a primary source. Still,
hybrid generation systems have been a widely used alternative to combine diesel's high reliability
and stability with renewable energy sources such as wind and photovoltaic.

Primary Source

(34] [28] [31][611[62]

[26] [30

® [hesel & Battery
(331 [

® Diesel
[37] [42] [47] [48]
Diesel & Wind [48] [50] [51] [56
[57] [89]
= Wind
# Diesel & PV

71[10] [15] [29]
2] [33] [35] [44]
[45] [46] [32] [55]
[35] [80] [63] [64]
[65] [66]

u Diesel & PV & Wind

[4] [41] [54] [67]
[68]

Figure 14 Classification of references according to the primary source of energy.

Table 2 summarizes the main aspects discussed in this paper, highlighting the technologies
studies, the most suitable application scenario, the advantages, and disadvantages.
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Table 2 Most suitable application scenario, advantages, and disadvantages of the
selected technologies.

Technologies

Most Suitable
Application Scenario

Advantages

Disadvantages

Wound-Rotor

Induction Generator

Doubly-Fed Induction
Generator (DFIG)

Permanent
Synchronous
Generator

Magnet

For systems that
operate isolated with

low load variation.

systems
connected to the
power grid.
For systems that

operate isolated with
large fluctuations of
the electric loads.

Technology is well
known and
consolidated in the
market.

Low cost, simple

construction, and easy
maintenance
Requires a low power
converter.

Technology is well
known and
consolidated in the
market.

Can operate like a
synchronous
generator at variable
speed

Fewer harmonics

because control is in
the rotor while stator
is directly connected
to the grid

Easier generator
torque control using
rotor current control
Requires a low power
converter.

Technology is well
known and
consolidated in the

market.

It can produce utility-
type power without
and external power
grid

Slow dynamic
response which
cannot withstand

sudden changes in the
electrical system.
Harmonic distortion.

DFIGs are very
sensitive to
disturbances in the
power grid.

The impact caused by
harmonic distortions
is more significant for
the same generated
power in DFIG.
Magnet's
characteristics tend to
change over time
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Rotating-Stator Mode

For small communities

fluctuation is small.

Low initial investment
of the project.

It can be applied in
isolated places on the
existing generator,
without the need to
modify the diesel
engine block.
Electronic converter is
not required

If the compensating
motor fails, the

Demagnetization
caused by too high
temperatures or too
high currents

The presence  of

brushes in the
synchronous
generator which

require a  higher
maintenance
frequency

The maximum power
is limited to 85% due
to the supply of the

generator can compensating motor.
continue to operate as
FSDG

Cannot be applied on
the systems over 200
kW.

Must be replaced in
case of failure.
Restricted space in the
event of a retrofit

For small communities Provides unlimited
Continuously Variable located in isolated gear ratio.
Transmission (CVT) regions, where load Very high fuel saving

fluctuation is small. (up to 27%)

Table 3 provides an overview of the main studies from the sample considered. The references
are classified according to the technology studied in each of them.

Table 3 Classification of references according to the technology studied in each of them.

Technologies References

Fixed Speed Generator [24, 26-28, 31, 32, 34, 35, 40, 46, 48]
Wound-Rotor Induction Generator [34, 35, 41-45]

DFIG [26, 33, 36, 37, 47-51]

PMSG with Power Electronics [4, 19, 28, 34, 46, 52-62]

PMSG with Rotating Stator Mode [1, 7, 63-66]
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PMSG with Continuously Variable [38, 67-70]
Transmission (CVT)
Wound-Rotor Synchronous Generator [38, 39]

5. Conclusion

For most of their energy requirements, the more significant part of remote communities, small
islands, and means of transport (rail and ship) worldwide rely on imported fossil fuels. Therefore,
the economic cost of energy is very high not only due to the inherent fuel cost but also to
transportation and maintenance costs. In addition, the race against climate change, the reduction
of greenhouse gas emissions, and the decline of the fossil oil reserve accompanied by unstable
prices have led the electric energy market to be more open, enabling for more flexible distributed
power systems to be developed such as VSDG.

One solution for saving fuel in a diesel generator is to allow the engine to vary according to the
electrical load at variable speeds. Furthermore, when compared to FSDG-powered systems, VSDG-
powered systems result in lower fuel consumption and, as a result, lower gas emissions and harmful
particles. In this paper, different VSDG have been presented and compared, including PMSG with
power electronic converter, Wound-rotor induction generator, PMSG with the rotating stator,
Wound rotor synchronous generator, and PMSG with a continuous variable transmission. It has
been found that the use of electronic converters remains the most common technology despite the
fact it is considered a significant source of harmonics. According to Table 2, each of these
technologies has advantages and disadvantages. It cannot be concluded that one among them is
the best VSDG technology. For each different type of application, a technology would be the most
indicated. The choice depends on factors such as cost of the initial investment, load fluctuations,
slow or sudden, and small or large, the procedure adopted for operating the system. It also depends
on whether itis connected to the power grid or works isolated, the complexity of the control system,
and the frequency of machine maintenance.

6. Author Suggestions for Future Work

In the next step, the author will model an 800 hp diesel engine driving a rotary stator generator
to study and analyse the quality of the signals (voltage, current, frequency, and harmonics) when
put under a variable load in an isolated community. An analysis of fuel consumption and GHG
emissions will also be performed. Furthermore, the authors compare different systems in terms of
investment and profit for reference to select their appropriate Gensets.
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