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Abstract

:

Diesel generators (DGs) are set to work as a backup during power outages or support the load in remote areas not connected to the national grid. These DGs are working at a constant speed to produce reliable AC power, while electrical energy demand fluctuates according to instantaneous needs. High electric loads occur only for a few hours a day in remote areas, resulting in oversizing DGs. During a low load operation, DGs face poor fuel efficiency and condensation of fuel residues on the walls of engine cylinders that increase friction and premature wear. One solution to increase combustion efficiency at low electric loads is to reduce diesel engine (DE) speed to its ideal regime according to the mechanical torque required by the electrical generator. Therefore, Variable Speed Diesel Generators (VSDGs) allow the operation of the diesel engine at an optimal speed according to the electrical load but require additional electrical equipment and control to maintain the power output to electrical standards. Variable speed technology has shown a significant reduction of up to 40% fuel consumption, resulting in low GHG emissions and operating costs compared to a conventional diesel generator. This technology also eliminates engine idle time during a low load regime to have a longer engine lifetime. The main objective of this survey paper is to present the state of the art of the VSDG technologies and compare their performance in terms of fuel savings, increased engine lifetime, and reduced greenhouse gases (GHG) emissions. Various concepts and the latest VSDG technologies have been evaluated in this paper based on their performance appraisal and degree of innovation.
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1. Introduction


Despite all improvements in renewable energy technologies, numerous remote sites and applications are still dependent on DGs and fossil fuels to produce electricity. DGs are still commonly used to provide electricity in isolated communities as renewable energies are unpredictable, intermittent, and the storage capacity is limited [1].



DGs are also widely used as a backup in countries with a high frequency of electric shortage both for residential and commercial sectors, and as a primary source of energy production in some power plants. Stability, reliability, and ease of production are some of the advantages of DGs for electricity generation [1]. On the other hand, diesel engines have some major drawbacks, such as greenhouse gas (GHG) emissions and high fuel consumption. Nitrogen oxides (NOx) and carbon monoxide (CO) are two hazardous and destructive gases produced during incomplete diesel combustion, among other particulate emissions [2,3]. Extensive research and several studies have been carried out, such as post-combustion and pre-combustion, to reduce soot emission. For instance, it is possible to reduce the NOx species from the diesel chamber during the combustion process using a pre-combustion method in a very early stage of ignition [4]. However, these technologies are insufficient to control fuel consumption and environmental emission during different load regimes. Additionally, fuel quality and economy play an important role in diesel performance and the cost of electricity, respectively. The fluctuation of fuel prices in global markets and its transportation to remote areas are reasons for researchers to improve Genset efficiency. Genset system efficiency is a ratio between electricity production and fuel consumption [5]. Thus, the increase in the energy efficiency of the Genset system reduces fuel consumption. In study [5], engine temperature and electric load oscillations are two significant parameters affecting fuel consumption. However, in study [6], DG sizing is a critical parameter for fuel economy in a power system with a typical load. Based on the explanation above, these operational parameters affect every diesel engine (DE) fuel consumption profile. More precisely, the mechanical load from the electrical generator applied to the engine crankshaft undoubtedly affects fuel consumption [7]. As stated earlier, one of the most challenging issues for DG performance is that the DE efficiency is optimal during nominal power operations, and it decreases sharply at lower regimes.



In other words, DE should run at a constant speed to provide reliable synchronous speed for the electrical generator while the production varies based on load oscillations. This phenomenon decreases DG efficiency, especially during low electric loads. The fixed speed partial load operation results in poor system efficiency and engine damage like cylinder glazing. In addition, small and medium-size DG are more sensitive to low load regime. VSDG allows partial load application by adapting the engine speed to the load. This technology provides fixed frequency for the power system while adapting to the engine’s optimized speed operation. This paper proposes a comprehensive study of VSDGs based on the latest existing techniques. It highlights the critical parameters to be considered when the system is connected to variable loads.




2. Diesel Generator Characteristics Associated with Low Load Operation


Conventional DGs need to run at a constant speed of 1500 rpm or 1800 rpm to provide constant 50 Hz or 60 Hz frequency, respectively. The grid-connected power plants or isolated communities powered by fixed speed Genset applications always faced low efficiency due to fluctuations of electrical loads from the demand side. There is a huge difference between peak loads, low loads, or even base loads [8]. A sample of the annual variation of the hourly electric load profile appears in Figure 1.



In a typical power system, DG sizing is based on peak loads to avoid any load curtailment. As a result, the reliability of the system increases, and DG can support electric demand at any time. On the other hand, DE speed remains almost constant during low electrical loads, which is the main reason for low diesel efficiency [10,11]. The speed and the mechanical torque of the DE are two parameters affecting overall DG efficiency. They are controlled and adjusted by the amount of fuel injected into the diesel cylinder. Diesel torque is relatively flat over a wide range of speeds, whereas DE speed is more sensitive to load variation [11]. Rotational speed affects engine consumption when the mechanical load decreases to follow the electric load variation. Therefore, to increase the fuel efficiency of the system, DE speed should synchronize with load variation. DE speed should be reduced during low electric load demand to avoid unnecessary mechanical torque [10]. For conventional DGs, this ruins the power quality of the produced output power since the DE crankshaft rotates solidary with the rotor of the electric generator. Various studies and solutions have been proposed to pair the demand side with the adjustable DE speed and simultaneously regulate the produced electric power. The primary aim of this study is to assess existing variable speed technologies and evaluate them according to a series of performance criteria. Figure 2 illustrates the efficiency improvement of using a VSDG rather than a fixed speed one, especially at low loads.




3. Overview of Variable Speed Diesel Generator


Fixed speed diesel generators are designed for a limited speed range variation of the DE, and their efficiency drops sharply during low electric load operations [10,12]. High fuel consumption per kWh is the consequence of running the DE at a constant speed for a partial or low load regime. Additionally, high maintenance fee affects the system during low loading operations due to the cylinder glazing or, in worse cases, piston seizure [12]. VSDG is a solution to optimize engine consumption and increase system efficiency during different regimes. It improves system behavior by adapting DE speed with demanded mechanical load from the generator. VSDG improves efficiency, increases engine lifetime, reduces fuel consumption, and GHG emissions [13]. Conventional fixed speed DG can rarely operate at less than 50% of the maximal load, while VSDGs can operate for a long period at low rotational speed to support lower loads [14]. Several solutions are proposed in the literature to link the diesel engine speed with the mechanical torque required by the generator [15,16,17,18]. Some methods focus on electric output treatment, while others focus on mechanical conversion to synchronize DE speed with the variable electric load profile.



3.1. Electrical Approach to VSDG


Rotational speed and the output voltage of the DG are directly related. Moreover, the sinusoidal waveform produced by the generator itself may be distorted and affected due to the reduction of DE speed or even by nonlinear load or load oscillations [19]. One technique to adjust and control the output voltage frequency and amplitude is to use power electronics. Two different configurations exist to couple a power converter with a DG [14].



For the first, the power treatment uses a full-power converter connected to the power generator output. In this method, DE speed is adjusted to load variation. However, this configuration has shown fragile control system capability since there is no connection between the power converter output and the generator magnetic field [20]. Instead, a robust DC-link is placed in parallel with two series of power switches to create constant, reliable DC voltage with power drives. The power is then converted to the desired three-phase AC voltage and frequency using a high-power PWM inverter. However, this technique has no control over the performance of the power switches [20].



The power generator and the converter are arranged to produce power based on the stator field or rotor position calculation in the second configuration. A robust but sophisticated control strategy made this technique popular. For example, in study [21], a variable speed diesel generator uses a back-to-back PWM voltage-fed inverter.



This inverter is integrated with the generator and connects the stator windings with the rotor shaft to regulate rotor magnetic flux based on load fluctuations. The magnitude of the produced voltage is controlled using a stator flux orientation strategy (Figure 3). In this topology, DE speed variation depends on the capacity of the back-to-back converter, and it could cover a similar range of operation regimes as the first technique.



VSDG using a power converter reduces fuel consumption by 20 to 50% [10]. Accordingly, this increases system efficiency, reduces GHG emissions, and improves fuel combustion. Maintenance fees decrease as fewer cylinder glazing, typical for engine operation in a low load regime, occurs [22].




3.2. Mechanical Approach to VSDG


A DG consists of two main components, a DE, and an electric generator. Ambient temperature, fuel quality, air injection, and load variation are the main parameters that affect DG performance. The operation of the DG outside prescribed values of these parameters may result in high unintentional fuel consumption, higher engine overall maintenance fee, and poor-quality electric production [23]. Mechanical techniques are available to maximize DG efficiency according to the variation of these parameters. Multi-cylinder ignition or cylinder deactivation management have extended engine life and optimized engine fuel profile compared to the conventional configurations. The load variation is a critical parameter that significantly affects the DE operation and performance. A mechanical converter or a flywheel storage system are used to improve DG efficiency during variable load conditions [24,25,26,27]. The mechanical techniques analyzed in this paper are already available in the industry sector. These methods concentrate on the diesel engine, such as maintaining a fixed speed at the electrical generator shaft, and do not require power electronics to stabilize the voltage frequency and amplitude.





4. Technical and Economic Aspects of VSDG


The DE runs at a constant speed in a conventional DG to provide specific mechanical torque for an electric power generator without monitoring the electric load variation or engine efficiency [28]. The VSDG deals with the constraints mentioned above and adapts the operation, such as to improve efficiency while supply and demand are still balanced. Figure 4 illustrates a performance comparison between VSDG and conventional DG under different climate conditions.



Economic Improvement. As seen in Figure 4, the fuel consumption of a fixed speed diesel generator (FSDG) is higher than a VSDG when the load decreases [30]. In study [31], the brake-specific fuel consumption (BSFC) profile of FSDG increases dramatically when the electric load is 30–40% of the full load while it remains almost constant for the VSDG when DE speed is reduced and synchronized with the load. As a VSDG allows DE operation at its most efficient speed according to the load [32], the following advantages are expected:




	
Better fuel efficiency (based on load characteristic);



	
Engine lifetime augmentation;



	
Increase the time between every engine overhaul.








Technical Aspects. The amount of current absorbed from the generator varies according to load value, while the voltage and frequency should remain constant. In the generator, the stator poles absorb more magnetic flux from the rotor windings during peak loads. Consequently, the mechanical torque applied on the rotor shaft will inevitably increase to maintain the fixed speed required by a fixed voltage frequency and amplitude [33]. The DE crankshaft, solidary fixed with the rotor of the power generator, should provide enough mechanical torque to maintain power quality production. However, as the load decreases, in an FSDG, the DE crankshaft will maintain a fixed speed at lower torque, resulting in lower efficiency.



The VSDG equilibrates the operation of the power system to avoid excessive mechanical torque production during low load demand and to increase system efficiency. In VSDG, the DE, which provides mechanical torque for the power generator, slows down during low electric demand. This strategy saves fuel by adjusting the DE speed closer to its ideal regime to produce the required torque. Figure 5 illustrates how to adapt the engine torque and speed to optimize fuel efficiency.




5. Overview of Diesel Engine Operation Characteristics and Performances


Diesel generators (DG) are extensively used in different sectors due to their reliability, availability, and durability. This section addresses the main characteristics of DG operation and their influence on the DE performance requirements. Then, the study explores how the variable speed operation can reduce or eliminate some of the operational drawbacks associated with these requirements. For instance, by controlling the internal combustion quality of the DE, the amount of hazardous gas emissions from the exhaust could be significantly reduced [35,36].



An extensive survey of DE operational characteristics is expensive and complicated. One solution to avoid unnecessary expenses and a torturous experiment process is to use models of the DE using sophisticated computer software and appropriate mathematical models. In study [37], a DE model is presented that allows a better understanding of its performance and GHG emissions. The three most significant parameters to be considered in the DE analysis are the load characteristics, fuel consumption, and GHG emissions.



5.1. Load Characteristics


Recently, intelligent DG systems have been programmed to track demand-side behavior and adapt to the most efficient operation level. Thus, electric production is maintained at a level close to existing or predicted load profiles. The electric production adapts itself with load variation. This strategy decreases system losses and increases production efficiency [38,39].



These DGs are equipped with a DE designed and sized to meet the maximal load in every single application. As a result, these engines work near their optimum level while supplying 70–80% of full load [40,41]. However, the DE efficiency declines sharply during low load operation due to unnecessary or idle speed operation. One solution to avoid low efficiency is to adjust DE speed and mechanical torque with the load demand [42].



In the worst-case scenario, caused by load oscillations, the speed of a DG system fluctuates sharply in the event of a shortage due to an unpredictable line fault or when connecting to a large load. The risk of generator tripping is high due to a mismatch between the mechanical torque demanded on the crankshaft of the power generation system and its speed, especially in remote areas where there is no connection to the national grid [43]. Accordingly, sudden or/and large load variation could have some significant drawbacks on generation systems such as:




	
Increase the generator’s winding temperature;



	
Increase generator’s tripping risk;



	
Increased DG maintenance fee;



	
Incomplete fuel burn and more air pollution.








To avoid generator failure at idle or during large load variations, VSDG decreases the unnecessary speed of the DE, and maintains appropriate mechanical torque in a steady-state condition.




5.2. Fuel Consumption


Based on the above explanations, FSDG systems have reduced energy efficiency when operating at low loads. VSDG offers better partial load efficiency by reducing engine speed to an optimized value. These systems can yield a better efficiency by adjusting and programming DE speed with demanded load from the control unit [44]. Figure 6 shows the comparison between FSDG and VSDG of the specific fuel consumption (SFC) as a function of the load and engine speed.



Instead of using VSDG, it is possible to use batteries or other forms of energy storage and stop the FSDG during low load conditions. When this method is used, the engine restarts when the load increases or the battery level is critical [45].



Another method proposed controlling the strength of the stator field and is based on the load variation [32]. The system provides a suitable torque to meet the electrical demand. In fact, by weakening the stator field of the synchronous generators during low electric load, the overall fuel efficiency improves.



An incremental algorithm has been proposed in [46] to track the minimum specific fuel consumption (SFC) operational points of energy conversion for a specific load. This algorithm has been developed to avoid torque peaks during sudden changes if the system speed deviates from the reference speed. The research presents the modeling and speed control of diesel engines and power converters. An optimum operation point is reached during load fluctuations using an efficient increment algorithm of SFC tracking. Moreover, this control method reduces the transient time of the output voltage when considering load torque limitation and speed range.




5.3. GHG Emissions


The effect of GHG emissions is not limited only to climate change and global warming. The World Health Organization named various diseases such as cardiovascular mortality and lung cancer due to air pollution [47]. Based on the research proposed in [48], around 3.2 million people died in 2010 due to hazardous gas emissions from diesel soot and exhaust gases. The most damaging species of diesel exhaust gas are carbon dioxide (CO2) and nitrogen oxides (NOx). Global warming and human health risks are the two main reasons to reduce these emissions [49].



Fuel standards have been tightened in recent years. For example, the sulfur concentration is limited in both gasoline and diesel [35,50,51,52]. Apart from fuel quality, the operation of DE at its ideal speed and cylinder ignition control associated with different load regimes reduce air pollution [53,54]. Figure 7 illustrates the impact of using VSDG instead of FSDG on GHG emissions [43]. Variable speed application permits the engine to provide power following the demanded mechanical load. Therefore, this operation mode has a higher effect on GHG emission reduction during a low load regime.





6. Variable Speed Diesel Generator Technologies


This section presents the characteristics of the most important technologies used for VSDGs, particularly the electrical and mechanical approaches that allow variable speed operation of the DE according to load variation. This study shows that the use of VSDGs increases fuel efficiency and reduces GHG emissions when operating with variable loads, typical of the use of DGs in standby or off-grid applications. A VSDG is particularly suitable in hybrid systems that include highly variable renewable energy sources like wind and solar. These hybrid systems are optimized by introducing storage, especially for isolated communities with no national grid connection. This operational flexibility of VSDGs improves the efficiency of such systems by optimizing both Supply Side Management (SSM) and Demand Side Management (DSM) strategies, which is impossible to be achieved by using the conventional FSDGs [55,56].



6.1. Diesel-Driven Double-Fed Induction Generator


Generally, power electronics are used for variable speed applications to treat and regulate the output frequency and voltage, respectively. For a DFIG, the frequency and the output voltage are determined only by the power converters. In this topology, the engine speed can change within the power converters’ capacity. The DE speed reduces or increases with electric load variation and within the capacity of power electronics [57]. Figure 8 indicates the schematic diagram of a back-to-back power converter connected to the DFIG.



The power converter size is determined by the power production required, has to maintain power quality, and avoid high system losses. These design constraints increase system security and power quality, respectively. One traditional method to determine power converter capacity is to size it at 30% of the total capacity of the machine-rated power. Consequently, if DFIG operates beyond the recognized speed, the unwanted harmonics may affect output results [58]. In the double-fed arrangement, stator outputs deliver fixed frequency and voltage to the AC load. One popular method to control the stator converter is vector-controlled front-end converters. Normally, the aim of the stator side converter and its vector control method is to regulate the common DC-link. The common DC link is connected between the grid and the supply side converter. On the other side, a three-phase voltage source PWM rotor inverter provides a reliable voltage for rotor windings. The principle of this converter is to control produced voltage by sending feedback signals to the rotor as a reference parameter with the appropriate magnitude and position. Recently, researchers have chosen a sophisticated field orientation control (Sensor or Sensorless) method to control the rotor side converter. This method provides a fast response by evaluating the rotor position. Thus, converters empower the variable applications to operate below or above the required speed [59]. In DFIG applications, it is essential to assess the performance reliability of the system while the operation is under different loads [58].




6.2. Diesel-Driven Wound-Rotor Induction Generator


The VSDGs are widely used in different applications such as backup-supply, grid-connected, and isolated communities. It is necessary to monitor the voltage amplitude and frequency deviation in variable speed applications. However, the output voltage and frequency regulation in grid-connected applications are less critical since they are dictated by the utility grid itself [60]. For stand-alone applications, these parameters are more difficult to maintain within operational constraints with rotor speed variation and electrical load fluctuations [61,62,63]. Among the various methods to control the VSDG output affected by rotor speed variation, only some focused on the effect of load fluctuations in the generation system. The most commonly used generators in DG sets are wound-rotor generators. This type of generator is assembled with a separate exciter system for voltage control and a speed governor for frequency control. The principle of this strategy is to keep frequency and voltage constant by adjusting the current controller parameters equal to the practical machine constants [32,64]. The wound-rotor generator with external excitation control configuration is shown in Figure 9.



This configuration is close to DFIG as the capacitor and load are connected to the stator side, while the rotor side is connected to the inverter. The aim of the stator side capacitor is to repel the output voltage ripples coming from the inverters. Another advantage of using the stator side capacitor is to neutralize the inverter current, and it also provides the magnetizing current for the induction machine. Moreover, system voltage amplitude varies by controlling the stator side capacitor.



A controlled inverter stabilizes the voltage while rotor speed varies with load. Moreover, frequency regulation is achieved by controlling the electric rotor angle (θr) [66]. The inverter and battery also serve for engine start-ups, and the battery charges and discharges depending on the power flow. As long as the engine uses the battery to start, it is essential to control battery SOC conditions during system operation to avoid the subsequent start-up failure [65].




6.3. Diesel-Driven Permanent Magnet Synchronous Generator


A combination of PMSG with power conversion systems improves Genset performance, reduces power system harmonics, and develops a self-excitation control system in variable speed applications. Consequently, different studies focused on integrating variable speed PMSG driven by a DE [67,68]. These projects aim to control system outputs considering variable rotor speed according to the required engine torque to meet maximum efficiency [69]. The solution proposed in [70] uses a fixed Capacitor-Thyristor controlled method to evaluate system stability during load variation. The goal is to maintain the frequency and voltage constant while PMSG is running in a stand-alone microgrid. In study [71], two parallel resonant amplifiers are used to regulate the PMSG output voltage. These amplifiers are designed to repel maximum frequency disturbance using an LC filter. Voltage ripple treatment and third harmonic elimination have been accomplished in this research using a fully digital panel control. In study [72], an adaptive direct-tuning method controls the system DC-link voltage. In parallel with the energy storage systems, power converters improve system flexibility in the case of dynamic performance and voltage control. The authors developed a transfer function control method named closed-form to control the DC-link voltage without being affected by nonlinear loads.



Figure 10 proposes variable speed technology using a controlled battery system. This study used a controlled three-phase PWM converter containing a bidirectional boost converter to charge or discharge the battery based on different load levels. In this DG set, PMSG speed varies based on a stop-start strategy. During low power demand, when the Internal Combustion Engine (ICE) would have operated at low efficiency, the control system stops ICE, and the battery banks energize the grid. Otherwise, the engine starts to support peak load or when the battery SOC decreases under its lower limit [70].




6.4. Engine Generator Application with Super Capacitor


The purpose of using a super-capacitor diesel generator (SCDG) in the power system is to compensate for substantial or sudden load change or to protect the grid as a backup choice in case of a power shortage. One significant advantage of using this solution is to minimize the impact of the load fluctuation on the diesel engine. However, preparing such an arrangement with controlled rectifiers is complicated, and not sufficient enough to produce constant DC voltage during an unexpected load change [73]. The traditional method to meet different electric power demands is to adjust DE fuel hatch using a mechanical governor. However, the sluggish dynamic reaction of the DE produces high harmonic pollution [20,74,75]. In study [76], a sophisticated storage system is integrated with an electric boat DG application to control voltage instability during transient loads. This configuration uses two separate bidirectional DC-DC converters for the super capacitor and the battery storage. The advantage of such a design is to independently control the SC and the battery based on the dynamic response limits. The reason behind using SC with battery storage simultaneously is the limitation of the battery SOC and the time of depletion. Figure 11 illustrates a typical VSDG controlled by SC and power converters. Another method to repel the effect of instant load variation on DG performance is presented in [77], where buck-boost bidirectional DC-DC converters serve as an energy buffer with the SCs. The converters use AC/DC/AC conversion to provide constant frequency and voltage in this design. The authors have suggested two different circuit topologies and compared the results. In both configurations, energy buffers are connected to the DC-DC converter. As for the first connection, the buffer system is connected to the rectifier directly to simplify the system with a simple buck-boost converter. For the second connection, both buffer and inverter are connected using transformers. The role of transformers is to separately meet demand instabilities by isolating the input from output parameters.




6.5. Rotating-Stator Mode for Diesel Generator


This Rotating-stator technology allows the DE to operate within its optimum speed range while there is a considerable change in the electric load. Unlike other variable speed methods, this technique eliminates the sophisticated power electronics as the speed regulation is obtained through a new generator structure [78]. Figure 12 shows the PMSG generator using a rotating stator. In this technology, the rotor, fixed to the DE crankshaft, can slow down to increase efficiency. The power generator achieves synchronous speed by rotating the stator in the opposite direction to the rotor. Accordingly, the resulting operation of the generator is not limited by the rotor shaft speed anymore. The stator is equipped with several bearings installed on its outer layer. These bearings, located between the stator and the generator casing, allow the stator rotation driven by an external compensator motor. A pulley is fixed at the generator end and connected to the stator [79]. Therefore, by connecting the pulley to the external compensator motor, we can rotate the stator, such as the relative velocity between the stator and the rotor remains constant and synchronized. It is essential to mention that rotor and stator windings and all other components stay the same as conventional [80]. The compensator motor (CM) is mounted on the generator casing and connected to the stator pulley using a timing belt.



The CM rotates the generator’s stator part at different speeds in both directions. This motor works at both 50 and 60 Hz frequency, and the generator itself supplies its energy. The generator’s rotor is coupled with the DE crankshaft and rotates solidary at the same speed. During a low load operation, the DE speed slows to maintain the efficiency, and the compensator motor turns the stator in the opposite direction to maintain a synchronized relative speed [81]. For example, if we consider that according to the load value, the engine speed should be 1545 rpm to have maximum efficiency, then the rotor will also turn at 1545 rpm. The compensator motor drives the stator rotation in the opposite direction to the rotor, at 255 rpm. Therefore, the rotor will rotate at a total relative speed of 1800 rpm to the stator as in a fixed speed generator, without using advanced power control or a complicated excitation system [82].



As a result, we reduce the DE speed at the value corresponding to optimal efficiency and maintain the relative speed between the generator’s rotor and stator.




6.6. Continuously Variable Transmission (CVT)


Continuously Variable Transmission (CVT) is a mechanical solution to adjust the DE speed with the demanded load. It enables the engine to run at different speeds without interfering with the powertrain. The CVT is installed between the DE and the generator to ensure synchronous speed when the DE slows down [83]. The engine crankshaft and the generator’s rotor are coupled using a sophisticated variable gearbox in the CVT technique. This mechanical device increases system resilience by adapting DE speed with a demanded load while providing an ideal speed for the generator itself [84]. Figure 13 indicates the developed Genset schema with a proposed CVT system. The variation of DE speed in this DG depends on CVT flexibility and electric demand.



More precisely, the voltages and frequency are maintained constant if load variations never exceed or fall beyond the CVT limits. This CVT operation saves up to 25% of fuel consumption in grid-connected applications. In addition, the integration of CVT technology with wind-solar applications reduces system complexity and improves DG reaction to load changes.





7. Performance Criteria for DGs


Fixed or variable speed applications are highly preferred as a major source of power production at different grid or off-grid configuration due to several proven advantages such as system robustness, immediate start-up, ease of commissioning, and high-power quality. These applications are fairly suitable in harsh climatic conditions compared to other electrical energy sources. However, there are circumstances when DG performance is significantly affected by ambient conditions, load variation, and other operational characteristics. One purpose of this study is to highlight the critical points and parameters which could have tremendous consequences on the DG performance either in transient or steady-state situations. This following part focuses on a few challenging factors of VSDG use.



7.1. Rate of Adaptation in the Power System


The characteristics and performances of VSDG applications are affected by their role and the integration with the power system.



Grid-connected. Grid-connected DGs are generally used to maintain grid conditions inside operational limits during unpredictable faults. The central grid stability improves with the availability of multiple, distributed, reliable, and predictable DG, especially with the increased percentage of variable renewable energy sources connected to the grid. Therefore, a power shut down has fewer negative consequences on the consumers when local sub-grids are powered with DG energy. As electric grid connections are configured like a web, smaller areas are affected by a lack of electricity during power shortage [85,86]. Starting, stopping, and synchronization of a typical VSDG system in a grid-connected application is simple and fast because the grid parameters never rely on a specific source of energy. One important advantage of VSDG when connected to the central grid is the capacity to synchronize DG speed to prevent alternator damage [87]. In conclusion, the most important role played by grid-connected GDs is to maintain grid parameters within acceptable limits during unpredictable faults [88,89].



Stand-alone DG. Isolated electrical grids are more sensitive to electric loads’ fluctuation and engine speed variation. Therefore, for these applications, the objective is to minimize the cost of energy and control the system, such as to maintain output parameters within acceptable limits [90,91]. Managing such a system is complicated and requires a comprehensive study on the load characteristics, and the power switches limits. In study [92], the VSDG is connected to the DC bus using power converters. The rotor speed follows the power demand from the DC bus side of the grid. The load power variation and the state of charge (SOC) of the batteries determine the control of different system parameters.




7.2. Diesel Capacity and Available Power


Design choices (air-cooled or water-cooled) and sizing of every DG application depend on the required power, the operating, and ambient conditions. The electric load and the instantaneous production from renewable sources are two momentous parameters that have major impacts on the DG performance [93]. In study [94], the power flow for a hybrid, stand-alone electrical grid was monitored for two years. As a result, a model based on field measurements was developed to increase efficiency and minimize fuel consumption. The main parameters influencing the design and sizing of the diesel generator for the hybrid system are:




	
Annual Load Fluctuation (daily and seasonal graph);



	
Annual Load Growth;



	
Incorporation of Diesel Constraint.








Typical stand-alone electrical grids in remote communities are characterized by high load fluctuations with a peak load of 4 to 5 times higher than the average load. The traditional method defines the DG characteristics based on the peak load, safety margins, and future load growth prediction. However, this approach is associated with low system efficiency and high maintenance fees due to an oversized diesel plant [95,96]. One way to avoid running a single, large diesel generator is to install multiple DGs with lower capacity and support the load using diesel cycling and dispatch strategy [94].




7.3. Efficiency


Load characteristics, fuel quality, ambient condition, engine design and capacity, humidity, and operation hours are the main parameters that affect DG’s efficiency. For instance, low electric load or high load fluctuation result in diesel engine idling time. Subsequently, the operation of the diesel engine during idling time impairs DE fuel consumption efficiency and power quality. Several standards and guidelines define how the manufacturers measure DG efficiency at the production line [97]. As a result, they define the operational limits that DGs should meet to supply an electric grid [98,99]. Based on different conditions and criteria, several studies estimated how to improve DG performances. For example, the German association, VDEW-profile, has introduced different DE duty cycles based on measured value and the real demand [100]. One practical method to increase efficiency is to calculate the engine fuel consumption based on a typical load profile using computer simulations. This method quickly identifies the errors in the simulation by comparing the results with the ones available from experimental tests. Accordingly, the analysis of the final results based on the different load characteristics helps the engine control system to determine and adjust the optimal required rotational speed based on the load [101].



The energy efficiency of a DG is a combination of efficiencies of its two main components: the DE and the electric alternator. The overall Genset efficiency over a given period, i.e., in terms of energy, is defined by [102]:


   Genset   Efficiency     ( % )  =      Alternator   Output   Energy    k W h          Caloric   Energy   of   Burned   Fuel    k W h     × 100  



(1)







In every single Genset application, several common and specific factors affect system efficiency. For instance, the penetration of an engine generator set in a hybrid stand-alone application may affect efficiency based on operation hours or the number of start-stops during a day. Moreover, a precise evaluation of DG sizing for a given application also may augment system efficiency [103,104]. Genset system consists of an engine, and an electric generator could have a separate efficiency of 30% to 60% and 85% to 95%, respectively. The combination of both, while operating as a main source of energy, vary from 30% to 55% [105,106]. It is essential to mention that DG set efficiency may change during its operation according to several ambient conditions such as engine temperature or load condition.




7.4. Durability


Durability or endurance is an important factor that can significantly affect the feasibility, equipment availability, and maintenance fees under different operation conditions. This parameter is particularly critical for the engine part of the DG set. The durability of the engine is the probability that its structural material will withstand several charges that may or may not be time-dependent, such as fatigue, wear, corrosion, thermal equilibrium, mechanical stresses, chemical mechanisms, etc. [107].



Figure 14 indicates the stress and strength interference diagram that will characterize the durability and reliability of the Genset. In this graph, the stress represents the load, and the strength means the structural hardware capability. A durability test for engine components is conducted to check the threshold tolerance point of the different parts of the engine. This test applies sufficient mechanical or thermal stress based on engine-specific operation conditions [108]. Durability is also vital for the electric generator, but mechanical failures are less frequent due to developed power switches and advanced monitoring techniques. However, the long operation of the generator under a peak load regime or unpredictable overload condition may increase the temperature of the windings and impair system isolation.




7.5. GENSET Criteria


One method to provide secure power quality for the end-user and match the same parameters of different components is to define proper specifications for the power system. For example, in ISO 8528-1 standard for rating and performance of diesel generator, different rules and specifications are defined for generator’s alternating current, Reciprocating Internal Combustion (RIC) engine, GHG emission, fuel type, and auxiliary equipment.



The ISO manual specified four different classifications to help the manufacturers and consumers have a common basis and to better understand system limitations [109,110]:




	
Emergency Standby Power;



	
Prime Rated Power;



	
Limited-Time Power;



	
Continuous Operating Power.








Moreover, in each generator set installation, several factors are dictated by the ISO standards to be followed during production, such as maximum and minimum load demand, harmonics, power factors, and fuel quality [111]. These instructions make it possible to provide high-quality and efficient power on the demand side, and simultaneously improve customer loyalty and retention.




7.6. Monitoring and Control System


Each autonomous DG system must monitor its production and analyze the system’s state by receiving high-precision feedback during the various conditions mentioned above. Stand-alone grids in isolated communities require a sophisticated control method to regulate the system’s frequency and voltage. At the same time, grid-connected applications monitor the power system to be more flexible and secure in a power outage. Speed estimation and adjustment are essential factors in variable speed control projects. One way to evaluate rotor position and speed is to use mechanical devices such as camshaft sensors or mathematical prediction of rotor position without sensors [112]. Most of these methods used the same principle (d-q projection) to control the output power. For example, in study [113], an indirect vectorial approach controls a hybrid wind-diesel system. The author used d-q reference frames to model the generator.



This project aims to couple the speed of the diesel engine with load variation and adjusts the electrical torque of the wind-powered generators to increase production efficiency. Figure 15 shows a typical strategy for monitoring and controlling the generator’s power to produce a fixed frequency. In this method, both speed and voltage are maintained at a specific set point to keep the system output within the standard acceptable range.



The proposed energy management system provides an automatic start and stop function to protect the online system from overloads during load fluctuations. Another method is proposed in [115] to compensate for the slow and nonlinear characteristics of the diesel engine. The Sliding Mode Control (SMC) method for variable speed operation controls the system output using mathematical models. An 11% fuel consumption reduction is achieved by designing a single sliding surface with a command law to track the oscillations appearing in the system based on the reference speed. In this technique, the command law is applied to the SMC controller to obtain a fast reference tracking and update the reference speed reference with the load variation. The author mentions that the SMC method monitors the system performance with zero steady-state error.




7.7. Fuel Cost


Several parameters and phenomena affecting DG performances have been discussed above. Besides, ambient temperature, the power rating of the Genset, and fuel quality are essential factors that will affect fuel consumption. There is a relationship between fuel consumption and electricity production [116], and the fuel cost is calculated as [117]:


  F  C i  =  a i   P  g e n  2   (  i , t  )  +  b i   P  g e n    (  i , t  )  +  C i   (  $ / h  )   



(2)




where    a i  ,  b i    and    c i    are the cost coefficients of the diesel generator,   F  C i    is fuel cost, and    P  g e n     is the power produced by the DG.




7.8. Output Power


DG production is within the maximum and minimum capacity limits released by the manufacturers. The rotational speed of the rotor, load impedance, and rotor excitation system affect the generator output. The power generated by the DG is defined as [117,118]:


   P  g e n   =  P n  ×  N  g e n   ×  η  g e n    



(3)




where    N  g e n     is the number of generators,    P  g e n     and    P n    are the alternator generated power and nominal power in kW, respectively, and    η  g e n     is the overall efficiency of the DG system.




7.9. Other Aspects


Diesel generators are quick to start, durable in long operation hours, and operate in various climate conditions. These characteristics made DGs suitable to power multiple applications such as grid-connected, stand-alone, and emergency backup [119]. Moreover, the integration of DGs with renewable energies in distributed generation applications can highly increase system efficiency. Below are several aspects that need to be considered in every diesel generator set:




	
Timely repair or upgrade components;



	
Scheduled water and oil check;



	
Periodical service (oil-changing fuel, oil and air filter changing);



	
Battery inspection;



	
Generator inspection and connections cleaning;



	
Genset control panel and indicators;



	
Biweekly engine start (backup applications) [120];



	
Verify exhaust and input air.










8. Comparison of Different Variable Speed Generators’ Techniques


To compare different technologies discussed in Section 6, four different groups are selected based on the literature’s applications where DGs typically face critical challenges (Table 1). The term “Performance Index” is also created based on a list of criteria proposed in Section 7, such as durability, efficiency, power control, etc.



Figure 16 indicates the comprehensive comparison of VSDGs for the four groups of applications. It is important to mention that the accurate performance estimation of a specific diesel generator application depends on the typical load map and manufacturer’s product.



Therefore, the data represented in Section 8 belong to the typical systems and may not cover all available products [121]. The performance index demonstrates the applicability of VSDGs based on selected criteria. From the bar chart (Figure 16), SCDG has shown a rapid reaction in case of a sudden huge load change. Supercapacitor connected with the battery storage system compensates required power for the demand side.



For grid-connected applications, PMSG and WRIG have shown high fuel-saving and low operation cost compared to applications where there is no substantial sudden load change. These solutions can solve technical issues such as frequency regulation or power system stability.



The following subsections compare the VSDG techniques in different aspects for grid-connected or/and stand-alone applications.



8.1. Performance Comparison of VSDG into Power System


Table 2 proposes three important factors that may be affected when using a typical VSDG in a power system. Results are achieved using different references mentioned in this study. Since fuel optimization and frequency regulation technologies are well discussed in Section 5 and Section 6, this part focuses more on the power quality factor. It is important to classify power quality disturbances to understand the electromagnetic phenomena and to regulate the measured results [122].



Most common power quality problems occur in the form of voltage swell, voltage spike, harmonic distortion, voltage unbalance, voltage fluctuations, etc. [123,124,125,126]. Uncertain rotor speed, imbalanced loads’ connection, sophisticated power converters, and longtime grid fault appear in low power quality or high harmonic distortion. More precisely, poor power quality happens when the speed of the generation system fluctuates due to the discussed reasons (renewable sources are not constant and conventional sources need to optimize the consumption during low electric load) or when there is an electric oscillation from the demand side [127,128].




8.2. Comparison of Fuel-Saving


The main reason to run DE at variable speed conditions is to optimize engine fuel consumption. Accordingly, severe competition between manufacturers dedicates highly efficient Genset to the industrial and residential sectors. These Gensets are developed with different techniques mentioned above, while most of them have the same principle (electric converter) but with different control strategies. To obtain the minimum fuel consumption rate in every variable speed method, the reference speed should be adjusted based on the load fluctuation. The reason behind this strategy is that engine reaction adapts more rapidly with a recognized load map [115]. Nonlinear speed control methods proposed in different literature improve an engine’s fuel profile by considering the engine productivity and load capacity. Figure 17 shows the average engine fuel consumption of different variable speed techniques in both grid-connected and isolated communities. The optimal speed curve demonstrated in Figure 17 is a preferable area where the engine operates efficiently. Graphs below are produced based on the average of different literature results and may not demonstrate the exact behavior of a specific application.





9. Overall Comparisons of VSDG


In the previous sections, we discussed several VSDG technologies and operational parameters for different applications. Each VSDG technique has advantages and inconveniences that make it better for a specific application and not necessarily for all of them. This section evaluates how each VSDG solution is suitable for four different operation conditions: grid-connected application, island-mode operation with low load, fast load oscillation, and integration in a hybrid system.



9.1. Grid-Connected Applications (Regulate Frequency Variation or to Meet Peak Leveling Period)


In grid-connected communities with slight load fluctuation or long periods of low load, CVT and RSDG are more efficient solutions due to low initial cost and simple control systems [81,83]. However, eliminating a power converter in RSDG made the system more efficient but in long-term projects. This technology can reduce fuel consumption by 20 to 50%, depending on the load level. In addition, RSDG proved more efficient during low loads. In contrast, CVT can save fuel during load variation, but its speed variation cannot cover a wide range. In addition, these technologies may serve in grid-connected applications for frequency regulation and stability augmentation.



As for power quality, both technologies are vulnerable to unpredictable and fast load variations. The RSDG follows load variation and tries to adapt to it using a small control drive. This strategy may impair power quality for a few seconds. By design, the CVT technology adapts rapidly to load variation, but attenuation of different speeds may produce harmonic pollution.




9.2. Islanded Mode Operation with Long Low Load Operation


In the case of islanding with limited access to the national grid, an important parameter to be controlled is the apparent power.



Variable speed PMSG and DFIG may not be the best option for every application, but they are able to adapt fairly to both grid-connected and isolated operations. Low maintenance fees and high fuel-saving made these systems popular, among other methods. These techniques are better adapted for ramp-up operations. However, power converters are expensive and have limited capacity. The overall speed of the generation systems cannot move beyond or under converter capacity. Several studies are showing significant achievements by integrating variable engine-driven PMSG or DFIG with renewable technologies in distributed generation applications. The majority have chosen different vector control strategies such as FOC or DTC using sensors or sensor-less methods [131,132].



These methods are well developed to treat rotor or stator parameters and can be used efficiently in hybrid stand-alone or isolated applications (mines, telecommunication towers, etc.). The DFIG is easier to integrate with renewable energies as the power converter scheme uses a DC-link for SSC and RSC. This feature enables DFIG to operate in both sub and super synchronous speed. However, this arrangement increases control complexity and, in some cases, produces harmonic pollution in the power grid [133,134].



Turning to PMSG driven by DE, brushless construction is an ideal AC machine for a DG set. However, this application needs energy storage to avoid low power quality in different unbalanced load conditions. For instance, the integration of PMSG with BESS provides active power conditioning and has shown its effectiveness in delivering standard power along with power factor correction and voltage regulation [10,135]. A critical role of BESS is to save surplus active energy, which is produced during low electric load and released during unbalanced load conditions.




9.3. Fast Load Oscillation


In a typical power system, a large load fluctuation requires a sophisticated compensator storage system to avoid harmonic pollution. Therefore, a combination of power storage systems with variable speed power production, like in the SCDG, will cope with these challenges. Supercapacitors can provide more power density, farads, and life cycles. However, system control and operation are more complicated as the storage system needs to adapt to the system uncertainties [136]. It is essential to control the supercapacitor discharge process and improve its charging procedure. Additionally, the accurate sizing and control of the supercapacitor in a typical power system are necessary to avoid capacitor failure and other serious challenges. Due to the mentioned parameters and based on a typical load, the system cost is more expensive compared to other VSDG techniques, including high maintenance or renovation fees. Overall, SCDG has shown reliable performance when the storage system compensates for voltage fluctuations and the power converter regulates output frequency. One advantage of using supercapacitors is supplying excessive power for a few seconds, even out of engine capacity.




9.4. Integration in a Hybrid System (Penetration of VSDG in Renewable Energy Applications)


WRIG is more efficient in grid-connected applications or combined with other renewable energy sources as its dynamic response is slow and cannot support sudden large load changes [137]. However, WRIG can reduce fuel consumption and pollution in standby or autonomous operation of large DG, up to 20–40 MW. Moreover, below 1.5–2 MW/unit, the use of WRIG is not justified in terms of cost versus performance when compared with full-power rating converter synchronous or cage-rotor induction generator systems [138].



On the other hand, this method needs an extra mechanical device (flywheel) to avoid harmful effects on the rotor shaft in the case of a grid power shortage. Since the excitation system is controlled directly by the limited capacity inverter, a sudden and huge change may ruin rotor winding [60]. However, WRIG is less expensive than other techniques since its structure is simple and needs less maintenance. In addition, a power converter installed on the stator side of the machine improves the power quality. Therefore, the converter capacitors can provide magnetizing current for the machine itself. This configuration reduces the ripple coming from the power grid.





10. Case Study of DE-Driven Variable Speed Doubly-Fed Induction Generator


Different power converter interfaces have been suggested to increase the efficiency of diesel engine-driven DFIG and control electric generator output while the power system experiences abnormal conditions. Back-to-back power converters are divided into the rotor side converter (RSC) and stator side converter (SSC). These converters update generator parameters instantly by using the vector control method. Rectifiers, inverters, and choppers are the recognized controlled power switches to achieve ideal voltage and frequency at the point of common coupling (PCC). Moreover, in isolated communities with backup storage systems, these components can accurately integrate the storage system with PCC [137]. However, different power switches may create losses, impair power quality, and increase capacitor breakdown risk. Diesel generators use an AVR system to control the rotor magnetic field. This electric device maintains the output voltage at a reference value during steady-state operation. However, the AVR system is not adequate to maintain the output voltage constant during the transient behavior of the power grid. Consequently, an additional controller package is installed in a Genset application to control the system during unpredictable circumstances. Two types of back-to-back power converter topologies for doubly-fed variable speed induction generators are proposed as follows:



10.1. Control of the Rotor Side Converter (RSC)


The rotor side converter adapts phase voltage into the rotor circuit and regulates produced power within the standard grid codes while DE speed slows down in a low load regime [139]. In addition, different applicable control methods are projected with RSC arrangement to tackle several challenges of VSDG in the power system.



One purpose of RSC is to treat generated active power while the generator is operating at super or sub synchronous mode. The principal structure of RSC is simply matched with the generator model presented in dq-projection. Accordingly, the active and reactive power of the generator can be presented by the rotor’s d and q axis, respectively. Consequently, the generator excitation current is an important parameter RSC can provide and adjust [140]. The indirect stator flux-oriented control algorithm is a typical control method to adapt with RSC and regulate the produced electric energy through stator flux [141,142,143]. Figure 18 indicates a popular control technique for a DFIG using a vector control strategy. In this method, dq-transformation has been used to separate the active and reactive current. The q-axis current represents DFIG torque and controls the active power, while d-axis characterizes machine flux to control reactive power [144].




10.2. Control of the Stator Side Converter


Stator (grid) side converter (SSC) is largely employed to control the available power of DC-link considering demand side slip magnitude or to supply electric load by controlling reactive power [145,146]. Figure 19 indicates a negative sequence stator voltage control algorithm using SSC arrangement. Several studies have targeted SSC structure in their piece of works to develop a control method for a specific application.



In study [146], symmetrical components and a vector control scheme are applied to the SCC. This article has successfully used SSC as an active shunt filter to control unbalanced load conditions and compensate reactive power for the demand side. Two RSC and SSC power inverters have been used in [147] as control drives. The role of SSC is to compensate for the voltage and current uncertainties by applying regulated current into the grid. This vector controller has used negative sequence currents to compensate the stator voltage connecting to the unbalanced load. The control algorithm has used notch filters and a PI controller to adjust the orientation of the reference frame. The author highly granted the proposed technique as a reliable application in different grid-connected or stand-alone communities using fixed or variable speed production.





11. Results and Discussion


Several DE-driven variable speed power generators are studied in detail. Critical criteria and practical parameters of these applications are discussed. The design of every control algorithm is achieved based on different tasks such as voltage and frequency regulation, harmonic minimization, engine optimum speed, GHG emission reduction, etc. The result of the proposed designs is up to 40 percent fuel-saving during different application conditions. However, the majority of the scenarios have an inefficient performance during huge electric load oscillation. In terms of hybridization, integration of VSDG with renewable energy technologies in stand-alone application severely increases engine efficiency, improves system stability, and optimizes energy cost dramatically.




12. Conclusions


Grid power quality, system stability, and production efficiency are three major challenges of every modern power system. Turning to a future energy production perspective, modern DEs operating to meet emergency conditions or, in worse cases, regulating system parameters (voltage, frequency). High penetration of renewable energy sources into hybrid power systems keeps modern DG on-hold for particular operations such as backup or SSM. In such a system, synchronizing variable speed techniques into an electric power grid would be a new challenge. This strategy especially helps the conventional power sources reduce their fuel consumption and minimize additional expenses. Among proposed production systems, some techniques are able to save more fuel and produce more reliable outputs. However, these methods are not suitable for all applications, specifically with sudden and large load oscillations. On the other hand, some techniques demonstrate reliable performance during load variation even in remote areas but not too efficiently for small communities as they need a high initial investment.
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Nomenclature




	
Acronyms




	
AC

	
Alternating Current




	
AVR

	
Automatic Voltage Regulator




	
BSFC

	
Brake-Specific Fuel Consumption




	
BTU

	
British Thermal Unit




	
CM

	
Compensator Motor




	
CO

	
Carbon Monoxide




	
CVT

	
Continuously Variable Transmission




	
DC

	
Direct Current




	
DE

	
Diesel Engine




	
DFIG

	
Doubly-Fed Induction Generator




	
DG

	
Diesel Generator, the combination of a Diesel Engine with a Power Generator




	
DQ

	
Direct Quadrature




	
DSM

	
Demand Side Management




	
DTC

	
Direct Torque Control




	
FOC

	
Field Oriented Control




	
FSDG

	
Fixed Speed Diesel Generator




	
GC

	
Grid-Connected




	
GENSET

	
Diesel Generator, the combination of a Diesel Engine with a Power Generator




	
GHG

	
Greenhouse Gases




	
ICE

	
Internal Combustion Engine




	
ISO

	
International Organization for Standardization




	
NOX

	
Nitrogen Oxides




	
O&M

	
Operation and Maintenance




	
OG

	
Off-Grid




	
PCC

	
Point of Common Coupling




	
PMSG

	
Permanent Magnet Synchronous Generator




	
PWM

	
Pulse Width Modulation




	
RIC

	
Reciprocating Internal Combustion




	
RPM

	
Revolutions Per Minute




	
RSC

	
Rotor Side Converter




	
RSDG

	
Rotating-Stator Diesel Generator




	
SC

	
Super Capacitor




	
SCDG

	
Super-Capacitor Diesel Generator




	
SFC

	
Specific Fuel Consumption




	
SMC

	
Sliding Mode Control




	
SOC

	
State of Charge




	
SSC

	
Stator Side Converter




	
SSM

	
Supply Side Management




	
THD

	
Total Harmonic Distortion




	
VSDG

	
Variable Speed Diesel Generator




	
WRIG

	
Wound-Rotor Induction Generator
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Figure 1. Typical load graph for a remote area (Loads: minimum, average, and maximum values) [9]. 
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Figure 2. Fix speed vs. variable speed performance [10]. 
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Figure 3. Variable speed diesel engine with DFIG [14]. 
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Figure 4. Comparison of different Genset applications [29]. 
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Figure 5. Example of DE characteristics connected with a two-pole generator [34]. 
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Figure 6. Fuel map of 25 KW (3000 rpm) diesel engine [45]. 
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Figure 7. Improved GHG emission at different load levels [50]. 
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Figure 8. The basic configuration of DFIG coupled by diesel engine [57]. 
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Figure 9. Wound-rotor induction generator [65]. (∗) Reference speed. 
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Figure 10. Variable speed stop-start technique for engine generator [70]. 
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Figure 11. Configuration of VSDG using super capacitor [20]. 
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Figure 12. PMSG configuration using non-static stator [82]. 
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Figure 13. 125 KW powertrain using CVT technology [83]. 
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Figure 14. Random probability distribution of stress strength [108]. 
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Figure 15. Schematic diagram of a control plan for frequency treatment [114]. 
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Figure 16. Performance comparison of six VSDG techniques. 
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Figure 17. Comparison of combined fuel consumption comparison of VSDG (Grid-connected and Isolated communities) [7,40,129,130]. 
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Figure 18. Indirect stator flux-oriented control for rotor side converter [140]. 
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Figure 19. Stator side converter using vector control technique [147]. (∗) Demanded value. 
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Table 1. Electric power applications.
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	Categories





	Group 1
	Grid-connected applications (regulate frequency variation or to meet peak leveling period)



	Group 2
	Islanded mode operation with low load connection



	Group 3
	Fast load oscillation



	Group 4
	Integration in a hybrid system (penetration of VSDG in renewable energy applications)
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Table 2. Impact of integration of VSDG technology into different applications.
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Technologies

	
Frequency Deviation

	
Fuel Saving

	
THD Reduction






	
PMSG

	
3

	
5

	
30

	
23

	
5

	
7




	
DFIG

	
3

	
5

	
30

	
25

	
5

	
7




	
CVT

	
4

	
7

	
24

	
19

	
7

	
9




	
RSDG

	
4

	
7

	
20

	
12

	
7

	
9




	
SCDG

	
2

	
4

	
35

	
30

	
3

	
15




	
WRIG

	
3

	
6

	
30

	
25

	
5

	
7




	
Applications

	
GC

	
OG

	
GC

	
OG

	
GC

	
OG








GC: Grid-Connected. OG: Off-Grid. Important note: All numbers mentioned in Table 2 are in percentage %.
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