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Abstract

:

Integration of distributed energy resources (DER) has always posed a challenge. Smart inverters have started playing a crucial role in efficient integration of DERs. With the basic functionalities of traditional inverters in place, smart inverters can provide grids with related ancillary services either from the customer side or from the utility as well. The ancillary/augmented service from smart inverters includes the concept of reactive power exchange with the grid. Such grid support functions includes the functionalities of photovoltaic/plug in electric vehicles (PV/PEV) inverters as a static synchronous compensators (STATCOMs) by performing virtual detuning, temporary over voltage (TOV) mitigation, voltage regulation, frequency support and ride through capabilities. As the penetration levels of DERs have gone up, the need for such ancillary services has grown as well. This paper is organized in such a way that it will serve as a benchmark for smart inverter technologies in the form of a review. It includes several domains involving the applications, advanced and coordinated control, topologies and many more aspects that are associated with smart inverters based on reactive power compensation schemes for ancillary services. Apart from that, the applications those are associated with smart inverters in the smart grid domain are also highlighted in this paper.
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1. Introduction


The phrase “smart inverters” are a hybrid version of traditional inverters that are interfaced with photovoltaic (PV), wind and plug in electric vehicles (PEV) with specialized controllers for performing ancillary services like reactive power injection and absorption. The energy demand causes the distribution network to provide additional services not only from PV inverters but also from other power electronics based distributed energy resources (DERs) like wind and PEV.



A common understanding is that a smart inverter has communication capabilities and can provide additional and advanced control functions, in many cases autonomous functions beyond its basic power conversion and energy feeding functionalities. Hence, it is also called an intelligent hybrid inverter or a multifunctional inverter. Various stakeholders, such as industries, utilities, government and standards bodies have been working together to develop common, standardized control functionalities for interconnection and interoperability of DERs with electric power systems. These efforts address various issues from standard control functions, information and data models, communication protocols and grid codes to compliance and certification testing. One such standard developed by the Institute of Electrical and Electronics Engineers (IEEE) for Distributed Generators is IEEE 1547 standard and IEEE 2030 standard for smart grid. The services of the IEEE 2030 Standard associated with smart inverters in the smart grid domain clearly depict the interoperability as shown in Figure 1. It could be clearly seen that the smart grid contains several domains that interact with each other. smart inverters domain correspond to power electronics & flexible ac transmission system (FACTS) devices and the renewable energy/PEV domains associated with Smart decision and Control systems.



The 2003 US North-Eastern blackout was one of the major catastrophic incidents in history. The repercussions of the blackout have affected over 50 million people across the states in US and Canadian provinces. As a result, creation of a reliable electric grid has become the need of the hour. Based on the situational awareness, the North American Electric Reliability Council found that the major reason for the blackout was due the shortage of reactive power. It is a well-known fact the reactive power forms the crux of the electric current flowing in the grid. PV based inverters generate real power during the daytime and are dormant during night hours and also during daytime when insolation from the sun is less. As the grid is becoming smarter, prevention of blackout takes the first priority. Similar to traditional inverters, smart inverters can still transform the direct current (DC) into alternating current (AC). There are several definitions of a smart inverter. One such definition that could be associated smart inverter is the reactive power exchange capability of an Inverter with advanced power electronics control. PV and plug in electric vehicle (PEV) inverters can be effectively designed with a new control strategy to make use of the under-utilized capacity of the inverter to exchange reactive power with the grid. This intelligent action of a hybrid inverter with advanced reactive power exchanging capability can be referred to as smart inverters. With the introduction of IEEE 1547.8 standard, reactive power injection and absorption from the PV inverters started playing a vital role. Such intelligent hybrid inverters as smart inverters may become a vital aspect of a smart grid environment with the smart grid interoperability standard IEEE 2030. Integrating PV systems and plug in electric vehicles (PEV) with smart inverters may soon become a new standard. Several organizations like APS, Salt River Project, Duke Energy and Con Edison, the Electric Power Research Institute (EPRI), Southern, National Grid, Central Hudson and New York Power Authority are studying the impact of PV smart inverters on distribution feeders. More such pilot projects on smart inverters are becoming popular. California’s Rule 21 has mandated the effective implementation of PV and storage installations to incorporate intelligent hybrid inverters as smart inverters for ancillary services through secure communications to enable utility or aggregator control. To date, some states have encouraged the use of smart inverters through their own rules.



A detailed survey on PV interconnection standards also describe about the ancillary services that smart inverters could perform [1,2]. The author was one of the pioneering researchers to work on smart inverters for ancillary services. A new control strategy was developed to make use of PV inverter as a static synchronous compensator (STATCOM) for ancillary services like voltage regulation, power factor correction in a real utility system [3]. Further a new application of a smart inverter was proposed by the author for network harmonic resonance and Temporary OverVoltage (TOV) mitigation [4,5,6,7,8,9,10]. Smart inverters have also been employed for reducing line losses in a distribution network [11,12,13]. A coordinated control of smart inverters with FACTS devices is presented in [14,15,16]. This paper presents the dexterous exertion/efficacy of Intelligent Hybrid inverters as smart inverters that can perform ancillary grid related services/applications for the better reliability and performance of the grid, in the form of a review.




2. Efficacy of Smart Inverters


The production rate of renewable energy system is increasing due to the hike in energy consumption. The conventional forms of energy sources that are available in today’s market are like the fossil fuels are detrimental to the environment. These fossil fuels also emit greenhouse gases in the atmosphere and cause global climate change. To overcome the drawbacks, electricity can be generated from pure form of energy sources such as solar, wind, hydro, etc., called as renewable energy and also from plug in electric vehicles (PEVs) based on the charging and discharging schemes.



Among the various renewable energy sources, PV is the most commonly used energy source. This is due to the fact that, the solar energy is clean, pollution free and reliable in nature. Since the output of solar panel is DC, a power electronic device (inverter) is required to interface it to the grid system. A conventional inverter can do the conversion process of DC to AC. Nowadays, inverters with smart features are preferable in distributed generation interface. It is one of the efficient ways to achieve stability in the grid side network [17]. The demand for smart inverters is expected to grow at the highest CAGR (compound annual growth rate) in the Asia Pacific region due to expansion in solar energy capabilities in countries such as China, Pakistan, Japan, India and Australia among others. The regional analysis of smart inverter utilization by world share market is shown in Figure 2.



PV/PEV generates DC power which is fed to a common DC bus. This DC power needs to be converted to AC power. Presently, bidirectional voltage source converters/voltage source inverters are used for the conversion process and then they are synchronized with the main AC grid. Figure 3 presents the same with different distributed energy resources. There can be several inverters independently for DERs or a centralized inverter for the DC power coming from various DERs.



It could be seen from Figure 3 that when the exchange of real power from battery energy storage systems (BESS), PV and PEV are not present, the inverter is going to be dormant. Sometimes even when real power is being generated from various DERs in Figure 3, the full capacity of the inverter is not utilized. With a specialized controller for the inverter, traditional inverters are referred to as intelligent hybrid inverters. Such dexterous efficacious exertion of hybrid inverters as smart inverters can inject or absorb reactive power (VAR) with the main grid. The effective utilization of such dormant traditional inverters as smart inverters will have a major role to play in a smart grid environment.



One such configuration is explained by the authors in [18], which controls the smart inverter in three ways by making the PV inverter to act as dynamic reactive power compensator called STATCOM. The first mode of operation is the basic one, i.e., Full PV mode in which the real power is extracted based on irradiation level. The next one is Partial STATCOM mode where the inverter utilizes the extra power obtained after real power generation for the purpose of voltage and reactive power control. It can also be used for the power factor correction. The final mode of operation is the Full STATCOM mode which can be utilized during some fault conditions and fluctuations.



General Hardware Structure of Smart Inverters


The physical hardware and the control structure are the two important components which have to be analyzed, while employing the smart inverters in industrial sectors. The control system of a general smart inverter includes a cooperative controller, an autonomous controller and an optional transactive controller for receiving the regional, local and global information, respectively.



On the other hand, the general structure of hardware includes display units, ADC (analog-to-digital) interfacing circuits, communication ports and several sensors and gate drivers. The block diagram of the control block and the hardware are shown in Figure 4 and Figure 5, respectively.





3. Basic Principle of Operation of Smart Inverters


The basic principle of operation of a smart inverter is similar to a static synchronous compensator (STATCOM) where it could operate in an inductive mode or a capacitive mode. The basic schematic of PV–STATCOM is shown in Figure 6. The smart inverter can act as a static synchronous compensator by performing the following operations [19].



When the insolation from the sun is high, the entire capacitor of the inverter is utilized for real power generation alone. The PV–smart inverter STATCOM can operate in three modes, namely:




	(a)

	
Full PV/Real power mode: The PV–smart inverter STATCOM system generates only real power and zero reactive power. It can also be referred to as the smart inverter working at a unity power factor mode when interfaced with the grid. This is similar to the operation of conventional PV system.




	(b)

	
Shared smart inverter mode: The capacity of the inverter is shared for real and reactive power exchange. The PV–STATCOM supplies real power and the remaining capacity are utilized for reactive power control.




	(c)

	
Full STATCOM/VAR mode: The entire capacity of the inverter is used exclusively for reactive power injection and absorption. In other words, a novel controller is effectively exercised in the smart inverter mode for injecting/absorbing VAR at full capacity of the inverter for ancillary services during capacitive/inductive modes, respectively are shown in Figure 7.










4. Basic Controller Concept of Reactive Power Compensation Associated with Smart Inverters


4.1. PWM Based Control Strategy Based on dqo Theory


In this section, the major control techniques for compensating the reactive power are discussed. In the first control method, based on the instantaneous active and reactive power theory (i.e., d-q theory) the output current of an inverter is decomposed into two components. The instantaneous reactive current of the decomposed quantity is adjusted in order to achieve the domestic reactive power compensation. Initially, the load currents are sampled from the grid by orthogonal trigonometric function using a second order generalized integrator (SOGI). Then, the current is decomposed by means of d-q theory and the reactive current is yielded. A reference current is generated (decomposed active current) and compared with the output current of the inverter. Finally, a pulse width modulation (PWM) signal is generated and fed to the controller of the inverter configuration. The block diagrams of the above process are shown in Figure 8 and Figure 9. The reactive power compensation can also be done using certain user defined topologies as discussed in [20,21,22]. In [23], a single-phase circuit with mono-phase PV system is connected to the grid for injecting active power as well as for compensating reactive power. The smart control strategy can be associated with single and three phase inverters as well [24]. Reactive power compensation in residential areas can be easily carried out by interconnecting several PV systems and it is also connected to the distribution network for evaluating various parameters in the aspects of reliability and availability of the systems.



The voltages at the point of common coupling—PCC (   v S   ) are converted to the rotating reference frame using the abc–dq0 conversion using the Park’s transformation. The harmonics and the oscillatory components of the voltages are eliminated using low-pass filters (LPFs).



The amplitude of the load voltage (   v L   ) at PCC is calculated as


   V L  =    2 3   (   v  L a  2  +  v  L b  2  +  v  L c  2   )     



(1)






   [       v  L d          v  L q          v  L 0        ]  =  2 3  [     cos θ     − sin θ      1 2        cos  (  θ −   2 π  3   )      − sin  (  θ −   2 π  3   )       1 2        cos  (  θ +   2 π  3   )      sin  (  θ +   2 π  3   )       1 2      ]  [       v  L a          v  L b          v  L c        ]   



(2)







The components of voltages in d- and q-axes are


   v  S d   =  v  d D C   +  v  d A C    



(3)






   v  S q   =  v  q D C   +  v  q A C    



(4)







The compensating strategy for compensation of voltage quality problems considers that the load terminal voltage should be of rated magnitude and undistorted in nature.



In order to maintain the DC bus voltage of the self-supported capacitor, a PI controller is used at the DC bus voltage of the DVR and the output is considered as the voltage loss    v  l o s s     for meeting its losses


   v  l o s s  ( n )    =  v  l o s s  (  n − 1  )    +  K  p 1    (   v  d e  ( n )    −  v  d e  (  n − 1  )     )  +  K  i 1    v  d e  ( n )       



(5)




where    v  d e  ( n )    =  v  D C  *  −  v  D C  ( n )      is the error between the reference DC voltage    v  D C  *    and sensed DC voltage    v  D C     at the nth sampling instant.    K  p 1     and    K  i 1     are the proportional and the integral gains of the DC bus voltage PI controller.



Therefore, the reference d-axis load voltage is


   v d *  =  v  d D C   −  v  l o s s    



(6)







The amplitude of the load terminal voltage (   v L   ) is controlled to its reference voltage (   v L *   ) using another PI controller. The output of PI controller is considered as the reactive component of voltage (   v  q r    ) for voltage regulation of load terminal voltage. The amplitude of the load voltage (   v L   ) at PCC is calculated from the AC voltages (   v  L a    ,    v  L b    ,     v  L c    )



Then, a PI voltage controller is used to regulate this to a reference value as


   v  q r  ( n )    =  v  q r  (  n − 1  )    +  K  p 2    (   v  t e  ( n )    −  v  t e  (  n − 1  )     )  +  K  i 2    v  t e  ( n )     



(7)




where    v  t e  ( n )    =  v L *  −  v  L  ( n )      denotes the error between the reference load terminal voltage (   v L *   ) and actual load terminal voltage    v  L  ( n )      amplitudes at the nth sampling instant.    K  p 2     and    K  i 2     are the proportional and the integral gains of the DC bus voltage PI controller.



The reference load quadrature axis voltage is


   v q *  =  v  q D C   +  v  q r    



(8)







The reference load voltages (   v  L a  *   ,    v  L B  *   ,    v  L C  *   ) in abc frame are obtained from the reverse Park’s transformation. The errors between the sensed load voltages (   v  L a    ,    v  L b    ,     v  L c    ) and reference load voltages are used in the PWM controller to generate gate pulses for the VSC.




4.2. Hysteresis Based Current Controlled Modulation Technique or Bang–Bang Control


Figure 10 presents a block diagram of control strategy for a smart inverter in a current control mode, based on the hysteresis control modulation technique. The active and reactive component of the current determines the amount of real power and reactive power exchange. A Proportional Integral (PI) based control parameters are fine-tuned using Ziegler–Nichols tuning rules and then refined through simulations. A phase locked loop (PLL) circuit is used for synchronizing the inverter with the main grid at the point of common coupling (PCC).




4.3. Fuzzy Based Hybrid Control for Smart Inverters


Fuzzy logic control is an intelligent control technique based on human reasoning. It can be used in a smart way to perform the required ancillary service related to the grid. The authors have proposed a hybrid control design based on fuzzy logic to improve the voltage profile of the inverter output. The same control could also be adopted for reactive power exchange. This control is a combination of conventional PI controller along with a fuzzy controller based on different rules that were formulated. The results served to be better compared to that of conventional controllers. The functional block of hybrid controller that could be associated with smart inverter is shown in Figure 11.



The controllers of smart inverters could be classified according to four major functionalities.




	(i)

	
Volt/VAR control mode: This mode purely represents the regulation of AC voltage by controlling the VAR that is exchanged with the system (injection or absorption). The Volt/VAR control mode has a droop-based Volt/VAR curve as shown in Figure 12.



It could be seen from Figure 12 that the smart inverter could be made to operate in one of the operating regions. (a) Linear region with reactive power injection (capacitive) (region between points (V1,Q1) and (V2,Q2)) (b) Linear region with reactive power absorption (inductive) (Region between points (V3,Q3) and (V4,Q4)) (c) Dead band region with zero reactive power injection/absorption (Region between points (V2,Q2) and (V3,Q3)) (d) Saturation region with constant reactive power injection (Region after (V1,Q1)) (e) Saturation region with constant reactive power absorption (Region after (V4,Q4)). A smart inverter based on its control strategy could be made to operate in one of those regions according to the characteristics and requirements of a distribution feeder. The curve can be configured with or without a dead band region based on the required voltage level and reactive power consumption. The slope of linear region of the curve can be decided based on the required reactive power to mitigate the voltage rise caused by active power feed-in of PV systems.




	(ii)

	
Volt/watt control mode: This mode represents the regulation of active power that is being exchanged with the system (injection and absorption).




	(iii)

	
Low- zero/high voltage ride through (LVRT-ZVRT/HVRT): This mode presents the ability of inverter to stay connected without having to disconnect from the system during faults by means of VAR support from the inverter. There is a tendency that the voltage deviations propagate from the transmission levels to the distribution levels which in turn results in tripping of the DERs connected. During such an event, the smart inverters can provide reactive support without having to disconnect from the system.




	(iv)

	
Dynamic reactive current injection: The injection and absorption of reactive current of the inverter forms the basis of dynamic reactive current injection mode. The dynamic variations in the system voltage such as voltage flicker, voltage support during LVRT/ZVRT, require a suitable reactive compensation. Such compensation could be provided by means of dynamic reactive current injection from the inverters of DERs when they are dormant, by making use of its available capacity for such ancillary services. In case of a situation when the inverters are fully utilized for injecting active power, certain amount of real power could be curtailed for using making use of the inverter for reactive current injection. The controller that is associated with the smart inverter employed in Figure 9 utilizes such dynamic current injection technique. Both the active and reactive currents could be controlled separately. This is utilized in conjunction with other steady state reactive power controls. The operating modes during dynamic current injection are shown in Figure 13. The slope of the curve determines the magnitude of capacitive or inductive reactive current injected for a particular voltage deviation.









The dead band is a region where no reactive current support is exerted from the smart inverter. Dead-band arises when the valve needs to change direction. To avoid the dead-band, an additional output needs to be sent by the controller to overshoot its target position. In case if smart inverter, defining a dead band is highly essential to limit the D-STATCOM action in the unnecessary situations and only use it in the extreme voltage violations. This system control has a function of keeping the output of the reactive power to a minimum value—and if the reactive power from smart inverter is outside a dead-band for a specified time—a control action is initiated for controlling the reactive power.





5. Multilevel Hybrid Smart Inverter Based on Topology


By employing one of the discussed control strategies, a multilevel smart inverter can also be used more effectively. A multilevel inverter (MLI) can act as a smart inverter by making some changes in the control system of the inverter topology. Apart from that, the topology associated with the inverter also determines the hybrid and intelligent performance of the inverter. A modified hybrid multilevel inverter with reduced number of switches is proposed in [25,26,27,28,29,30,31]. Here, IoT is employed for the control of MLI which provides the smart attribute to its functionality. A nine-level inverter parameters are scrutinized by a pair of IoT widgets, settling measures and the combined ascribe of an IoT gadget on the packages (bundles) not comparable of the addressed contiguous region, the inactivity of packages in addressed close-by zone and the separation of IoT gadget to the goal gadget. Employing these attributes, the change probabilities for the associations can be found. The overall system is shown in Figure 14.



A novel MLI configuration is proposed in delivers a nine-step output voltage with high voltage gain. It consists of a developed switched capacitor circuit (DSCC) at the frontend of the inverter and another circuit is a conventional H-bridge circuit. The H-bridge circuit connected at the backend of the inverter is used for producing the negative voltage levels of the output. The circuit configuration of multilevel inverter is shown in Figure 15.



To maintain a high voltage profile, an intelligent control technique can be used to control the operations of the multilevel inverter. In this paper, the authors have proposed a circuit by integrating a full bridge inverter and combination of switched DC sources. The generalized circuit diagram of the proposed hybrid MLI is shown in Figure 16.



This hybrid configuration can be extended to high number of output voltage levels by adding corresponding switches and DC sources. The SDCS design operates in asymmetric manner in order to increase the voltage level at the output side. The authors have already demonstrated a neoteric fuzzy controlled stratagem of a MLI for enhanced output voltage applications for interfacing Plug in electric vehicles (PEV).



With more smart inverters in place including multilevel smart inverters that are associated with renewable energy resources and Plug in electric vehicles, the loading effects of the smart inverters needs to be investigated as well. For such high-power and /or low-cost applications, the high current power electronic devices needed to be connected in parallel. In a distribution utility network, the inverters are connected in tandem to provide a high reliability and redundancy. The most significant problem that would arise during such parallel connection of inverters is loading effects. The load sharing forms an important crux of such smart inverters in place. A key technique to remove the loading effects of the smart inverters is to employ a droop control, which is widely used in conventional power generation systems. The merit that is associated is that no external communication mechanism is needed among the inverters. Though significant progress has been made for equal sharing of linear and nonlinear loads, sharing the loads on an accurate basis in proportion with the rating of such smart inverters still may pose a challenge. The reactive power sharing is not high in terms of accuracy. Another issue is that the output voltage drops due to the increase of the load and droop control. Hence, an addition of integral action to the droop controller has improved the accuracy of load sharing for grid-connected smart inverters including multilevel inverters. To reducing the loading effect on inverters, it should have the same per-unit impedance so that the inverters that are connected to in parallel are not overburdened with loading and could share the load based on the rating of the smart inverters. It also requires that the RMS voltage set-points for the inverters to be the same. Both are very strong conditions. Such a robust droop control with an integral action can regulate the output voltage to reduce the effect of the load and droop control on the output voltage.




6. Functions of Smart Inverters


The additional capabilities of PV/PEV inverters that can be used to solve some of the issues due to increased penetration of distributed energy resources are called “smart functions” and such an inverter is called smart inverter. As a result of increase in smart inverters, the ultimate aim is to minimize some of the reinforcement measures in the grid that are expensive. The role of smart inverters surpasses the basic functions of conventional inverters, such as maximum power point tracking, islanding detection and power conversion. With the existing infrastructure of the power grid, with the help of smart inverters, it facilitates more integration of renewable energy. As the grid is becoming smarter day by day, the focus towards issues such as reverse power flow, power quality aspects such as flicker, harmonic distortion and resonance, voltage stability, frequency stability and overall reliability of the system has become the need of the hour that needs to be addressed. With the increased penetration of DERs in smart grid, it allows the bidirectional flow of power unlike the conventional power system that permitted only unidirectional flow of power. As a result, a steady rise in voltage could be witnessed on the system where the DERs are interfaced at the point of common coupling [32,33,34,35,36].



Smart inverters in the VAR mode can regulate such sudden voltage rise by means of VAR injection and absorption thereby limiting the voltage levels within the permissible limits of the system. This facilitates increased penetration of DERs in a smart grid environment [37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53]. The problem of reverse power flow could be mitigated thereby serving as an important aspect in solving the protection schemes without tripping the circuit breakers due to reverse power flow. The interconnection of PV also leads to power quality issues like voltage flicker, harmonic distortion and resonance. Smart inverters with its specialized controller can act as an Active power filter (APF) to mitigate these harmonics. Further with a help of a specialized controller scheme, a smart inverter can also act as a virtual detuner in mitigating network harmonic resonance. According to IEEE 519 Standard, the network resonance and harmonic distortion go hand in hand with each other. Smart inverter can play a vital role in that case. Further, in a three-phase distribution system, the loads are unbalanced. A smart inverter also performs the role of load balancing. For the stable and reliable operation of the grid, several research groups and companies like the Electric Power Research Institute (EPRI) and California public utilities commission has created the working groups associated with smart inverters (SIWG) for mandating standards for advanced inverter technologies. Further recommendations were made from the Society of Automotive Engineers (SAE) for operating and controlling plug in hybrid electric vehicles with respect to the charging procedures and stability aspects while interacting with the grid.



Fault Ride-Through (FRT) is defined as the ability of a grid-tied inverter to stay connected to the power system and withstand momentary deviations of terminal voltage that vary significantly from the nominal voltage without disconnecting from the power system. Since the most likely cause for excessive voltage deviations in a power system is a fault in the system, the term “fault ride-through” is sometimes used in case of a scenarios when a reactive power support is required. In contrast to reduced terminal voltage, a fault event on power systems with specific characteristics may also cause a momentary rise in voltage. Momentary voltage sag is usually caused when there is a fault due to a short circuit or lightning strike that leads to a flow of high current between phases or to ground. This can cause the inverter to trip and disconnect from the power system network until the system is stabilized. The disconnection can produce a ‘domino effect’ by exacerbating the event and causing other inverters to trip. L/HVRT allows inverters to stay connected if such voltage excursions are for very short time durations and the voltage returns to the normal range within a specified time frame. L/HVRT does not require the inverter to stay connected if the fault persists beyond a specified time. With the version of IEEE 1547.8 and UL 1741 Standard, the smart inverter can operate in VAR mode by providing the necessary reactive power support without having to disconnect the inverter.



During an unsymmetrical fault like single line to ground fault and double line to ground fault, the voltage in those faulty phases alone drop to zero. There is a momentary rise in the voltage levels in the healthy phase during such unsymmetrical faults beyond the permissible limits of ±5% in a distribution system. This is known as temporary over voltage (TOV) phenomenon. This could be mitigated by employing specialized controllers associated with the inverter as a smart inverter for suppressing the TOV phenomenon. Apart from performing the voltage regulation in all three phases by the smart inverter, it can also perform power factor correction of the local operating loads.



Normally, the power factor associated with inductive loads like induction motors are somewhere in the range of 0.6–0.75. They are usually supported by capacitor banks for performing the power factor correction so that the loads can operate at a power factor of more than 0.9 to avoid the penalty that are imposed by the utilities. But capacitor banks can cause harmonic distortion and resonance by interacting with the rest of the system. Smart inverters with their specialized controller can effectively perform the role of a capacitor for power factor correction without causing resonance and harmonics in the system.



All the ancillary/augmented services from the smart inverters could be carried when the capacity of the inverter is not utilized fully [54,55,56,57,58,59,60,61,62,63]. Making an effective utilization of such dormant inverters can play an effective role in a smart grid environment. Figure 17 presents the efficacy of a smart inverter during the integration of several DERs. A comparison of the functionalities of conventional Voltage Source Inverter (VSI) and smart inverters are presented in Table 1.




7. Coordinated Control of Smart Inverter with the Distribution System


Apart from the standalone functionalities of smart inverters, they can also very well coordinate with the devices that are installed in a distribution feeder. In case of a radial feeder, the voltage levels normally drops down towards the end of a feeder. Though there are several techniques like implementation of off-nominal transformer configuration, demand side management, reactive power control and so on. But a coordinated operation of smart inverters in a distribution system will be highly effective. Normally to overcome the low voltage on a distribution feeder, an On-Load tap changing transformers are employed. By adjusting the tap settings, the voltage levels are brought within the normal levels of ±5% of the permissible limits. A SCADA system can provide the status of the voltages at the end of the feeders. The details of the injected real power from PV systems and OLTC tap positions are obtained from the profile of the feeder voltage. Based on these details, the OLTC tap changer can adjust its settings. This case is purely when a PV is injecting real power. There can also be a case when PV is not injecting real power and the inverter can be dormant. During such a situation when voltage levels are low or high, the SCADA system transmits the information over the communication network to instruct the OLTC and smart PV inverter system. In this case, the smart inverter can also act like a FACTS device (STATCOM) by suitable reactive power compensation for raising or lowering the voltage levels on the feeder. Further, both OLTC and smart inverters can jointly perform a voltage regulation on a distribution feeder. Figure 18 presents such coordination between smart PV inverters and OLTCs for maintaining the voltage levels on the feeder.




8. Conclusions


Thus, smart inverters are much more reliable and efficient when compared to conventional inverters. A range of operations associated with the grid connected systems such as reactive power compensation, coordination control; novel topologies of smart inverters for grid interconnection are discussed in this paper in the form of a review. It can be further extended with several new controllers and algorithms for obtaining better and accurate voltage profile for grid connected systems. As the penetration levels of DERs have gone up, the need for such ancillary services has grown as well. This paper presented a highly effective solution for utilizing smart inverters for ancillary services in a grid in the form of a review.




9. Future Scope


The research work on smart inverter applications for augmented services in smart grid presented in this paper will serve as a benchmark for several researchers and engineers working in this domain.
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Figure 1. Smart inverter based Domains. 






Figure 1. Smart inverter based Domains.



[image: Electronics 09 00662 g001]







[image: Electronics 09 00662 g002 550] 





Figure 2. Regional analysis of smart inverter utilization by world share market. 
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Figure 3. Smart inverter forming the crux of various distributed energy resources. 
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Figure 4. Generalized control block of a smart inverter. 
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Figure 5. General hardware architecture of a smart inverter. 
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Figure 6. PV smart inverter—A three phase D-STATCOM for compensating a load. 
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Figure 7. PV smart inverter—STATCOM in capacitive and inductive mode. 
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Figure 8. Synchronous reference frame theory-based method for control of self-supported Voltage Source Converter (VSC). 
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Figure 9. PWM based control strategy of smart inverters based on dqo frame theory. 
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Figure 10. Hysteresis based current control strategy of smart inverters. 
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Figure 11. Fuzzy based hybrid controller for smart inverters. 
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Figure 12. Volt/VAR control mode of a smart inverter. 
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Figure 13. Operating modes of dynamic reactive injecting smart inverters. 
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Figure 14. Basic block diagram of multilevel hybrid inverter. 
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Figure 15. Circuit configuration of a multilevel inverter (MLI). 
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Figure 16. Generalized topology of Hybrid MLI. 
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Figure 17. Smart inverter for ancillary services during the integration of various distributed energy resources (DERs). 
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Figure 18. Coordination of Smart PV inverter farms with distribution system. 
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Table 1. Comparison between functionalities of conventional voltage source inverters and smart inverters.
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	Situation
	Conventional Voltage Source Inverter (VSI)
	Smart/Intelligent Hybrid Inverters





	Active Power filtering
	Not implemented
	Smart inverters with specialized controller can perform active power filtering.



	Flicker
	Not implemented
	Voltage and frequency flicker could be mitigated.



	Voltage/Frequency regulation
	Conventional VSIs were disconnected during abnormalities.
	Smart inverters can perform the voltage and frequency regulation in the system.



	Ride through capability
	VSIs usually had to disconnect from the system and didn’t have the capability of LVRT/ZVRT or HVRT
	Smart inverters could provide VAR support during such an event; thereby they could stay connected with the system by performing the ride through action.



	Line losses
	Conventional VSIs were not configured to inject or absorb VARs.
	With the introduction of IEEE 1547.8 and UL 1741 standard, smart inverters were capable of injecting and absorbing VARs in the system. Due to this action, line losses could be reduced to a great extent.



	Voltage regulation and power factor correction
	Conventional VSIs were not equipped with voltage regulation and power factor correction capabilities.
	Smart inverters with specialized controllers could perform voltage regulation in the system and power factor correction of local loads thereby serving an effective solution for avoiding penalty from the utility.



	Virtual detuning
	Conventional VSIs were not used for virtual detuning.
	With specialized controllers, smart inverters could perform virtual detuning, thereby mitigating network harmonic resonance phenomenon. The harmonics could also be mitigated using this action.



	Temporary OverVoltage (TOV) mitigation
	Conventional VSIs were not used for TOV mitigation
	Smart inverters can effectively be used for TOV mitigation in the healthy phases during Single Line to Ground Fault and Double Line to Ground fault.



	Anti-island detection
	Not implemented
	Can investigate transient faults based on the scheme that was defined.



	Reverse power flow
	Could not curtail the reverse power flow.
	Smart inverters could curtail the voltage rise due to reverse power flow caused from DERs by performing voltage regulation on the system. This also facilitated the increased penetration of DERs like wind, PV, plug-in electric vehicles (PEVs).



	Power generation
	Real power generation alone was possible by making the conventional VSIs to operate at a unity power factor.
	Real power generation is possible. Apart from that, the underutilized capacity of the inverter could be utilized for reactive power generation/absorption for ancillary services.



	Power system restoration
	Conventional VSIs were not used for black start purpose and throughout the involvement of power system restoration.
	Smart inverters with the real and reactive power supporting capabilities can provide the cranking power for the black start purpose and aid in power system restoration by maintaining the VAR levels.



	Increase in power transfer capability
	Conventional VSIs were not used for this purpose.
	Smart inverters can be effectively be installed at the midpoint of a line for performing a suitable shunt compensation like a STATCOM for enhancing the power transfer capability of a line. As a result, more DERs could be integrated into the system with the enhanced capacity within the thermal limits. This also brings in lots of monetary benefits without having to install a new line for power transmission.



	Subsynchronous resonance (SSR)
	Conventional inverters didn’t have such a feature.
	Smart inverters with specialized controlled can mitigate subsynchronous resonance (SSR) phenomenon. Most of the functionalities of a STATCOM could be performed by smart inverters.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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