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ABSTRACT

This dissertation proposes protection solutions to challenges introduced in power systems with high penetration of renewable energy sources. The distinct protection challenges that emerge in both islanded and grid-tied systems are explored.
 For islanded systems, the main protection challenge relates to the low-short circuit currents of inverter-based resources (IBRs). As a solution, a novel approach that addresses the root problem is proposed that can increase the short-circuit contribution of a generic voltage source converter. The proposed design allows the inverter to provide sustained short-circuit current to achieve fuse-relay and relay-to-relay coordination. Adaptive relaying for microgrid protection in islanded and grid-tied mode is analyzed. An adaptive relay adjusts the relay curves based on the available generation and the network topology. The model-adaptive relay is validated in hardware and hardware-in-the-loop (HIL) and was deployed at EPB control center microgrid. A power amplifier is designed to interface protective relays with protective relays, which is used to evaluate the model-adaptive relay in the laboratory. 
For grid-tied systems, this dissertation explores the impact of voltage dips in wind turbine doubly fed induction generator (DFIG) and photovoltaic (PV) systems while also presenting solutions to improve their low-voltage ride through (LVRT) capabilities. The development of a real-time simulator is validated against a physical DFIG testbed. The DFIG machine model is compared with physical measurements during balanced and unbalanced grid conditions. The validated model is then used to study the DFIG system during symmetrical and asymmetrical voltage sags and to evaluate LVRT strategies. Hardware modifications are applied to significatively increase the reactive power support of PV inverters and demonstrates that increasing the semiconductor’s current rating allows the PV inverter to ride through faults while enhancing their reactive power support during voltage sags. Through detailed electrothermal simulations, this design is shown to be capable of injecting three-times the inverter rated current for enough time to comply with established LVRT requirements.
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Abstract: In microgrids, inverter-based resources (IBRs) control their short-circuit contribution close to their rated current, which is insufficient to reliably protect microgrids using legacy distribution overcurrent protection. Although numerous approaches for microgrid protection have been suggested, to date an economically, commercially available relay that effectively addresses the challenges of microgrid protection has not been developed. As a practical solution, this work addresses the root problem by increasing the short-circuit contribution of a generic voltage-source converter (VSC) to leverage existing legacy protective devices for microgrid protection. Using experimental results and electrothermal simulations, this research contributes to the state of the art by demonstrating that only a few inverter components must be overrated to significantly increase the short-circuit current contribution during faults. The proposed and tested design provides sustained short-circuit current to achieve fuse-relay and relay-to-relay coordination. Additional contributions of this chapter include the development of a novel inverter control that addresses challenges posed by saturable inductors during high-current operation. This chapter demonstrates the feasibility of increasing the short-current from inverters, enabling the utilization of legacy overcurrent protective devices for inverter-based microgrids in islanded mode. Portions of this chapter has been previously published in [8].
This dissertation is organized as follows: Chapter 1 proposes a novel approach that addresses the root problem by increasing the short-circuit contribution of a generic Voltage-Source Converter. Chapter 2 explores adaptive relaying for microgrid protection in islanded and grid-tied mode. Chapter 3 presents a power amplifier designed to interface protective relays with protective relays, which is used to evaluate the model-adaptive relay in the laboratory. Chapter 4 presents the development of a real-time simulator which was validated against a physical DFIG testbed. Chapter 5 applies hardware modifications to significatively increase the reactive power support of PV inverters. This chapter demonstrates that increasing the semiconductor’s current rating allows the PV inverter to ride through faults while enhancing their reactive power support during voltage sags. 

1.1. [bookmark: _Toc125019087][bookmark: _Toc125807348][bookmark: _Toc125807473][bookmark: _Toc125808213][bookmark: _Toc127366229]Introduction

Microgrids have been identified as a critical component of the energy grid of the future. In the past years, microgrid deployments have increased significantly both in the US and worldwide [1,3]. A microgrid is defined as a coordinated group of distributed energy resources (DER) that service a set of loads through a distribution system with the capability to operate grid-connected on islanded operation. Microgrids promote the use of renewable energy sources such as solar and wind power, and offer benefits such as continuous power, improved power quality, and increased reliability [1]. A distribution system that adopts microgrids brings generation closer to the load, allowing customers to maintain power supply in the event of grid faults. However, microgrid resilience can be compromised if they are not properly protected in the event of faults within their own boundaries [1,2]. 

Although microgrids are commissioned at the distribution level, available distribution protection devices, such as reclosers, relays, and fuses, are not suitable for microgrid protection because they depend on the magnitude of the fault current [1]. Although numerous approaches for microgrid protection have been suggested [1, 2], this research has not led to the development of an economically viable, commercially available relay that effectively addresses the challenges of microgrid protection [1]. Many authors conclude that the main protection challenge for microgrids arises from the limited short circuit current of inverter-based resources (IBRs) [1, 2, 4, 7]. This research addresses the root problem by increasing the short-circuit contribution of the inverter. Although the approach of increasing the fault contribution of IBRs has been proposed before as a solution to the microgrid protection challenges, current approaches are cost-prohibitive because they operate on the assumption that the whole inverter unit must be overrated [5, 7, 25-27, 43]. Using experimental results and electrothermal simulations, this research contributes to the state of the art by demonstrating that only a few inverter components must be overrated to significantly increase high-short-circuit current contribution during faults. Additional contributions of this chapter include the small-signal model of a three-phase voltage source inverter (VSI) considering the inductor saturation, as well as the development of a novel inverter control that addresses the challenges posed by saturable inductors during high-current operation.  
This chapter presents experimental results demonstrating that overrating the current rating of the semiconductor as well as the current sensor (CT), while keeping all other components at their rated power, is sufficient to increase the short-circuit contribution of the three-phase inverter. The presented modifications allow an inverter prototype with components designed for 1.0 p.u. of nominal current to provide more than 3.0 p.u. of fault current for enough time to enable the use of legacy overcurrent protection devices. The power module is oversized to maintain safe operation temperatures during the faulted condition. Other modifications include the current transducer because it is necessary to measure higher currents that maintain closed-loop control during faults. This approach is much more cost-effective compared to oversizing the entire unit or installing differential protection [1,2,6,8], making it more likely to be adopted at scale. 
This work shows that overrating the grid filter to accommodate the overloading condition is not necessary because the fault duration is relatively short. However, at currents that exceed the rated current, the core of the inductive grid filter saturates. This saturation introduces nonlinearities that must be accounted for in the vector control to maintain stable operation. This chapter presents a control method considering saturable inductors for maintaining closed-loop stability during normal operation as well as fault conditions. 
The proposed modifications for increasing fault contribution of inverters bring several advantages: 1) it enables the use of legacy distribution protective devices such as fuses, breakers, and reclosers; 2) it enables fuse-relay coordination and coordination between primary and backup relays; 3) it is cost-effective, as only a few components need to be overrated while the rest of the inverter components remain at their normally rated power; 4) it does not require a dedicated or additional unit, as the energy storage inverter (ESI) or photovoltaic (PV) inverter can be modified to provide higher fault current. Moreover, an inverter with an overrated current rating device presents lower losses and lower thermal requirements during normal operating conditions, which increases the efficiency of the inverter and reduces its cooling requirements.
1.2. [bookmark: _Toc125019088][bookmark: _Toc125807349][bookmark: _Toc125807474][bookmark: _Toc125808214][bookmark: _Toc127366230]Literature Review

Despite the numerous advantages of microgrids, there are several technical challenges related to their protection [1,2,4]. There is a consensus in the literature that one of the main challenges for protecting microgrids arises from the significant variation in fault current, which drastically changes between operating mode of the microgrid. In grid-connected mode, fault currents are very high due to the utility grid’s contribution, while fault currents have significantly lower magnitudes when the microgrid operates in islanded mode [4,5,8]. For instance, during grid-tied operation, the short circuit current ratio is between 10-50 p.u. During islanded operation, the available short-circuit current can be as low as 1.2 p.u. [4-7]. Such a large difference makes coordination of existing distribution protection difficult and often unattainable [7]. Fuses are particularly affected because of their inverse characteristics; in some cases, fuses protecting the lateral feeders will not melt during faults that occur in islanded operation [1]. Furthermore, the latest revision of the IEEE 1547 standard allows PV inverters to immediately disconnect when the grid voltage is under the 50% threshold, which introduces additional challenges for microgrid protection in islanded mode [12]. 
Table 1.1-1.2 present a comparison of the advantages and disadvantages of conventional methods, and Table 1.3 of non-conventional methods applied to microgrid protection. In summary, adaptive protection and differential protection are two promising approaches for protecting inverter-based microgrids. However, both approaches introduce different challenges. Adaptive protection typically requires a central unit that updates the settings of overcurrent relays for correct tripping based on current system conditions. While this approach has the potential to be used in future microgrids, it requires the construction of an extensive and robust communication network. This can be a significant challenge, especially in islanded microgrids where the communication infrastructure can be compromised [31,33]. Differential protection is the most effective commercially available solution to overcome the challenges of protecting microgrids during islanded operation. This method is practically unaffected by both the small fault current from inverter-based resources (IBRs) and the variable fault current from grid-tied to islanded operation. However, line differential protection is a very expensive solution because it requires a relay to be installed at every node of a protection zone, which may be unfeasible due to the high number of nodes in a microgrid.
Additionally, it requires high bandwidth communication and cannot be linked through high latency communication technologies. Lastly, line current differential relays are typically equipped with backup relays, such as directional overcurrent relays, which suffer the drawback of being insensitive to low fault currents [1,4]. Negative sequence protection uses negative sequence elements to detect and clear asymmetrical grid faults. However, this approach is challenging in real applications because it requires accurate measurement of negative sequence currents. Commercial IBRs are typically controlled to maximize positive sequence currents and minimize negative sequence currents [13,29]. Furthermore, microgrids serve single-phase loads and include single-phase generation, therefore, applying this protection method is challenging as the negative sequence varies throughout the day. 
An admittance relay has been proposed for microgrid protection in both modes of operation [14]. However, coordinating these relays can be difficult in microgrids with a relatively small distribution line. This limitation may be exacerbated in the case of high-impedance faults. Other methods include voltage protection [15]; however, this approach relies on communication links.  
Recently, a wavelet transformation method was proposed [16]. The drawback of this method is that when applied in a radial distribution system, coordination between upstream and downstream protection can be challenging because the relays sense the same fault current. Traveling wave approaches have been proposed [23, 24]; however, these methods require high sampling frequency and may not be applicable for microgrids with short distribution lines. There have been proposals to increase the fault contribution in microgrids through the installation of a dedicated fault current source or the oversizing of certain units such as flywheels [25,26] or supercapacitors [27].
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[bookmark: _Toc125019401][bookmark: _Toc129009347]Table 1.1 
Microgrid protection conventional approach
	Method
	Advantages
	Disadvantages
	References

	Overcurrent 
	• Widely used, low-cost and simple.
• Enables relay-fuse, relay-relay coordination.
• Does not require communication.

	• Insensitive to low fault currents from IBRs.
• Fault current may depend on the intermittent generation.
• Large variability between grid-tied and islanded operation.
• Coordination is very difficult or unattainable.
	[1][2][6][27]

	Differential
	• Unaffected by low fault current levels from IBRs.
	• Very expensive: should be installed at every node of a protection zone, otherwise the line current differential protection incorrectly trips during normal operation.       
• Requires high bandwidth communications.    
• Requires overcurrent backup protection in the event of communication failure. 
•Errors and mismatches between the current transformers are a challenge. 
	[1][11][5][19]

	Impedance
	• Unaffected by the small fault current of inverter-based generation.
• Unaffected by variable short-circuit capacities (islanded/grid-tied).   
	• Measured impedance can be adversely impacted by the fault behavior of IBRs units.
• Impedance calculation challenging because lines in microgrids are usually small.
• Challenges when detecting high-impedance faults.
	[1,14]

	Negative Sequence 
	 • Independent of load angle and fault resistance.       
• Reliable option for detecting unbalanced faults in microgrid with synchronous generators. 
	• Commercial IBRs are typically controlled to maximize positive sequence current and minimize negative sequence currents.
 • Negative sequence in the current is negligible for unbalanced faults on PV based generation.
• Negative sequence current resulting from load unbalance can be significant in microgrids.
	[18][13][39]





[bookmark: _Toc129009348]Table 1.2
Microgrid protection conventional approach

	Directional Overcurrent
	Allows coordination of protective devices for different microgrid paths.
	• Low fault current is a main adverse effect on overcurrent relay sensitivity.
• Requires forward and reverse coordination. 
•  Adaptive settings may be required for microgrid applications.
	[28][30]

	Frequency
	• Does not depend on magnitude and direction of fault current.
	• Challenging in low inertia systems to differentiate severe load transients from fault conditions because inrush currents can produce voltage and frequency drops.
 • Does not allow coordination   
	[7][31]

	Undervoltage 
	• Does not depend on magnitude and direction of fault current.
	• Does not allow coordination.   
• Insufficient to detect where the fault is located.    
• The method is vulnerable during transient high resistance fault and difficult in coordination for low voltage dip.



	[15,28-29]











[bookmark: _Toc125019402][bookmark: _Toc129009349]
Table 1.3 
Microgrid protection non-conventional approach
	Method
	Advantages
	Disadvantages
	References

	
	

	Adaptive Relaying (Centralized)
	• Allows for adjustment of protection settings based on system conditions.
	• Centralized Adaptive Relaying requires extensive and robust communication network. 
• Currently, modern digital relays limit the settings groups to less than 10, which hinders the range of adaptability.  
	[10][31][32]

	Adaptive Relaying (Communication-less)
	• Adjustments of protection settings relaying on local information without communication.
	• Difficult to accurately detect and locate faults within the microgrid.
• Limited coordination: Communication-less adaptive relaying relies on the individual devices to make decisions about how to respond to changes in the power system. This can lead to suboptimal coordination between devices,
	[9][33]

	Travelling wave
	• Unaffected by the small fault current of inverter-based generation.
	•High sampling frequency (at least 256kHz) and may not be applicable for microgrids with short distribution lines
•Challenging implementation in small microgrids with low line impedances
	[23][24]

	AI-Based 
	•Relies on fault signatures to detect to distinguish faults.    
	• Requires large datasets for training purposes which are typically unavailable and may be affected by bias or errors in data
	[17,20, 21,22,44]








Although this approach would enable the adoption of traditional overcurrent protection, it is cost prohibitive. Other suggested methods are based on advance signal processing and artificial intelligence (AI) [21,22,44]. These schemes extract information about the fault signatures to train an AI-based scheme to distinguish and identify the fault. However, these methods have the drawback of requiring large datasets for training purposes which are typically unavailable and may be affected by bias or data errors. Newer approaches propose modifying the control loops of the inverter to inject pre-defined harmonics into the microgrid during the fault condition [19]. Although this method can assist the protection devices to identify and detect the fault in the feeder, it does not solve the challenge of the fuses, which are the first line of defense to protect the laterals against short circuits.
The literature shows that most of the proposed protection methods passively tackle the negative effects caused by the low-fault contribution of IBRs. However, there have been no studies that propose IBR modifications to enhance the short-circuit capabilities. The proposed modifications can be implemented in an ESI or PV inverters, which makes it different from solutions previously proposed which require a dedicated unit to provide high current during faults. This research presents inverter modifications to increase short-circuit current capabilities with the objective of enabling legacy overcurrent protection for inverter-based microgrids.

1.3. [bookmark: _Toc125019089][bookmark: _Toc125807350][bookmark: _Toc125807475][bookmark: _Toc125808215][bookmark: _Toc127366231]Commercial Protection Schemes Applied to Microgrids

Table 1.4 summarizes the protection schemes used in multiple real-world microgrid projects in North America. Traditional overprotection methods are used for protecting real-world microgrids because of their advantages, including low-cost and complexity and coordination between fuses and relays and backup relays. This type of protection is effective to protect the microgrid when it operates in grid-tied mode. Overcurrent protection is found in commercial microgrids such as the EPB control center in Chattanooga, CERTS microgrid, and Santa Rita Microgrid. Because this type of protection is not effective during islanded operation, CERTS and Santa Rita Jail microgrids treat faults during islanded operation as second contingencies leading to the shutdown of the entire microgrid [24]. 
Differential overcurrent can be found in the following microgrids: the Illinois Institute of Technology (IIT) microgrid–USA and British Columbia Institute of Technology (BCIT) microgrid–Canada. The IIT microgrid implements a comprehensive hierarchical protection scheme, which is described in detail in [52]. This microgrid has online differential relays coordinated in four levels, as shown in Fig. 1.1. The first level (green boxes) protects faults at the load laterals. The second level clears faults impacting the line section between the laterals (blue boxes). A feeder protection provides backup protection for the first and second level in case of communication failures (purple boxes). Overcurrent relay protection is utilized in coordination to provide backup for the other three levels. Adaptive protection is utilized to account for the variability in the short circuit current (purple boxes). The last protection is responsible for protecting the microgrid against external (red boxes) faults and acts as a backup protection for the other three levels. This last level includes overcurrent (50), overvoltage (57), undervoltage (27) and frequency (87) protection elements. This protection scheme sheds light into the complexity and associated cost of protecting microgrids using line differential protection. As a reference, the cost of differential protection for the same manufacturer is more than double that for a high-end directional overcurrent relay that includes communication-assisted tripping [1]. 
1.4. [bookmark: _Toc125019090][bookmark: _Toc125807351][bookmark: _Toc125807476][bookmark: _Toc125808216][bookmark: _Toc127366232]Fault Contribution from Commercial IBRs
Table 1.5 summarizes the fault characteristics for photovoltaic inverters (PV) and Energy Storage Inverters (ESI). These results were obtained from the few published works on the subject [47-51]. ESI provide a fault contribution that ranges from 1.0 p.u. to 1.8 p.u. ESI inverters produce negative and zero sequence; however, the availability of zero sequence depends on the interfacing transformer type. PV inverters provide a very limited fault current that typically ranges from 1.0 p.u to 1.15 p.u. PV inverters do not provide zero or negative sequence currents although the lack of short circuit current from inverter-based generation is the main concern for microgrid protection in island mode. The lack of negative sequence and zero sequence from grid following inverters may negatively impact the protection of asymmetrical faults, such as line to ground (LG) and line to Line (LL). Table 1.6 and Table 1.7, present the short-circuit contribution from leading commercially available energy storage and PV inverters.  These tables shows that the fault contribution of the commercial battery storage depend on the inverter manufacturer and ranges between 1.0 and 1.8 p.u. PV inverters limit their current to less than 1.0 p.u. 
1.5. [bookmark: _Toc125807352][bookmark: _Toc125807477][bookmark: _Toc125808217][bookmark: _Toc127366233]Summary Literature Review

Microgrids have been identified as a critical component for improving power reliability, increasing energy system efficiency, and enabling higher integration of renewable energy sources. However, this resilience may be lost if the microgrid is not properly protected during short-circuit faults that occur within its own boundaries. The consensus in the literature is that the limited short-circuit current contribution from inverter-based generation causes many of the challenges when protecting microgrids in islanded operation. Commercial inverter manufacturers typically control their fault current contribution to close to the nominal load current, which hinders the application of reliable and cost-effective overcurrent protection for inverter-based microgrids. Fuses are particularly affected because of their inverse characteristics; in some cases, fuses protecting the laterals will not melt for faults during islanded operation.

Line differential protection is the most effective way to protect microgrids in both islanded and grid-tied operation. However, line differential protection is a very cost-prohibitive solution because it requires a high bandwidth communication as well as relay installation at every node of a protection zone, which may be unfeasible due to the high number of nodes in a microgrid. Lastly, line current differential relays are typically equipped with backup relays, such as directional overcurrent relays, which suffer the drawback of being insensitive to low fault currents. Adaptive protection has been widely explored in the literature as a promising technique that enables the use of overcurrent relays in microgrids. Adaptive protection is an online process which modifies the preferred protective responses and correlates them to a change in system conditions. However, adaptive protection requires the construction of an extensive and robust communication network. Furthermore, relay manufacturers limit the adaptability range to the settings groups available in the device, which is typically seven. 

[bookmark: _Toc125019403][bookmark: _Toc129009350][bookmark: _Toc125005358]Table 1.4 
Microgrid protection used in the US

	Project name/location
	Voltage
	Generation mix
	Protection features

	EPB Control Center/Chattanooga TN
	12.47 kV
	PV: 1.3 MW
ESI: 1.0 MW (1 MWh)
	Overcurrent elements (52)
30T, 50T, 100T (Fast acting fuses)


	Duke Energy Mount Holly MG/ Mount Holly NC
	12.47 kV
	PV: 50 kW
ESI: 240 kW (500kWh)

	Undervoltage (27), overvoltage (59), frequency (81), directional overcurrent (67). 

	University of California Microgrid, San Diego (CA)—USA
	
	PV: 3 MW
Fuel cell: 3 MW
Gas turbines: 2 x 13.5 MW 
Steam turbine: 3 MW 
	Line current differential (87), impedance (21), directional overcurrent (67)  


	Consortium for Electric Reliability Technology Solutions Microgrid, Columbus (OH)—USA 

	0.48 kV
	Inverter-Based Natural Gas Turbine: 60 kW
	symmetrical component-based scheme 
overvoltage (59), undervoltage (27), frequency (81), and directional overcurrent (67).

	Santa Rita Jail Microgrid, Dublin (CA)—USA 
	0.48 kV
	PV: 1.5 MW
Wind: 5 × 2.3 kW Wind 
ESI: 2.0 MW (4.0 MWh) 
Fuel Cell: 1.0 MW 
Diesel Generators: 2 MW
	directional overcurrent (67) 
Overcurrent for grid-connected 
undervoltage (27) 
overvoltage (59) 
frequency (81).

	Borrego springs MG, US  
	25 kV
	PV: 700 kW
ESI: 500 kW (1500 kWh)
Diesel Generator: 1.8 MW 
	Voltage-restrained protection scheme


	British Columbia Institute of Technology (BCIT), Canada  
	12.47 kV
	PV: 300 kW
Wind: 2x5 kW 
ESI: 550 kWh
Steam Turbine: 250 kW
	Line current differential (87)

	Oncor and Irvine Smart Grid, US  
	12.47 kV
	PV: 3.7 MW
ESI: 2MW (500 kWh)
Natural Gas: 13.5 MW
Steam Turbine: 5.6 MW 
	Adaptive overcurrent protection
Communication-assisted digital relays with adaptive settings

	Illinois Institute of Technology (IIT)–USA 

	4.16 kV
	PV: 300 kW
Wind: 8 kW
ESI: 500 kWh 
Diesel generator: 8 MW 
Gas Turbine: 4 MW 
	Line current differential (87) for feeders and laterals 





[image: Protection schemes used in North American microgrids - Piesciorovsky - 2020  - International Transactions on Electrical Energy Systems - Wiley Online  Library]
[bookmark: _Toc125006500][bookmark: _Toc125019475][bookmark: _Toc129009358]Figure 1.1: Illinois Institute of Technology (IIT)–USA protection using hierarchical protection-based line differential relays [52].


[bookmark: _Toc125019404][bookmark: _Toc129009351]Table 1.5 
Fault contribution and sequences of ESI and PV inverters [47-51]
	Inverter 
Type
	Rating (kVA)
	Phases
	Voltage (V)
	Transformer
	Negative sequence
	Zero sequence

	ESI
	9
	three
	208
	no
	yes
	yes

	ESI
	100
	three
	480 
wye side
	delta to wye
	yes
	no on wye side

	ESI
	5.5
	single
	208
	no
	
	

	ESI
	5
	single
	240
	no
	
	

	ESI
	5
	single
	240
	no
	
	

	PV
	24
	three
	480
	no
	no
	no

	PV
	24
	three
	480
	no
	no
	no

	PV
	3.2
	single
	208
	no
	no
	no








[bookmark: _Toc125019405][bookmark: _Toc129009352]Table 1.6 
Fault contribution from commercial ESI inverters
	Brand
	Model
	Power (kW)
	Voltage (V)
	Nominal Current (A)
	Fault Current (A)
	Ratio

	Oztek
	OZpcs-RS40
	40
	480
	50
	63
	1.3

	Dynapower
	Micro Power System
	125
	480
	150
	213
	1.4

	SMA
	Sunny Boy Storage 2.5
	2.5
	280
	10.5
	19
	1.8

	Firmer
	React2-uno-5.0-tl
	5.0
	280
	22
	22
	1.0







[bookmark: _Toc125019406][bookmark: _Toc129009353]Table 1.7 
Fault contribution from commercial PV inverters
	Brand
	Model
	Power Rating (kW)
	Voltage rating (V)
	Nominal Current (A)
	Fault Current (A)
	Ratio of Fault to Nominal

	ABB
	PRO-33.0-TL-OUTD
	33
	480
	50.3
	50.3
	1

	ABB
	TRIO-27.6-TL-OUTD
	28
	480
	45
	46
	1.02

	FIMER
	PVS-60-TL
	62
	480
	80
	92
	1.15

	SMA
	STP 30000TL-US-10
	30
	480
	36.2
	36.2
	1.00

	SMA
	STP 50-US-40
	50
	480
	60.2
	64
	1.06

	SMA
	STP 12000TL-20
	12
	280
	17.4
	17.4
	1.00






The available literature shows that most of the protection methods proposed passively tackle the negative effects caused by the low-fault contribution of IBRs. However, there has been no studies that propose modifications to the IBR at hardware and control levels to enhance its short-circuit capabilities. The following sections explores the inverter modifications to increase its short-circuit current capabilities with the objective of enabling legacy overcurrent protection for inverter-based microgrids.

1.6. [bookmark: _Toc125019099][bookmark: _Toc125807353][bookmark: _Toc125807478][bookmark: _Toc125808218][bookmark: _Toc127366234]VSC Design with Increased Short-Circuit Current 
System Description and Methodology

Fig. 1.2 shows the proposed inverter with increased short-circuit current contribution; this diagram includes the hardware and control contributions of this chapter. The proposed inverter design consists of a classic two-level voltage-source inverter (VSI) connected to the grid through an inductive filter. This is a typical topology found in PV and ESS inverters. The inverter’s semiconductor is overrated to accommodate the overloaded current condition maintaining the junction temperature below the maximum values specified by the manufacturer. The other inverter components, such as the filter, and dc-link capacitors were not changed and remained at their nominal current rating. In this study, it is assumed that a stiff dc-source is established in the dc-side of the inverter, consequently, the dynamics from the dc input is not studied in this work.  The inverter is vector controlled as a grid forming device with a classical cascaded control with an inner current control loop and an external voltage loop.
This figure also includes the control contributions of this work, which consist of the decoupling terms for the  channels considering the non-linear characteristic of the saturable inductors, and the proposed control that recalculates the controller gains considering the inductor saturation. This approach utilizes a fit function to estimate the remaining inductance based on the operating current, and the Butterworth polynomial to optimize the closed loop eigenvalue locations. 
Fig. 1.3 shows the time current curves (TCC) for the primary relay, backup relay, and fuses. To evaluate protection coordination using the overcurrent principle, fuses at the end of the circuit and two SEL 651 reclosers are used for primary and backup protection. The fuses’ current ratings are 25% greater the nominal load current which is typical practice in protection design.  A three-phase circuit breaker applies the faults at the end of the lines, this circuit breaker closes to apply symmetrical and asymmetrical faults and receives the trip signals from the SELS 651 R. 
1.7. [bookmark: _Toc125019100][bookmark: _Toc125807354][bookmark: _Toc125807479][bookmark: _Toc125808219][bookmark: _Toc127366235]Electrothermal Modelling

This section develops an electrothermal model to estimate the temperature response of the normally rated device and the overrated device. This model will be used in later sections to study the dynamic response of the junction temperature of the rated device and overrated device during high current operation (during a short circuit) to guarantee that the junction temperature remains under the safety limits; for silicon that temperature is typically 150 ℃. 
The power losses can be divided into conduction and switching losses of the IGBTs and their associated anti-parallel diodes. Switching losses happen during the turn ON and turn OFF transients and are proportional to the switching frequency , the collector current , and blocking voltage  [34, 35].
The conduction loss can be calculated with the saturation voltage drop and the collector current , multiplied by the instantaneous duty ratio . For this study  corresponds to sinusoidal PWM (SPWM). The set of equations to calculate the inverter losses are presented in Table 1.8.  
Fig. 1.4 presents the information for both the normally rated (current) semiconductor die with one with overrated current rating used in this study. As shown, the following parameters are sensitive to the collector current: , , ,  . During high current operation, the increased collector current influences these parameters, which rapidly increases the conduction and switching losses, which further increases the junction temperature. 
A quick inspection shows that the overrated module has lower  compared to the normally rated device, which translates to lower conduction losses, which are dominant at high currents. The thermal impedances of the rated and overrated devices are shown in Fig. 1.5. These figures show that for the same package, the device with overrated current has superior electrical and thermal characteristics.  
Equation (3.1) shows the fit equation for approximating thermal impedance. The resulting thermal impedance for the IGBTs and diodes are presented in (1.1-1.5). The curve fitting was done by minimizing the root mean square error. The accumulative percentage error is 2.2% for the 30 A device and 1.1% for the 10 A device. Fig. 1.6 shows the Foster thermal network used to model the thermal circuit for the IGBT and diode. A four-layer model was chosen because it provides a better dynamic response compared to a single layer network [35].

	
	

	                               (1.1)



  
	
	+ 
 + 

	(1.2)

	
	+  
+ 

	(1.3)


The thermal impedance for the overrated IGBTs and diodes are presented in (1.4-1.5).
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Fig. 1.7 shows an important comparative graph that depicts the power losses in p.u. using the developed electrothermal model; these results were validated using the manufacturer’s electrothermal simulators [36],[37]. The normally rated device for the prototype inverter used in this study has ratings of 10 A, 600 V, and the overrated device has ratings of 30 A, 600 V which corresponds to three times the rated current of the inverter. These devices are easily interchangeable as they come in the same 25-pin SDIP. To demonstrate the scalability of the proposed method, the same figure shows a similar comparison with devices used in a larger inverter. For the full-scale inverter, the rated device is a 50A, 1200V device and the overrated device is a 150A, 1200V device. Similarly, both devices use the same Econo3 package. As shown, for both the prototype and full-scale semiconductors, overrating the current rating is a required for high current operation as devices with higher current rating have lower switching and conduction losses, which combined with their better thermal impedance, result in lower junction temperatures for the diode and IGBT. During normal operation, the device with overrated current rating also presents lower losses and lower temperature in the junction, which improves the efficiency of the inverter and reducing its cooling requirements. 
1.8. [bookmark: _Toc125019101][bookmark: _Toc125807355][bookmark: _Toc125807480][bookmark: _Toc125808220][bookmark: _Toc127366236]Vector Control Considering Saturable Inductors

The previous section presented simulation results that indicate that replacing the semiconductor allows the inverter to provide sufficient current to enable utilization of fuses in islanded microgrid operation allows coordination with overcurrent relays. However, at currents higher than the rated currents, the core of the inductive grid filter saturates, which introduces nonlinearities that must be accounted for in the vector control for stable operation. This section shows that the employment of conventional vector control in the inverter with saturable inductors brings serious issues regarding the current control performance. This is because traditional vector controllers are developed considering linear and constant inductance. However, in systems with saturable inductors, the inductances are asymmetrical and nonlinear [46]. Neglecting the inductor saturation at high-current operation can make the closed-loop unstable [38].  
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[bookmark: _Toc125019485][bookmark: _Toc129009359]

Figure 1.2: Experimental setup for evaluating ac faults in three-phase inverters. Rated device (STGIPS10K60T, 600V/ 10A). Overrated device (STGIPS30C60T-H, 600V, 30A). 1.1mH-10A Inductive grid filter.








[bookmark: _Toc125019407][bookmark: _Toc129009354]Table 1.8
 Power losses equations for diodes and IGBTs
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[bookmark: _Toc125019486][bookmark: _Toc129009360]Figure 1.3: TCCs for the 12.5A fuse. SEL 651R used as primary and backup relay. The CTs for both relays are 50-1 ratio. The pickup for the primary relay is 0.46 with a time dial of 1.5. The backup relay has a pickup of 0.5 with a time dial of 2.5. U5 curve for 51 protections is used for primary and backup relay.
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[bookmark: _Toc125019487][bookmark: _Toc129009361]Figure 1.4: ST intelligent modules used in the study. Rated device (STGIPS10K60T, 600V/ 10A). Overrated device (STGIPS30C60T-H, 600V , 30A). The Inverter rated current is 10A.
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[bookmark: _Toc125019488][bookmark: _Toc129009362]Figure 1.5: Thermal impedance and fit using Foster RC network for the prototype 600 V/10 A module and 600 V/30 A module.
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[bookmark: _Toc125019489][bookmark: _Toc129009363]Figure 1.6: Foster thermal network of IGBT and diode
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[bookmark: _Toc129009364]Figure 1.7: Conduction and switching losses for semiconductor used in prototype and full-scale prototype.
The following sections present the control challenges introduced by saturable inductors, derives the small signal model and decoupling terms for the vector control, and presents a control method to tune the current controllers to maintain stability during normal and fault condition.
1.9. [bookmark: _Toc125019102][bookmark: _Toc125807356][bookmark: _Toc125807481][bookmark: _Toc125808221][bookmark: _Toc127366237]Modelling Saturable Inductors

In saturable inductors, the flux increment per current increment rapidly decreases as the operating current magnitude increases [38, 42]. This phenomenon is called saturation of the magnetic core. In Fig. 1.8 the corresponding inductance-current characteristics of the ferrite inductors used in this chapter is shown. The inductor cores were characterized using a DPG10 Power Choke Tester. As shown in the figure, due to the core saturation, the available inductance decreases as the magnitude of the current increases. The inductance of the ferrite core drops until it reaches 0.6 mH at 35 A, which is a reduction of about 45% compared to the initial inductance of 1.1 mH. The Appendix in this dissertation shows the saturation characterization for other silicon steel and ferrite cores obtained from DPG10 Power Choke Tester. This chapter uses the results of the ferrite core as typically found in power electronic applications. Ferrite cores are utilized for higher frequency applications because they have lower losses at high frequency; however, their core saturates at lower flux density
Equation (1.6) has been used in the literature to describe the nonlinear inductor in a polynomial form [38-39], where  is the instantaneous current flowing through the inductor (, and is the inductance at zero current, and   a constant term that can be adjusted to fit the saturation characteristics of the inductor.  This fit equation will be used later in this chapter to derive the vector control considering saturable inductors.
	
	
	                       (1.6)


For validating the fit equation, the even, second-order polynomial is used for the ferrite core. The parameters of the even order polynomials ,  are needed to be specified to fit the measurements presented in Fig 1.8. The fit method consisted of minimizing the root mean square error (RMSE) using the generalized reduced gradient (GRG) nonlinear engine in Excel. 
For the ferrite core, the estimated value of  and   are 1.1 mH and -0.4mH. A good agreement with the second order polynomial was obtained with a RMSE is 0.02 and the correlation R is 0.98. Fig. 1.9 and Fig.1.10 show the model validation of the fit equation (1.6) against physical measurements from the nonlinear inductor for the grid-filter in the prototype inverter. The validation was done by increasing the phase-a current in the prototype inverter the from 0 to 30A to capture both the linear and nonlinear regions of the inductor. The measured current is then compared against a circuit model simulated in Simulink. The simulation circuit implements (1.6) and includes the resistance of the circuit, which was measured with a multimeter and was equal to   Details of the simulation circuit can be found in the Appendix. To quantify the deviation between the measurements and the model estimated currents, the same criteria as in [63] is used by calculating the following expression:
	
	
	(1.7)


where  is the inductor current. The model is declared valid if more than 85% of the samples do not exceed 10% of deviation allowed for a wide range of operation. Fig. 1.11 shows the experimental error and the average error between the fit function and physical measurements. The estimation for the inductor by the second-order polynomial fir is very good, with an error between the model and measurement below 10% for 95% of data points with an average error of 5%.

Fig. 1.12 presents the open loop response of a three-phase inverter employing saturable inductors during normal conditions and high-current operation. At the nominal current, the three-phase currents are sinusoidal with a fundamental frequency of 60 Hz. However, during high-current operation, the inductance of each phase varies with the associated phase current, leading to introduction of a fifth and seventh harmonics in the three phases. In the  reference frame, these harmonics are present as a sixth harmonic, see Fig. 1.13.
From protection standpoint, the current distortion is not a major concern as the protection acts on the magnitude of the current. However, from a control perspective, the inductance value is critical as it determines the poles of the system which are required to effectively tune the integral and proportional gains. As the inverter control operates in closed-loop for normal and fault conditions, it is important to account nonlinearities of the inductance to guarantee the closed-loop stability during normal and fault conditions.
1.10. [bookmark: _Toc125019103][bookmark: _Toc125807357][bookmark: _Toc125807482][bookmark: _Toc125808222][bookmark: _Toc127366238]Stability Control of Classical Control with Saturable Inductors

Fig. 1.14 shows the effects of not retuning the controller gains when the inductors are deeply saturated. The gains of the proportional integral (PI) controller remained constant, and the time delay was captured by a first order Padé approximation and set as 200 us to account for the delays of the analog to digital converter (ADC) input, the digital output card, and the FPGA processing time. Notice that for the nominal inductance, the open-loop transfer function meets the stability criteria of phase margin greater than 40 degrees and a gain margin of 8 dB. Fig. 1.14 shows that the phase and gain margin are significantly reduced as the available inductance is decreases caused by the saturation. Reducing the phase and gain margin causes the control to start oscillating and eventually to become unstable. The step response, which included in the same figure, shows an undamped response when the inductance is nominal. However, with a deeply saturated inductor, the step response is undamped with high overshoots. If the inductance continues to drop the closed-loop control would become unstable.

This section derives the small signal model in dq of the three-phase inverter considering the nonlinearities of the inductor. The objective is to analytically obtain the current transfer function and the decoupling terms to properly tune the controller considering the effects of the core saturation. 
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[bookmark: _Toc125019491][bookmark: _Toc129009365]Figure 1.8: Experimental characteristic of the nonlinear inductor used in this work. Inductor characterized at room temperature using DPG10 Power Choke Tester.
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[bookmark: _Toc125019492][bookmark: _Toc129009366]Figure 1.9: Ferrite core model validation with second order polynomial fit. Current ramp from 0 to 30 A to validate the model for both the linear and nonlinear regions of the inductor.
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[bookmark: _Toc125019493][bookmark: _Toc129009367]Figure 1.10: Ferrite core model validation with second order polynomial fit. 
(a) linear region (b) nonlinear region 
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[bookmark: _Toc125019494][bookmark: _Toc129009368]Figure 1.11: Ferrite core model validation with second order polynomial fit (1.6). 
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[bookmark: _Toc125019495][bookmark: _Toc129009369]Figure 1.12: Open-loop response of inverter using saturable inductors. (a) Simulated waveforms. (b) Experimental waveforms captured from SEL 651R.
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(b)
[bookmark: _Toc125019496][bookmark: _Toc129009370]Figure 1.13: Open-loop response of inverter using saturable inductors. (a) Fast-Fourier Transform of experimental currents. (b) Control signals in synchronous reference frame
1.11. [bookmark: _Toc125019104][bookmark: _Toc125807358][bookmark: _Toc125807483][bookmark: _Toc125808223][bookmark: _Toc127366239]Vector Control Considering Saturable Inductors

The flux linkage λ in a three-phase converter can be described as:

	                                              
	
	(1.8)


The current controller for the three-phase inverter is implemented in the synchronous reference frame. Then, the inductor matrix in abc-frame needs to be transferred to the -frame. Equation (1.9) is obtained by substituting the second-order fit equation (1.6) into (1.8).
This methodology is scalable and can calculate the settings for complex networks with multiple distributed DERs in the system. It was demonstrated through experimental and hardware-in-the-loop results, that the proposed model-adaptive relay effectively protected the laterals against short-circuit faults in the microgrid during islanded operation. In this section, a lateral protected with a 50A fuse was instead protected with the model-adaptive relay. As shown, the model-adaptive relay enables use of overcurrent protection in microgrids. However, this method is not immune to the low short-circuit currents from IBR. For instance, to protect a lateral with the 100A fuse, it would be needed at least 200-300A of short-current current, which is not achievable with the commercial IBRs installed in the microgrid, which limit their current to 1.2 p.u. Other limitations of adaptive relaying are that its reliability relies on a reliable communication network. 
		(1.9)
where ,  and .
The elements of the abc-frame inductor matrix in (1.9) are nonlinear and relate to the instantaneous current flowing through the inductor. To linearize the equations, the following assumptions are made. 
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[bookmark: _Toc125019497][bookmark: _Toc129009371]Figure 1.14: Bode plot for different inductance values due to core saturation effect of the ferrite core. Controller gains (Kp=0.06, Ki=10, Current Sensor Gain=10)




The first assumption is that the three-phase current is balanced without a zero-sequence component. The second assumption is that the currents only contain positive sequence fundamental frequency components.  The flux linkage can be expressed in the synchronous reference frame as.
	
	
	(1.10)


Solving (1.10) for a fourth-order polynomial using the code provided in the Appendix, the flux linkage equations are given by:
	
	
	(1.11)

	
	
	(1.12)


Equations (1.11) and (1.12) are nonlinear coupling terms between the direct and quadrature axis. However, these terms can be linearized on the known operating point current since the magnitude of the cross-coupling terms are very small comparing with the DC equivalent inductance. With this approximation, the flux linkage equations are given by:
	
	(1.13)

	
	(1.14)


The equivalent flux linkage can be further simplified by adopting a second-order polynomial. The second order polynomial provides a very good approximation. 
	
	(1.15)

	
	(1.16)


[bookmark: _Toc125019105]These equations show that there are no coupling terms between the direct and quadrature axis components. The equivalent d-axis inductance is only related to 3 and the q-axis equivalent inductance to . The equivalent inductance is related to the peak current I, which is the operating point of the approximate linearization of the nonlinear control system [153].  The next section will apply this approximated inductance in the  synchronous reference control of a three-phase power converter. 
1.12. [bookmark: _Toc125807359][bookmark: _Toc125807484][bookmark: _Toc125808224][bookmark: _Toc127366240]VSC Vector Control Considering Saturable Inductors

This section derives the small signal model of the inverter which considers the saturation of the grid filter inductors. As shown in Fig. 1.15, the three-phase voltage source converter (VSC) is connected to the point of common coupling (PCC) through the grid filter. The equations of the three-phase inverter with connection to the grid, with the average state model and the external elements of the circuit are given by equations (1.17) and (1.18).


	
	                 (1.17)



	
	                 (1.18)


The inductor voltage is related with flux linkage for a three-phase inductor as:
	
	                 (1.19)


Applying Kirchhoff's current law (KCL) to the circuit of Fig. 1.15.
	
	                (1.20)


Assuming a perfect balanced system, the zero sequence can be neglected. 	 
	
	               (1.21)


The current loop transfer function is derived by the small signal model, which applies small variations around the operation point. 
	
	                 (1.22)

	
	                 (1.23)


The  and  axis inductances are defined as follows.
	
	(1.24)

	
	(1.25)


The d and q channels are coupled by the terms  and ; these terms are inconvenient to independently control the d and q channels. A way to simplify this is to introduce decoupling terms, such as the one used in [58]. The coupling between channels is shown in Fig. 1.16. The decoupling terms are introduced in Fig. 1.17 to eliminate the coupling between channels, and this results in a first order transfer function with a pole defined by the point of operation and the passive elements of the grid filter. The following equations show that the nonlinear inductance influences the poles of the current control and the decoupling terms. 
	
	
	(1.26)

	
	
	(1.27)


Fig. 1.18 shows the block diagram of the small signal model for the dq current control loop, where G_cdqi is the transfer functions of the current controllers, βdi, βqi are the gains associated with the sensing of the currents, which are defined as first-order anti-aliasing filters. G_PWMi is the gain of the sinusoidal PWM (SPWM) modulator. The equivalent inductance is related to the peak current I, which is the operating point of the approximate linearization of the nonlinear control system [153]. The small signal model of G_PWMi is defined by equation (1.28), in which the effect of the delay produced by its implementation and the sampling and data processing are considered [59].

	
	              (1.28)


This transfer function depends on the peak-to-peak amplitude of the triangular PWM signal (), the duty cycle , which in this case is considered as the average value of one switching cycle (, and the maximum delay time . The delay time is replaced by the second order Padé approximation, where  and is the maximum delay time. (1.29) [60]. 
	
	              (1.29)


The current controllers are designed by utilizing the open loop transfer function (1.30) and (1.31). Notice that the core saturation introduces a pole that depends on the operation point of the inverter and the fit constant L2. 
	
	              (1.30)

	
	              (1.31)
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[bookmark: _Toc125019498][bookmark: _Toc129009372]Figure 1.15: Inverter schematic in the abc frame considering nonlinear inductor
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[bookmark: _Toc125019499][bookmark: _Toc129009373]Figure 1.16: Small signal model of the inverter in dq coordinates.
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[bookmark: _Toc125019500][bookmark: _Toc129009374]Figure 1.17: Small signal model of the inverter in dq coordinates including decoupling terms considering saturable inductors.
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[bookmark: _Toc125019501][bookmark: _Toc129009375]Figure 1.18: inverter current control loop in  
1.13. [bookmark: _Toc125019106][bookmark: _Toc125807360][bookmark: _Toc125807485][bookmark: _Toc125808225][bookmark: _Toc127366241]Proposed Current Controller Considering Inductor Saturation
[bookmark: _Toc124592336]
This section presents the method to calculate the control gains considering the saturable inductors. The proposed method consists of retuning the integral and proportional gains considering the available inductance in the grid filter. This method first estimates the grid filter inductance for the -channels for the given operating current using (1.24) and (1.25). Then, a Butterworth polynomial is adopted to optimize the closed loop eigenvalue locations [40,41]. This Butterworth polynomial locates the eigenvalues uniformly in the left-half s-plane on a circle with radius  , with its center at the origin. The Butterworth polynomial receives as inputs the inductance value , the system delay , and the desired bandwidth for the current controller , which is typically 8 to 10 times smaller than the switching frequency. The third order Butterworth polynomial can be expressed as:

	
	              (1.33)


where  is the bandwidth of the current controller, which is set ten times lower than the switching frequency, and  is a constant that influences the damping response. The time delay is captured by a first order Padé approximation (1.29).
The open loop transfer function of the current loop can be expressed as:

	
	              (1.34)


Where  is the gain for the current sensor, the proportional gain,  the integral gain,  the inductor resistance and  are the d-axis and q-axis inductances (1.23) and (1.24). 
The closed loop transfer function for the current control is obtained using the current open-loop transfer function (1.30-3.31) and the second order Padé approximation (1.29
	
	              (1.35)


The controller gains  are obtained by comparing the coefficients in the Butterworth polynomial (1.33) with the denominator of the closed-loop transfer function, (1.35).
	
	              (1.36)

	
	              (1.37)


Fig. 1.19 shows the Bode plot of the current open loop transfer function (1.34). The constant  is set to one, and the bandwidth of the controller is set to  .The Bode plot shows the efficacy of the proposed adaptive controller gain method, which guarantees the phase margin greater than 40 degrees and the gain margin above 8 dB for all the operating points. This provides a solution to the challenges previously presented in the Bode plot of Fig. 1.14, where it was shown that phase and gain margins decreased as the inductor saturates. With the proposed controller, the stability margins are maintained regardless of the of inductor saturation.  The step response shows the same response when the inductor is in the linear region and when it is deeply saturated. The proposed controller is computationally lightweight and can be easily implemented in the same inverter microcontroller. 
1.14. [bookmark: _Toc125019107][bookmark: _Toc125807361][bookmark: _Toc125807486][bookmark: _Toc125808226][bookmark: _Toc127366242]Experimental Results 

The experimental results are divided into three sections. The first section presents results that showcase the limits of normally rated semiconductors under high short-circuit current operation. Following this test, a semiconductor with overrated current rating is tested to show that it can safely provide high short circuit current. For this first section, the inverter current control is disabled to decouple its dynamics, and the inverter operates in open loop control. The second section addresses a comparison between the proposed control that consider the core saturation against a fixed PI controller during fault conditions. The third section presents a coordination study using the proposed energy storage inverter (ESI). The fuse-relay coordination tests are divided in i) fuse-blowing scheme, ii) primary backup coordination and iii) backup relay coordination.

1.14.1. [bookmark: _Toc125019108][bookmark: _Toc125807362][bookmark: _Toc125807487][bookmark: _Toc125808227][bookmark: _Toc127366243]Normally Rated Power Module

The first tests consist of evaluating the short-circuit limitations of an inverter with a semiconductor rated at the inverter current rating. For this section, the inverter is isolated from the current controller, and the control for the inverter is open loop.  The inverter with the rated device is controlled to provide 1.25 p.u. (typical for PV inverters), 1.5 p.u., 2.0 p.u. and 3.0 p.u. [12.5, 15, 20 and 30] Arms. The maximum short-circuit current allowed is controlled by the saturation block of the voltage controller, [ in Fig. 1.20.
As shown in Fig. 1.20(a) and Fig. 1.21(a), the normally rated device can withstand faults up to 1.25 p.u. For this fault, the increase in temperature in the IGBT junction compared to pre-fault state is small (). In other words, this device can provide this fault current even during high temperature operations without overheating the die. Fig. 1.20(c) and Fig. 1.21(c) show that the normally rated device can provide twice its rated current; however, the temperature swing is 100.  With this temperature swing, the device would exceed maximum operating temperature (150) if the initial temperature of the junction is greater than 50 Finally, the inverter with rated device is set to provide 3.0 p.u. of fault current. As seen in Fig. 1.20(d), the device had a catastrophic failure after 0.25 seconds. Fig. 1.21(d) shows that the device rapidly surpasses the maximum junction temperature (t=0.15 s), after which the device is permanently damaged.  

1.14.2. [bookmark: _Toc125019109][bookmark: _Toc125807363][bookmark: _Toc125807488][bookmark: _Toc125808228][bookmark: _Toc127366244]Overrated Current Module

The tests with the normally rated device show that although the rated device can provide 2.0 p.u, the initial junction temperature must be lower than 50 oC, which is not a realistic constraint for real applications. To increase the fault contribution of the inverter, the rated semiconductor is replaced with a semiconductor with overrated current rating to provide higher current during faults. The other inverter components remain at their rated power. 
 Fig. 1.20(e)-(f) shows the experimental results with the overrated semiconductor when the inverter provides 2.0 p.u. and 3.0 p.u. of fault current. Fig. 1.21(e)-(f) presents their corresponding simulated thermal response. As shown, the semiconductor with overrated current rating provides higher fault currents while keeping the device within established safety margins. This device can withstand 2.0 p.u. of fault current with a maximum , and 3.0 p.u. with a maximum . These results indicate that inverters with larger semiconductors can provide high fault current even when the initial junction temperature is high.  

1.15. [bookmark: _Toc125019112][bookmark: _Toc125807364][bookmark: _Toc125807489][bookmark: _Toc125808229][bookmark: _Toc127366245]Coordination Grading Time

Table 1.9 illustrates the effects of different short-circuit currents in the protection coordination between relays and fuses. For short-circuit currents of 1.25 p.u., which is typical for PV inverters, neither the fuse nor the primary or backup relays operate in less than 10s. A similar result was obtained for short-circuit currents of 2.0 p.u.  Finally, at currents greater than 3.0 p.u., the fuse melts rapidly in 0.26 seconds, and the protection coordination is maintained with the primary and backup reclosers, which trip in 0.6s and 0.85s, respectively. These results indicate that a minimum of 3.0 p.u. of fault current is required to maintain overcurrent coordination. Although it is possible to modify the relay’s setting to trip at lower currents, this would make maintaining the grading margins very narrow. For fuses and relays, the recommended grading margin is 0.25, for relay to relays, 0.3s is standard [45]. The grading time is defined as the time margin between the TCC curves of fuses and relays, or between relays and relays. This time must be greater than 0.25 for digital relays to prevent simultaneous tripping. 



[image: ]

[bookmark: _Toc125019502][bookmark: _Toc129009376]Figure 1.19: Bode plot for different inductance values due to core saturation effect of the ferrite core. PI gains calculated using the proposed controller which considers the core saturation.
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[bookmark: _Toc125019503][bookmark: _Toc129009377]Figure 1.20: Experimental results. Rated device: (a) 1.25 p.u, (b) 1.5 p.u, (c), (d) 2.0 p.u. (d) 3.0 p.u. Overrated device: (e) 2.5 p.u. (f) 3.0 p.u.
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[bookmark: _Toc125019504][bookmark: _Toc129009378]Figure 1.21: Electrothermal simulation: Rated device:  (a) 1.25 p.u, (b) 1.5 p.u, (c), (d) 2.0 p.u. (d) 3.0 p.u. Overrated device: (e) 2.5 p.u. (f) 3.0 p.u


1.16. [bookmark: _Toc125019110][bookmark: _Toc125807365][bookmark: _Toc125807490][bookmark: _Toc125808230][bookmark: _Toc127366246]Experimental Results: Proposed PI with adaptive control gains vs classical control 

[bookmark: _Toc125019111]This section presents experimental results that compare the dynamic response of the proposed control, which considers inductor saturation, against a conventional control with fixed PI gains. Three types of faults were evaluated to validate the stability of the controls: line to ground, line-to-line, and three-phase faults (LG, LL, 3-phase (LLLG)). This section utilizes the prototype inverter with an overrated semiconductor device and a normally rated grid-filter inductor.  
Fig. 1.22 and Fig. 1.23 present experimental results of the proposed inverter subjected to for a three-phase fault. Fig 1.22 shows the results using a conventional PI controller with fixed PI gains, and Fig. 1.23 shows the results using the proposed controller. As shown, a controller with fixed PI present severe oscillations when the fault is applied. As previously discussed, the inductor saturation reduces the phase and gain margin of the current control, which reduces the stability margin causing overshoots and oscillations when the inverter operates at high current.  Fig. 1.23 shows the results with the proposed controller, at the bottom of this figure is the calculation of the proportional and integral gains, which are adjusted to maintain the stability criteria during high current and normal operation. This figure also shows a smooth transition during normal operation to fault condition and no oscillations during high-current operation. 
Fig. 1.24 and Fig. 1.25 show experimental results for a line to line (LL) faults. Fig 1.24 shows the results using a conventional PI controller with fixed PI gains, and Fig. 1.25 shows the results using the proposed controller. Line-to-line faults also present oscillations when the fault is applied as the control cannot properly regulate the currents when the core saturates. Fig. 1.25 shows that the proposed controller provides a good regulation and a stable operation during faults. The control signals of Fig. 1.24 and Fig. 1.25 show that a negative sequence current with a frequency at 120 Hz is present during asymmetrical faults. This negative sequence is introduced due to the severe imbalance in the voltage caused by the asymmetrical faults.
Finally, Fig. 1.26 and Fig. 1.27 show experimental results for a line to ground (LG) faults. Fig. 1.26 shows that with a conventional controller, the faulted phase presents oscillations at high current operation. Fig. 1.27 shows that the proposed controller effectively provides a good regulation and a stable operation during faults. The 120 Hz signal in dq coordinate is introduced due to the severe imbalance in the voltage caused by the asymmetrical faults.

1.17. [bookmark: _Toc125019113][bookmark: _Toc125807366][bookmark: _Toc125807491][bookmark: _Toc125808231][bookmark: _Toc127366247]Coordination Study Using Proposed Inverter

This section presents the coordination study using the proposed inverter design and control. Fuse-relay and relay-relay coordination are evaluated to determine if full protection coordination is achievable in an islanded system.  The coordination study is performed for high impedance LG, LL, and 3-phase faults. The time current curves (TCC) for the primary relay, backup relay, and fuses were presented in Fig. 1.3. To maintain coordination, the fuse-relay grading margin was set to 0.25 seconds, and the relay-to-relay margin was set to be greater than 0.3s. 

Fig. 1.28-1.30 shows the fault current recorded by the SEL 651R, which captured the overcurrent event and the clearing time for the fuses located at the end of the line. Fig. 1.28 shows the results for a line to ground fault in phase c. For the LG fault, the fuse cleared the faults in 17 cycles. Fig. 1.29 shows a LL fault applied at the end of the line. The fault cleared first in phase-c in 14 cycles and then in phase-a at 17 cycles. This difference in time can be explained by different fuse melting times. Finally, a three-phase fault was applied at the end of the line, see Fig. 1.30. Like the LL fault, the fuse melting times are different, and the three-phase fault becomes an LL fault after 14 cycles. The fault was finally cleared in all phases after 16 cycles. As shown, the proposed inverter design effectively provided enough current to clear the fuses for LG, LL, and 3-phase faults.

Fig. 1.31-1.33 shows the events for the fuse-relay coordination considering LG, LL and 3-phase faults, respectively. The fuse-relay coordination considers that the fuses fail to clear the fault and the primary relay must isolate the event. As shown, for all faults, the primary relay maintained the coordination and effectively cleared the faults maintaining a grading time of at least 0.25s.
Fig. 1.34-Fig 1.36 show the results for the primary relay to backup relay coordination considering LG, LL and 3-phase faults, respectively. This test considers the worst-case scenario, where neither the fuses or the primary relay cleared the fault, and that backup relay must protect the system. As shown, the backup relay effectively cleared all faults maintaining the grading margin, which validates that the proposed inverter design allows full coordination in the test system for different types of faults. Table 1.10 summarizes the tripping time in cycles for all the tests. The presented coordination study demonstrates that the proposed inverter design provides high and sustained short-circuit current to enable the fuse-relay and relay-relay coordination, which is a promising step to enable adopting legacy overcurrent protection for islanded microgrids.  

1.18. [bookmark: _Toc125019114][bookmark: _Toc125807367][bookmark: _Toc125807492][bookmark: _Toc125808232][bookmark: _Toc127366248]Conclusion

In response to the challenges of protecting inverter-based microgrids, this chapter proposed an inverter designed to provide sustained high-current contribution during faults. Increasing the current from IBRs allows microgrid projects to leverage legacy distribution protection devices in islanded microgrids. This chapter demonstrated through experimental results that few modifications are needed for the inverter to provide more than 3.0 p.u. of short-circuit current. 3.0 p.u. proved to be the minimum current that allows full protection coordination while maintain grading margins between fuses and relays.  This work also addressed the challenges of controlling inverters with deeply saturated inductors, which is necessary when operating the inverter at high-current using a normally rated inductor.  An online method to calculate the proportional and integral gains based on the available grid-filter inductance was derived and validated in hardware. Additionally, this work analytically derived the current transfer function and decoupling terms considering saturable inductors. The proposed design provided sufficient fault current to enable fuse-relay coordination in microgrids operating in islanded mode.   The proposed modification increases the fault contribution of IBRs, paving a promising path forward to use conventional distribution overcurrent protection in islanded microgrids. 
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[bookmark: _Toc129009379]Figure 1.22: Experimental results. 3-ph faults with conventional PI controller.
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(b)
[bookmark: _Toc129009380]Figure 1.23: Experimental results. 3-ph faults with proposed adaptive PI control
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[bookmark: _Toc129009381]Figure 1.24: Experimental results. LL faults with conventional PI.
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[bookmark: _Toc129009382]Figure 1.25: Experimental results. LL faults with proposed adaptive PI control
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[bookmark: _Toc129009383]
Figure 1.26: Experimental results. LG faults with conventional PI.
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(b)
[bookmark: _Toc125019505][bookmark: _Toc129009384]Figure 1.27: Experimental results. LG faults with proposed adaptive PI control.
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[bookmark: _Toc129009385]Figure 1.28: Fuse clearing times for line-to-ground faults.
Experimental results read from SEL 651 (128 samples).
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[bookmark: _Toc129009386]Figure 1.29: Fuse clearing times for line-to-line faults.
Experimental results read from SEL 651 (128 samples). 
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[bookmark: _Toc125019507]
Figure 1.30: Fuse clearing times for 3-ph faults.
Experimental results read from SEL 651 (128 samples). 
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[bookmark: _Toc125019508]Figure 1.31: Primary relay clearing times for line-to-ground faults.
Experimental results read from SEL 651 (128 samples).
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Figure 1.32: Primary relay clearing times for line-to-line faults.
Experimental results read from SEL 651 (128 samples).
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Figure 1.33: Primary relay clearing times for 3-ph faults.
Experimental results read from SEL 651 (128 samples).
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Figure 1.34: Backup relay clearing times for line-to-ground faults.
Experimental results read from SEL 651 (128 samples).
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Figure 1.35:  Backup relay clearing times for line-to-line faults.
Experimental results read from SEL 651 (128 samples).
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Figure 1.36: Backup relay clearing times for 3-ph faults.
Experimental results read from SEL 651 (128 samples).








[bookmark: _Toc125019408][bookmark: _Toc129009355]Table 1.9 
Tripping time for different short-circuit Magnitudes
	Fault Current (p.u)
	Fuse melting time (s)
	Trip time primary relay (s)
	Trip time backup relay(s)

	1.25
	>10
	>10
	>10

	2.0
	>10
	>10
	>10

	3.0
	0.26
	0.56
	0.9







[bookmark: _Toc129009356][bookmark: _Toc125019409]Table 1.10 
Coordination study 
	Fault 
Type
	Fuse melting time (cycles)
[a,b,c] 
	Trip time primary relay (cycles)
	Trip time backup relay(cycles)

	LG
	[0,0,17]
	36
	51

	LL
	[17,0,14]
	32
	50

	3-Phase
	[15,16,16]
	34
	54







[bookmark: _Toc125019092][bookmark: _Toc125807368][bookmark: _Toc125807493][bookmark: _Toc125808233][bookmark: _Toc127366249]CHAPTER 2
MICROGRID PROTECTION CASE STUDY, ADAPTIVE RELAYING
















Abstract:  This chapter presents the application of the model-adaptive relay to protect a microgrid in islanded and grid-tied mode. The model-adaptive relay us designed to adjust the relay curves based on the available generation and the network topology. The proposed method runs a real-time model of the microgrid and gathers information from the network to calculate the available short-circuit current in the specified node. The fault current from the model is then used for the adaptive algorithm to calculate the relay settings, considering coordination with the downstream fuses and upstream reclosers. The model-adaptive relay was validated in Hardware-in- the-Loop (HIL), in a hardware testbed, and was deployed in at the Electric Power Board microgrid in East-Tennessee. Portions of this chapter has been previously published in [150].
1.19. [bookmark: _Toc125807369][bookmark: _Toc125807494][bookmark: _Toc125808234][bookmark: _Toc127366250]Introduction

Adaptive protection is a promising technique that enables the use of overcurrent relays in microgrids. Adaptive protection can be defined as an online process which modifies the preferred protective responses and correlates them to a change in system conditions or requirements in a timely manner through control or signaling [9-10]. Table 1.3 in Chapter 1 showed a summary for the different approaches in Adaptive Relaying, which can be broadly categorized in centralized, decentralized, or hybrid approaches [10-14,31-34]. The central approach uses a central unit to monitor the state of the system and reconfigures the relays to adjust the tripping time. The decentralized approach utilizes local information, such as frequency and voltage, to identify the microgrid status and adapt the relay settings accordingly. Hybrid approaches use a central controller to identify large network modifications, and local information to identify loss of generation or islanded operation.  

This work proposes a model-adaptive relay that continuously adapts the relay settings based on the network configuration and the available short-circuit current. The main novelty of the proposed model adaptive relay is that it continuously runs in real-time a short-circuit study to programmatically calculate the relay setting. The short-circuit study is based on the results obtained from a power system model which runs locally on a Field Programable Gate Array (FPGA) in real time.  The fault current from the model is then used for the adaptive algorithm to calculate the relay settings, considering coordination with the downstream fuses and upstream reclosers. The power system model is updated through a communication network (DNP3 or Modbus) to capture the status of field devices, such as reclosers and online generators. This automatization simplifies the programming of the relays while also eliminating the need of multiple settings groups, which is typically four to seven in commercial protective devices. This methodology is scalable and can calculate the settings for complex networks with multiple Distributed Energy Resources (DERs) in the system. The proposed method was validated in Hardware-in-the-Loop, in a hardware testbed as well as field deployed in a real microgrid owned by EPB.

1.20. [bookmark: _Toc125807370][bookmark: _Toc125807495][bookmark: _Toc125808235][bookmark: _Toc127366251]Control Center EPB microgrid
This section presents simulation results that showcase the challenges of implementing overcurrent protection schemes in inverter-based microgrids. A real microgrid located in Chattanooga, Tennessee is used as a case study to illustrate the challenges of microgrid protection using overcurrent elements. The Simulink model of the EPB microgrid is presented in Fig 2.1. The EPB microgrid operates at 12.47 kV and consists of 1.3 MW of PV generation and 1 MWh of energy storage. The PV farm consist of 22 Yaskawa 60T inverters; each has a power rating of 60 kW. Each Yaskawa 60T is composed of 3 maximum power point (MMPT) trackers, each of which has a maximum output current of 68 A. Its fault current contribution is 64 A, as specified in its datasheet [15]. A total of 22 Yaskawa 60T inverters are connected in parallel to a 480V/12.47kV transformer. The islanding operation is enabled by a 1 MWh Tesla Megapack, which regulates the voltage and frequency of the microgrid. The specifications of the inverter are not public, and it is assumed a 2.0 p.u. fault current can be provided by the battery storage inverters. The microgrid laterals are protected by Positrol® Fuse Links rated at 30 T, 50 T and 100 T amperes. Intellirupters are installed along the 12.47 kV distribution line, with one placed inside the microgrid. The intellirupters use directional overcurrent elements with inverter time overcurrent curves for detecting short-circuit faults in the forward and reverse directions. The Intellirupter in the microgrid has two setting groups, one for grid-tied operation and a more sensitive curve for islanded operation.
For this study the interest is in the 100T fuse, which requires a high fault current to start melting. Fig. 2.2 shows the TCC curves for the 100 A fuse, and the Intellirupter that protects the feeder. This Intellirupter protects the microgrid using two TCC profiles, one for grid tied and another for islanded operation. The TCC curve for the Intellirupter is U4 for both profiles. For the grid-tied operation, the pick-up current is 600 A with a time dial (TD) of 0.78. For islanded operation, the pickup current is 70 A with a TD=0.42. Because of the low short circuit fault from the IBRs, in island mode the Intellirupter was configured to trip before the fuse. Although this protection scheme will isolate the fault, tripping the Intellirupter leaves all the loads in the microgrid without power.   To showcase the challenges of protecting a lateral power line with fuses in microgrids, a three-phase fault was introduced in lateral 25 which is protected by a 100 A fuse. During grid-tied application, the substation provides high fault current (2800 A), and the fault is quickly cleared by the fuse in less than 0.04 seconds. For grid-tied operation, the Intellirupter upstream provides backup protection. During islanded operation, the maximum combined fault contribution from the PV inverters and the energy storage is 144 A. Because of this low current, the 100 A fuse will not melt, as shown in Fig 2.2. 
Fig. 2.3. Shows the simulated current waveforms from the ES and PV inverters when a three-phase fault is introduced at t=0.25 s in the lateral 25. As seen in the figure, the three-phase fault causes an immediate current pulse of short duration which is caused by the passive inductive loads in the microgrid. The short-circuit surge decays in less than 40 μs and has no significant energy to be useful for protection purposes. During the fault, the current control of the PV inverter regulates the current to be 1 p.u, which is set by the saturation of the dc link control loop. During the fault, the grid forming inverter is unable to regulate the voltage, and the voltage controller saturates to 2.0 p.u in 0.2 seconds following the integration of the error. Notice that the irradiance has a small effect on the available fault contribution from the PV. For very low irradiance (less than 50 W/m2), the fault contribution of the 1.3 MW farm is 110 A. For a sunny day (>500 W/m2), the fault contribution increases to 144 A. 

1.21. [bookmark: _Toc125019095][bookmark: _Toc125807371][bookmark: _Toc125807496][bookmark: _Toc125808236][bookmark: _Toc127366252]Model Adaptive Relay 
The adaptive relay has multiple building blocks which are shown in Fig. 2.4. The main modules of the model-adaptive relay are 1) real-time power system simulator, 2) communication module, 3) short-circuit analysis module, and 4) relay module. All these modules run on a single Kyntex-7 FPGA included in the NI-CRIO 9039. The real time model is updated to reflect the status of the Point of Common Coupling (PCC) switch of the microgrid, configuring the model to operate as grid tied or islanded mode. The PCC status can be obtained through a DNP3 register in the Intellirupter. This register was set by the EPB. The power system model runs the following models in real time on LabView FPGA:  1) PV inverter, including controls and average model of the power converter, 2) physics-based model of PV farm, 3) Impedance LR line sections. The substation is modelled as a three-phase grid in series with an LR section. The LabVIEW Code for the model-adaptive relay is included in the Appendix.
The equations of the three-phase PV inverter with connection to the grid, with the average state model and the external elements of the circuit are given by equations (2.1) and (2.2). 

	
	
	(2.1)



	
	
	(2.2)



Where  are the inverter output currents,  the voltage at the point of connection,  the duty cycle,  and  the grid filter inductance and resistance,  the DC-link voltage  the PV panel output current and  the inverter DC current. The control for the PV inverter is designed using (2.3). 

	
	
	(2.3)
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[bookmark: _Toc125006501][bookmark: _Toc125019476][bookmark: _Toc129009387]Figure 2.1: EPBs distribution feeder including Riverside substation and control center microgrid. Green dashed line encloses the microgrid.
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[bookmark: _Toc125019477][bookmark: _Toc129009388]Figure 2.2: TCC curves for S&C Interllirupter and 100A S&C Positrol fuse.
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[bookmark: _Toc125019478][bookmark: _Toc129009389]
Figure 2.3:  (a) Islanded mode low-irradiance day. (b) Islanded mode high irradiance. (c) Grid-tied high-irradiance.
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[bookmark: _Toc125019479][bookmark: _Toc129009390]
Figure 2.4: Model adaptive relay Modules






A resistive-inductive (LR) line section was programmed to account for the impedance between the substation and the PCC. The LR section has as an input the voltage at the input terminal of the inductor , the current through the inductor , the inductance resistance , and the inductance  in Henries. The output voltage is calculated trough (2.4):

	
	
	(2.4)



To estimate the generation from the 1.3MW PV farm a physics-based PV array model was programmed, this model described by the following equations,


	
	
	(2.5)



where  is the current generated by the incident light,  is the saturation current of the array,  is the thermal voltage of the array with  cells connected in series. If the array is composed of  parallel connections of cells, the photovoltaic and saturation currents may be expressed as:  .   is the equivalent series resistance of the array, and is the equivalent parallel resistance [53].  
The last block is the short-circuit module, which adapts the tripping time based on the user preference. This module receives short-circuit current from the power system module and the instantaneous load from the communication module. The pickup is calculated by multiplying the load by a constant . To maintain coordination, the adaptive relay receives the trip time at the available fault current from the upstream recloser and downstream fuses. 

Finally, the user specifies the desired trip time for the relay . This information is fed into (2.6), which is the IEC TCC curve, which is used to calculate the Time Multiplier Setting (TMS). 
The TMS and pickup are the settings to be programmed in the relay to determine the TCC curve. The protection philosophy is to guarantee the user specified trip time regardless of the available short-circuit current. 
	
	
	(2.6)



where  is set to 1.25, =2 and k=80 to represent the IEC extremely inverse curve. 

1.22. [bookmark: _Toc125019096][bookmark: _Toc125807372][bookmark: _Toc125807497][bookmark: _Toc125808237][bookmark: _Toc127366253]Experimental Results

Fig. 2.5 shows the TCC curves for the upstream and downstream fuses protecting a line lateral, as well as the curves calculated by the model-adaptive relay. Two fault current contributions are evaluated (144 A and 300 A), and for two pickup currents 50 A and 70 A. The 144 A current is the fault current during islanded mode on a sunny day. The 300 A is the contribution when the diesel backup generator is online. The pickup reflects changes in the load during the day. For this example, the user established a trip time of 0.8 s. This information is used together with the available fault current and the pickup to calculate the TMS. The grading time to maintain fuse-relay coordination is set to 0.3 s. As seen in the figure, the model adaptive relay adjusts the TCC curves based on the available generation and load in the lateral. Regardless of the generation, the trip time for all cases is 0.8 s. Notice that for the grid-tied operation, the adaptive relay is programed as a fuse-blow scheme.

Fig. 2.6 shows the hardware and HIL testbed used to test the model-adaptive relay [54-55]. The HIL consists of an Opal-RT 4510 running the full microgrid model. The hardware setup, shown in the same figure, consists of a low voltage testbed that incorporates power hardware-in-the-loops models to emulate PV inverters, diesel generators, energy storage devices, and wind turbines. The hardware testbed is a platform that allows the integration of real protective devices, low-power inverters, loads and line sections. This testbed includes line impedances boards to emulate line sections between the microgrid and the substation.  Fig. 2.7. shows one of these line-sections, where each one has impedance of  and , (), and it is used to represent the physical impedance between the laterals in the microgrid and the impedance from the PCC to the substation. The impedance boards limit the current from the grid which is important when performing protection studies. The impedances are scaled down to represent in per unit the real microgrid system using the p.u. transformations presented in [56-57]. Fig. 2.7(b) shows the model validation of the LR lines (2.4) against physical measurements. For this validation (2.4) was implemented to run in real-time in an CRIO 9039 and the abc currents are compared against measurements in real-time. A fault in the physical and virtual system was introduced and compared. As shown, good agreement between the model and measurements was obtained. 

Fig. 2.8(a, b) shows the Hardware in the Loop (HIL), and Fig. 2.8(c, d) shows the experimental results for the model-adaptive relay when operating in islanding and grid tied modes. These graphs include the dq control signals of the PV inverter and the DC-link voltage response during the fault. In Fig. 2.8(a) a three-phase fault was applied in the HIL platform at t=5.0s during islanded operation. Running in the background, the adaptive relay receives the status of the PCC switch and based on the available generation, determines the settings of the relay. For this test, the available fault current is 144 A and the breaker trips in 0.8 s, as specified by the user. Fig. 2.8(c) shows the same three phase fault applied in the hardware testbed. Notice that control signals of the PV inverter have similar dynamics to that in simulation. Similarly, the breaker tripped in 0.8 s. Fig. 2.8(b) shows the HIL results when the microgrid is grid-tied. For this experiment, the model-adaptive relay changes to a fuse-blow scheme and the trip time corresponds to the fuse protecting the lateral as the grid provides a large fault contribution and the 50T fuse clears after just 0.02 s. Fig. 2.8(d) shows the results obtained from the hardware testbed. Because the grid emulator in the hardware testbed has a thermal limitation, the available fault current is limited. During grid tied operation, the fuse takes more time to blow and finally opens in 0.16 s. For this case the model-adaptive relay was also set in the fuse-blow scheme. 
Fig. 2.9(a) shows the field deployment package of the model-adaptive relay. The package consists of 1) CRIO 9039, 2) uninterruptable power supply. 3) industrial computer, which is the gateway for remote access. 4) G&W Rogowski coils which provide the current measurements and voltage measurements for the model-adaptive relay. The model-adaptive relay was deployed at EPB’s microgrid in Chattanooga. The model adaptive was mounted on a commercial utility pole located next to the 1.3 MG solar farm.
Fig. 2.9 (b) shows a 3D aerial representation of the model adaptive relay installation. The adaptive relay works in observation mode, which means that it receives real power system signals from the sensors, but it does not have any control of the distribution protective relay. 

1.23. [bookmark: _Toc125019097][bookmark: _Toc125807373][bookmark: _Toc125807498][bookmark: _Toc125808238][bookmark: _Toc127366254]Conclusion

The experiments with the model-adaptive relay showed that a lateral in an inverter-based microgrid could be protected using the overcurrent principle. The presented model-adaptive relay is composed of a real-time power system simulator, a communication module, and a short-circuit analysis module, which continuously run to programmatically adjust the TCC curves in the relay. 

This automatization simplifies the programming of the relays while also eliminating the need of multiple settings groups. This methodology is scalable and can calculate the settings for complex networks with multiple distributed DERs in the system. It was demonstrated through experimental and hardware-in-the-loop results, that the proposed model-adaptive relay effectively protected the laterals against short-circuit faults in the microgrid during islanded operation. In this section, a lateral protected with a 50 A fuse was instead protected with the model-adaptive relay. As shown, the model-adaptive relay enables use of overcurrent protection in microgrids. However, this method is not immune to the low short-circuit currents provided by IBRs. For instance, to protect a lateral with the 100 A fuse, it would need at least 200-300 A of short-current current, which is not achievable with the commercial IBRs installed in the microgrid, which limit their current to 1.2 p.u. Other limitations of adaptive relaying are that its reliability relies on a reliable communication network. 
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[bookmark: _Toc125019480][bookmark: _Toc129009391]Figure 2.5: TCC curves for adaptative relay and S&C 100A Positrol fuse.
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[bookmark: _Toc125019481][bookmark: _Toc129009392]Figure 2.6: Laboratory testing and field deployment of the model-adaptive relay (a) hardware testbed. (b) EPB Microgrid model, RT-Lab (c) OPAL-RT 4510  (d) CRIO 9039 (d) FPGA models
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[bookmark: _Toc125019482][bookmark: _Toc129009393]
Figure 2.7: (a) line-impedance boards, (b) validation of Eq. (2.4) against measurements form impendence board.
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[bookmark: _Toc125019483][bookmark: _Toc129009394]Figure 2.8: Laboratory testing of the model-adaptive relay, 3-phase fault, and tripping time for. (a) Island mode tested in HIL, (b) grid tied tested in HIL, (c) Island hardware results, (d) grid tied hardware results.
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[bookmark: _Toc125019484][bookmark: _Toc129009395]Figure 2.9: Field deployment package at EPB control center microgrid. (a) field deployment package, consisting of CRIO 9039, uninterruptable power supply, industrial computer, and G&W Rogowski coils which provide the current measurements and voltage measurements for the model-adaptive relay. (b) EPB control central microgrid with commissioned model-adaptive relay. 
[bookmark: _Toc125807374][bookmark: _Toc125807499][bookmark: _Toc125808239][bookmark: _Toc127366255]CHAPTER 3
DEVELOPMENT OF THREE-PHASE AMPLIFIER TO INTERFACE REAL-TIME SIMULATORS WITH RELAYS IN THE LOOP
[bookmark: _Hlk17185305][bookmark: OLE_LINK34]














[bookmark: OLE_LINK22]Abstract: This section presents a prototype of a simple and cost-effective design using a high-power monolithic power amplifier that allows the relay in-the-loop connectivity for protection and control applications using a real-time simulator. This low-cost amplifier interface increases the number of protective relays in-the-loop connected with the real-time simulator, expanding the scalability of protection devices that could be tested. The amplifier control design was developed in abc coordinates and utilizes integral and proportional-resonant controllers to provide a good tracking of both the fundamental component as the dc component that might be present during fault conditions. To validate the prototype, the current signals and tripping time of a relay interfaced with the current amplifier were compared against a reference relay connected to the low-voltage interface. Both protective relays were set with a U3 Very Inverse time overcurrent curve. The experimental results exhibited similar behaviours for the breaker currents, validating the amplifier interface prototype. Portions of this chapter have been previously published in [151].
1.24. [bookmark: _Toc125807375][bookmark: _Toc125807500][bookmark: _Toc125808240][bookmark: _Toc127366256]Introduction

This section presents the control design and hardware verification of a three-phase current amplifier used for testing relay protection systems with real-time simulators.  The amplifier control is designed to represent virtually any type of fault and operating condition in a power system, including transients in line to ground, line to line and three-phase faults. The designed prototype provides a maximum current of 10 A maintaining low current distortion. This current is sufficient to test a variety of protective devices, including relays and reclosers. To evaluate the performance of the control and current amplifier, a simple simulation of a line to ground fault was developed and executed on an OP4510 real-time simulator. The relay (SEL-451) under test was set and interfaced with the proposed current amplifier through the relay’s secondary voltage/current connectors (usually connected to current and potential transformers). This experiment was validated by comparing the record events generated by the SEL-451 relays connected to the proposed current amplifier with the results obtained from another SEL-451 relay connected to the low-level interface.
Real-time simulator and hardware-in-the-loop testing of protective relays have been widely addressed in previous literature [58-64]. The published literature utilizes proprietary power amplifiers [58-61] or relay’s low-level interface [63-64]. For instance, [63-64] investigate the behavior of adaptive protection schemes in relays interfacing the real-time simulated analog signals through the relay’s low-level interface by using voltage and current gains in their real-time power system models. The voltage and current gains were calculated by using the scaling factors collected from relay’s instruction manuals and using the ratios of current and potential transformers [63-64]. Other authors [58-62] achieve the amplification of the low-level current output from the real-time simulator using proprietary current amplifiers, that results in an expensive alternative for the real-time simulator testbeds, particularly when more than one protective device needs to be connected in-the-loop.  
The literature regarding current amplifier for testing relays is divided into linear amplifiers [68], Pulse Width Modulation (PWM) converters [69][70], and hybrid topologies [69]-[70]. The current amplifier presented in this chapter is the first prototype of a three-phase current amplifier that uses the high-power amplifier OPA541. This amplifier uses a class AB amplifier and was chosen for this application because of its high current output, low-cost, low current distortion and reduced size when compared to PWM converter that required bulky passive filters. 
The contribution of this section is the complete design of a low-cost, low-distortion three-phase current amplifier that increases the number of protective relays that can be connected in the loop with real-time simulators. This article addresses the experimental verification for various faults present in power systems as well the relay in-the-loop validation. The proposed three-phase current controlled amplifier is an effective way of testing complex protection schemes that require large numbers of protective relays in-the-loop connected to the real-time simulator.
1.25. [bookmark: _Toc125807376][bookmark: _Toc125807501][bookmark: _Toc125808241][bookmark: _Toc127366257]Materials and Methods
1.25.1. [bookmark: _Toc125807377][bookmark: _Toc125807502][bookmark: _Toc125808242][bookmark: _Toc127366258]Testbed

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]The validation of this proposed amplifier interface was validated at a testbed shown in Fig. 3.1. The low-level and amplifier interface was connected to an OP4510 real-time simulator. The experimental method was based on comparing the low-level and amplifier interfaces with SEL-451 relays in-the-loop. The low-level and secondary phase currents were connected to the low-level (relay’s front side) and high-level (relay’s backside) inputs, respectively. The simulation of the whole power system in real-time during the relay tests was performed by integrating the circuit and RT-LAB project created in Matlab®/Simulink® and RT-LAB® software.
[bookmark: OLE_LINK40]The function of the current amplifier is to convert a voltage signal generated by the real-time simulator to a current source applied to the protective relay under test. Fig. 3.2 shows the amplifier controller receives voltage and current reference signals from the OP510 real-time simulator, as well as from the measured currents and voltages. The measured currents are scaled using the HX 05-P transducer transfer function and filtered using a Low Pass Filter (LPF) tuned at 1200 HZ. The output of the closed-loop control is set to the positive pin of the amplifier through the NI-9263 analog output card. This voltage generates a voltage drop across the resistor terminal to draw the current specified by the real-time model on the OP4510 real-time simulator. The I/O configuration for the data acquisition and control is shown in Figure 3.2-(g).
1.26. [bookmark: _Toc125807378][bookmark: _Toc125807503][bookmark: _Toc125808243][bookmark: _Toc127366259][bookmark: OLE_LINK41]Control Design 

The closed-loop control is implemented in the abc frame. This controller has the advantage of not requiring phase-locked loop (PLL) or reference frame transformations [74]. Integral Resonant (IR) regulators were added to the current loop to provide zero-steady state error while maintaining low current distortion. The resonant compensator was tuned at the grid frequency to track the fundamental component of the current. The integral gain was used to track dc signals present during the fault conditions, and to limit the bandwidth of the controller [68]. For this project, a bandwidth of 1200 Hz was established in the current control loop to represent dynamics up to the 20th harmonic.  
[bookmark: OLE_LINK42]The open open-loop transfer function of the current controller using integral-resonant controller is defined by  (3.1), where  is the amplifier gain,  is the integral gain,   is the resonant gain at 60 Hz,  is the cutoff frequency,  and s is the Laplace variable. 

	
	
	
(3.1)



Fig. 3.3 shows the results of including feed-forward technique together with resonant controllers in the current controller.  Fig. 3.3(a) shows that the integral controller is insufficient to provide zero-steady state error between the control signal and the measured current. When the feed-forward is activated, the steady state error is reduced but the tracking at the fundamental frequency is still inadequate; see phase c in Fig. 3.3(b). 
When resonant controllers are used without activating the feed-forward, the steady state error at the fundamental frequency is effectively reduced, however the control does not perform well during fast transitions, see phase a in Fig. 3.3(c). Fig. 3.3(d) shows that combining integral, resonant controllers together with feed-forward techniques is an effective way to reduce the steady-state error while maintaining an accurate tracking during fast transitions.   
Fig. 3.4 presents the experimental verification for different types of grid events. These events were obtained from the DOE/EPRI Disturbance Library [75], which include events such as recloser tripping due a tree branch, faults caused by trucks hitting poles and short-circuits created by wild animals.  This figure superimposes the three-phase reference currents with the measured three-phase currents.  For this test, the SEL 451 relay remained disconnected to study the dynamics and accuracy of the designed controller.  
As shown, the designed amplifier and control accurately tracks the current reference for these grid events. The steady-state error between the reference current and the measured current is negligible, and the total distortion of the current remains below 2% during pre-fault, and fault state. The power spectra for these grid events are presented in Fig. 3.5. For this figure the currents were per-unitized by using the magnitude of the dominant harmonic excluding the fundamental. As shown, the amplifier effectively represented all the currents for a wide range of frequencies. 
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[bookmark: _Toc129009396]Figure 3.1: Control and Hardware diagrams. RAMI: Relay with amplifier interface, RLLI: Relay with Low-Level interface, SAMI: Source for amplifier interface, RTS: Real-time simulator, AMS: Adaptive multichannel source, AMI-FPGA: Amplifier interface with field-programmable gate array, HC-RTS: Host computer for real-time simulator, HC-FPGA: Host computer for field-programmable gate array
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[bookmark: _Toc129009397]Figure 3.2: Control and hardware diagrams
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[bookmark: _Toc129009398]Figure 3.3: Controller techniques current regulation comparison. (a) PI, (b) feed-forward, (c) Integral-Resonant, (d) Integral-Resonant with feed-forward
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[bookmark: _Toc129009399][bookmark: _Hlk17126023]Figure 3.4: Power systems faults: (a) symetrical three-phase fault. (b) Phase-a to ground fault. (c) Pickup load after lightning strike. (d) Recloser trip because of tree branch. (e) Fault caused by a truck hitting a pole. (f) Fault caused by a squirrel.  Events files from DOE/EPRI Disturbance Library [75].
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[bookmark: _Toc129009400]Figure 3.5: Fast Fourier transform (FFT) for: (a) balanced three-phase fault. (b) Phase-a to ground fault. (c) Pickup load after lightning strike. (d) Recloser trip because of tree branch. (e) Fault caused by a truck hitting a pole. (f) Fault caused by a squirrel. Events files from DOE/EPRI Disturbance Library [75]



1.27. [bookmark: _Toc125807379][bookmark: _Toc125807504][bookmark: _Toc125808244][bookmark: _Toc127366260]Twin Power System and Relay in the Loop

This section shows the power system simulation utilized to emulate faults in real-time. This emulation consists of two identical electrical grids given by a utility source, breaker, transmission line, and load. This electrical grid was based on a radial power system at 3.8 kV phase-to-neutral voltage. 
The real-time simulations for both power systems were run at the same time with a 50 us time step. The twin-power systems for the amplifier and low-level test interface is shown in Fig. 3.6 and Fig. 3.7. During the real-time tests, a phase-to-ground fault located at the end of the transmission lines were simulated. In the RT-LAB project, the gains of current (1/30000) and voltage (1/6000) sensors were set. During the real-time tests, a phase-to-ground fault located at the end of the transmission lines were simulated. The real-time simulation tests were set to be stopped at 200 s., and the fault block was triggered at 100 s. by the signal generated by the “Fault Block Signal Circuit”.  
set with an U3 Very-inverse time curve, time dial setting (TDS) of 6 sec., and relay current pickup (IP) of 1 A. Based on the U3 Very-inverse time curve from SEL 451 relay’s manual, the theoretical relay time (TR) in cycles can be calculated by (3.2).

	
	
(3.2)





The SEL-451 relays wired with the OP4510 real-time simulator, and the low-level and amplifier interfaces were set with identical general and overcurrent settings. The current transformer ratio (CTR) setting was set at 400. The inverse time overcurrent settings were 


1.28. [bookmark: _Toc125807380][bookmark: _Toc125807505][bookmark: _Toc125808245][bookmark: _Toc127366261]Results and Discussion

[bookmark: OLE_LINK21]In this study, the phase-to-ground fault was simulated in real-time and the high-resolution record events from the SEL-451 relays with the low-level, Fig. 3.6, and amplifier Fig. 3.7 interfaces were collected. The measured relay times had shown similar values, indicating the relays with low-level and amplifier interfaces had similar behaviors for the phase-to-ground fault. The SEL-451 relays wired with the OP4510 real-time simulator, and the low-level and amplifier interfaces were set with identical general and overcurrent settings. The current transformer ratio (CTR) setting was set at 400. The inverse time overcurrent settings were set with an U3 Very-inverse time curve, time dial setting (TDS) of 6 s, and relay current pickup (IP) of 1 A.
The measured relay times in cycles for the relay with the low-level and amplifier interfaces were 668.9 and 670.9 cycles, respectively indicating the relays with low-level and amplifier interfaces had similar behaviors for the phase-to-ground fault.  The experimental percentage error for the relay with the low-level interconnection was -0.62% and for the relay amplifier interface was -0.33%. These small errors indicate that the amplifier interface is a valid alternative to test protective relays. The amplifier interface is a useful tool to test the relay’s backbone and sensor network, something that cannot be accomplished with the low-level interface.  

1.29. [bookmark: _Toc125807381][bookmark: _Toc125807506][bookmark: _Toc125808246][bookmark: _Toc127366262]Conclusions

[bookmark: OLE_LINK46]In this chapter a low-cost three-phase amplifier interface for protective devices was developed and validated satisfactorily for the simulation of a phase-to-ground fault, using the state-of-the-art real-time digital simulation. The low-level and amplifier interfaces with the relays in-the-loop had shown similar tripping times and current shape behaviors from the high-resolution recorded events. The amplifier interface sensed the secondary currents instead of the low-level analog signals, offering the possibility for future connectivity with different relay vendors and secondary current ranges (from 0.5 to 10 A). 
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[bookmark: _Toc129009401]Figure 3.6: SEL-451relay measured currents with low-level interface.
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[bookmark: _Toc129009402]Figure 3.7:  SEL-451relay measured currents with proposed amplifier interface.
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[bookmark: _Toc129009403]Figure 3.8: Power system for relay with amplifier interface.







In addition, this proposed amplifier interface with FPGA modules presents a low-cost alternative compared with actual relay testing devices used as amplifier interfaces with real-time simulators.  
The current amplifier for use in protective relays was described. Resonant controllers tuned at the grid fundamental frequency were used to reduce the steady-state error between the control signal and the measured current while maintaining low current distortion. The performance of the current amplifier and control was verified experimentally in the time domain. The results show that the proposed design offers a cost-effective way to test protective devices for single-phase-to-ground, two-phase-to-ground, and three-phase faults. 




















[bookmark: _Toc125019115][bookmark: _Toc125807382][bookmark: _Toc125807507][bookmark: _Toc125808247][bookmark: _Toc127366263]CHAPTER 4
GRID-TIED DOUBLY-FED INDUCTION GENERATORS (DFIGS)
REAL-TIME MODELLING AND MODEL VALIDATION AND RESPONSE DURING VOLTAGE SAGS




























Abstract: This section presents the development and the model validation of a real-time (RT) emulator of a doubly fed induction generator (DFIG) wind turbine system. This model was developed and validated against physical measurements to accurately represent the operation of the grid tied DFIG during balanced and unbalanced operation, and to study the dynamic response of the machine during voltage sags. This section describes the required discrete models for real-time emulation of the DFIG, which were implemented on a field programmable gate array (FPGA), including: the dynamic model of the DFIG, rotor side converter (RSC), grid side converter (GSC), and aerodynamic and mechanical models. Previous work on real-time simulation of DFIGs have assumed that the generator model is valid over a wide range of operating speeds and for multiple grid voltage unbalances. However, this assumption has not been tested in the literature, which limits the accuracy of results obtained in both simulations and in hardware-in-the-loop (HIL) applications. To address this gap in the literature, this section presents a preliminary model validation of the DFIG with iron losses and demonstrates the limitations of the model in accurately representing a physical DFIG machine under grid unbalanced operation. This section first addresses the model validation by comparing the emulated stator and rotor currents against physical measurements under 0.5%, 2% and 4% grid voltage unbalance for speed ranging from the sub-synchronous to hyper-synchronous operation. Secondly, the DFIG model is used to study the response of the machine during voltage sags and unbalances. Finally, this section implements Low-Voltage Ride Through (LVRT) strategies to mitigate the rotor and stator overcurrent during voltage sags. This work also includes key implementation aspects of the hardware-testbed utilized for the model validation, which consists of a DFIG machine connected to a partial-scaled four-quadrant back-to-back power converter. The proposed discrete-time models, implementation methodology, and validation against hardware, results in a cost-effective, open-code platform to study grid-connected DFIG wind turbine system during normal operation and during grid events.

1.30. [bookmark: _Toc125019116][bookmark: _Toc125807383][bookmark: _Toc125807508][bookmark: _Toc125808248][bookmark: _Toc127366264]Introduction
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Doubly fed induction generators (DFIGs) have been broadly used in variable speed wind energy conversion systems due to their competitive cost, durability, flexible power control, and variable speed capacity using a partial-scaled converter [76]. These advantages have made the DFIG one of the leading technologies in the wind turbine sector as well as the most installed variable speed wind turbine in the United States [76-78]. Due to its preeminence as a renewable energy technology, combined with grid codes requiring increased capability during voltage and frequency grid events [79-81], it is becoming increasingly important for the research community and the industry to have a better understanding of the grid-connected DFIG systems’ operations during various grid conditions. However, applied research on a full-scale utility system is limited due to prohibitive costs and safety concerns. Laboratory testbeds are an alternative to study full-scale systems [82-84]. These designs offer a reliable representation of the DFIG system. However, this approach also presents inhibiting factors including high cost, high complexity, long development times, and steep associated learning curve. Commercial real-time simulators, including RTDS, OPAL-RT, StarSim, Plexim and Typhoon, remove many technical barriers and reduce development times but can still be prohibitively expensive [85-87]. These solutions provide pre-built models, automatic code generation capability, and human machine interface (HMI), enabling rapid prototyping and testing of power systems and power electronics systems. Although these simulators are a powerful auxiliary platform to hardware implementation that allow to study and simulate systems in real-time, they require proprietary hardware and licensing, and the validity of the models is typically not published. In the face of these many challenges of studying systems in real-time, one economically accessible and technically proficient option is to implement the discrete models directly on Digital Signal Processors (DSPs) or Field Programmable Gate Arrays (FPGA). This approach removes some of the mentioned barriers while permitting the access of intermediary variables that are not typically available in pre-built, commercial models. Some authors have taken this approach to emulate real-time wind energy systems. For example, researchers in [89] implemented the electrical and mechanical discrete models of the DFIG and the permanent-magnet synchronous generator (PMSG) on a real-time computer Nexcom NISE 3140. Authors in [88] developed a real-simulation DFIG wind turbine to evaluate interconnection challenges, where a 7-bus grid was simulated in RTDS and the wind system is deployed on a DSP cluster. In [90], the authors compiled into C-code a complete DFIG system and executed on PC-cluster real-time simulator. Although these papers address the discrete-modeling and implementation for real-time applications, critically, they lack details regarding the validity of the implemented models, which can limit the reliability of the obtained results. 
Performing a real-time simulation using a validated model is critical to obtain accurate results in simulations and in applications that involve hardware-in-the-loop (HIL).  HIL applications can be divided in power-hardware-in-the-loop (PHIL) and control-hardware-in-the-loop (CHIL). In PHIL, real power devices and systems interact with the real-time models of power elements and control systems in a closed-loop simulation [91]. In CHIL, a controller embedded on an external processor exchanges control signals with the real-time computer through the low-voltage high-speed I/O. Real-time models can interface through the low-voltage interface of protective equipment to perform protection studies. These approaches have been applied to photovoltaic systems [91] and for testing adaptive protection schemes in distribution systems [94] and DFIGs [94,95]. The discrete real-time models presented in this chapter have been interfaced with power amplifiers, validating their functionality for PHIL applications, examples of this can be found in [109] and [110].  
As presented, extensive research has been done on real-time modelling and simulation, and its application in PHIL and CHIL. However, the published papers in real-time simulations typically do not provide details about the validity of the models. If the models used in real-time simulations are not accurate representations of the real system, their utility as a replacement for research purposes is severely limited. Focusing on DFIGs [95-97], only a few papers address the model validation against physical hardware. For example, authors in [95] present a comparison of the DFIG model for three-phase voltage dips and unbalanced voltages for a 3 MW DFIG. Authors in [96] present a DFIG model validation of a laboratory scale DFIG for voltage sags. Although some of these studies do use field data to validate the DFIG machine, the validation is limited to power quality issues. The full-range validation of the DFIG has been overlooked in the literature.   
As a preliminary step in addressing this gap in knowledge, this chapter presents a validation of the DFIG model against a scaled-down DFIG. The model selected for this study is the αβ model oriented with the rotor angles, which is commonly used to study DFIG operation.  The iron losses were included in the model used for the validation because low-power machines like the one used for this study are lossy in comparison with full-rated machines. This work makes several contributions to the literature. First, it provides a wide characterization range of the DFIG model with iron losses against the physical measurements from the sub-synchronous to hyper-synchronous operation and during unbalanced conditions. This wide speed range validation is an important step towards revealing the limits in which the DFIG model remains representative. Second, all the models required to emulate the DFIG system are described in detail. Third, five implementations of the DFIG are compared in terms of FPGA resource utilization and execution time. Important aspects of the hardware testbed developed for verification purposes are also addressed, including the control for the rotor and stator converter and start-up sequence algorithms. Finally, this work also presents a novel and robust algorithm to calibrate the encoder without the use of integrators. 
1.31. [bookmark: _Toc125019117][bookmark: _Toc125807384][bookmark: _Toc125807509][bookmark: _Toc125808249][bookmark: _Toc127366265]Discrete Models 

[bookmark: _Hlk512268026]The DFIG dynamic model describes the behavior of the machine in steady state as well the evolution of the electric variables during transients [76]. The review of literature shows four different reference frames that are used to express the electric variables of the DFIG: the αβγ oriented with the stator or rotor angles, synchronous (dqo), and natural frame dynamic models [98]. These models can be represented in matrix form using currents or fluxes as state variables. Because the logic resources on the FPGA are limited, it is critical to find a machine model that uses the fewest resources as possible while providing an accurate representation of the machine dynamics [101]. Appendix 1 show the computer implementations of the DFIG models used in this chapter. Fig. 4.1 shows a benchmark between these models in terms of execution time and FPGA slices utilization. For this comparison, the compilation results of four independent compilations were averaged, and neither the compiler nor the code were optimized in any way.  Fig. 4.1 shows that the chosen reference frame and the state-variable representation impact the model execution time and FPGA logic requirements. Although the DFIG αβ model that uses the fluxes as state variables is proven to be efficient for real-time applications, it does not take into consideration the core loss, which is considerable in low power machines such as the one utilized in this study. Neglecting the iron losses in low power machines introduces substantial errors in the estimation of the rotor and stator currents. To provide a model as close as possible to the real machine, the iron loss is introduced in the model.  As shown in Fig. 4.1, introducing the iron losses increases the loop time execution to 60 us and requires 15% of the logical resources in the Xilinx Kintex-7 7K325T FPGA. For MW machines, the losses can be neglected, and a more efficient model can be used instead. Fig. 4.2 shows the computer implementation of a DFIG dynamic model that include iron losses and the one used in this study [100].
1.32. [bookmark: _Toc125019118][bookmark: _Toc125807385][bookmark: _Toc125807510][bookmark: _Toc125808250][bookmark: _Toc127366266]Discrete Model: Back-to-Back

Different types of converter topologies have been proposed for wind applications; however, the most common choice for the DFIG is the back-to-back converter [101]. The back-to-back model consists of a grid-side converter (GSC) and rotor-side converter (RSC.) The size of the power converter for DFIG applications typically does not exceed 25-35% of the machine’s nominal power. Fig. 4.3. shows an average model for a back-to-back converter. Applying Kirchhoff’s law on the circuit of Fig. 4.3. and choosing currents as state-variables, the average model of the GSC is represented by (4.1), the RSC by (4.2), and the DC-link circuit by (4.3):

                                (4.1)
                               (4.2)
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[bookmark: _Toc125019510][bookmark: _Toc129009404]Figure 4.1: FPGA utilization and loop time for different DFIG machine models.









	[image: ]

	[bookmark: _Toc125019511][bookmark: _Toc129009405]Figure 4.2: Computer implementation of the DFIG considering iron loss [76].
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[bookmark: _Toc125019512][bookmark: _Toc129009406]Figure 4.3: Average model for a back-to-back converter.





                                (4.3)

where iFa, iFb and iFc are grid side converter currents; ira, irb and irc are rotor currents; Rf  is the grid filter resistance; Rr is the rotor resistance;  Lr is the rotor self-inductance; Lf is the grid filter inductance; vga , vgb and vgc  are phase grid voltages, vra, vrb and vrc  are phase rotor voltages; vn is the neutral voltage; VDC is the DC-link voltage; dFa , dFb , dFc  are the duty cycles of the grid side controller; dra, drb , drc are the duty cycles of the rotor, and C is the DC-link capacitance.


Fig. 4.4 shows the implementation of the average model for the back-to-back converter which was programmed on a LabVIEW FPGA to emulate the power converter. This model receives the control modulating signals from the GSC (Vgscabc) and RSC (Vrscabc), the grid voltages (Vgabc), and rotor currents (Irabc) and the initial charge of the capacitor (VDC0). The outputs of this model are the DC-link voltage (VDC) and GSC currents (IFabc). 
Previously developed mechanical models include complex models of six masses or three masses [101]. However, the two-mass model is the simplest and provides reasonable accuracy. Assuming a perfect rigid low speed shaft, the two-mass train model is reduced to a one-mass drive train model. The resulting governing equation [105] is represented by (4.4):

                                                            	 (4.4)

where  is rotor speed in rad/s, p is the pole pairs, J is the inertia, TWT is mechanical torque of wind turbine, and TEM is the electromagnetic torque. 
[bookmark: _Toc125019119]The mechanical output power that could be extracted from a three-blade wind turbine is given by,
	
	
	(4.5)


where PWT is the mechanical output power of the turbine in watts, ρ is the air density in kg/m3, RWT  is the blade radius of wind turbine in m, Cp is the performance coefficient of wind turbine, β is the blade pitch angle in degrees, λ is the tip speed ratio of the wind turbine blade, vwind is the wind speed in m/s.
The performance coefficient of turbine (Cp) can be approximated by
	
	
	(4.6)


and
	
	
	(4.7)

	
	
	(4.8)



1.33. [bookmark: _Toc125807386][bookmark: _Toc125807511][bookmark: _Toc125808251][bookmark: _Toc127366267]DFIG Hardware Testbed Design

This section describes the hardware testbed used to verify the dynamic behavior of the DFIG model. Fig. 4.5(a) and (b) show the control and interconnections of the hardware testbed, which consists of a Motor Solver DFIG generator, a Viewpoint back-to-back converter, grid filters, and a permanent magnet (PM) driver used to emulate the wind model. The power converter controller was implemented on a NI-cRIO 9039 platform, where eight I/O modules were installed. The input analog card (AI) NI-9229 is mainly used for control purposes, the analog output card (AIO) NI-9381 provides the current reference to the Keithley 2268 power supply, which controls the PM driver. The digital output card (DIO) NI-9401is primarily used for relay control and for PWM signals. The analog output card provided the current reference to the dc power supply, which controls the dc motor driver. 



1.34. [bookmark: _Toc125019120][bookmark: _Toc125807387][bookmark: _Toc125807512][bookmark: _Toc125808252][bookmark: _Toc127366268]DFIG Vector Control

The power converter control applies a vector control strategy to independently regulate the active and reactive power from the grid [83, 102-104]. This classic strategy is based on using the power converters of Fig. 4.6, Fig. 4.7, that are composed of the rotor and grid side controllers, respectively. 
The RSC controls the speed of the machine and the stator reactive power. In this case, the grid voltage orientation (GVO) was chosen as the reference frame orientation due its superior stability during voltage dips and unbalances compared with the classic field oriented or direct torque control. The RSC has two cascaded PI controllers Fig. 4.6 . The outer loops regulate the speed of the machine and the stator reactive power, the inner loops control the rotor current references. The current transfer functions for the rotor converter are defined by low frequency poles that depend on the passive elements of the induction machine, and it is defined by (9).
	
	
	(4.9)



where  is the leakage coefficient and s is the slip defined as , with  defined as the magnetizing inductance and  the stator inductance.

The GSC keeps a constant dc-link voltage regardless of the magnitude or direction of the power flow as shown in Fig. 4.7. The reactive power reference is kept zero to ensure unity power factor. 
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[bookmark: _Toc125019513][bookmark: _Toc129009407]Figure 4.4: FPGA implementation of back-to-back converter
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	(a) Electrical schematic of DFIG testbed
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	(b) DFIG Hardware testbed



[bookmark: _Toc125019514][bookmark: _Toc129009408]Figure 4.5: Doubly-Fed induction generator testbed
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	[bookmark: _Toc129009409]Figure 4.6: Vector control-rotor side converter.
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[bookmark: _Toc129009410]Figure 4.7: Vector control grid-side converter.










Using the vector control presented in [83], the current transfer functions are defined by low frequency poles that depend on the grid filter parameters, and it is represented by (4.10).

	
	
	(4.10)



where Rf is the grid filter resistance and Lf is the grid filter self-inductance.
Table 4.1 presents the gains for the PI controllers that were calculated using the Butterworth polynomial, where  and is ten times lower than the switching frequency, fS  = 2 kHz. This method optimizes the closed-loop eigenvalue locations and locate the eigenvalues uniformly in the left-half s-plane on a circle with radius  [102]. 

In Eq. 4.11  is the stator voltage in , the stator currents in ,  the stator flux and the stator resistance. To provide an alternative to pure integrators, this work proposes to estimate the stator flux by introducing a -90o phase in the measured induced stator voltages, which can be done by using the rotational transformation of  (4.13). 

	
	
	(4.12)

	
	

	(4.13)




[bookmark: _Hlk63968559]Fig. 4.8. shows the proposed encoder calibration. The rotor flux in the DQ reference frame is estimated according to the block diagram. The stator flux is estimated by multiplying the stator voltage in  by the rotational transformation. This algorithm yields the calibration angle (θCAL) required to correct the phase displacement between the estimated fluxes. When the calibration is finished, the algorithm is disabled and θCAL is added as a constant to the measured encoder angle (θenc). Fig. 4.9, shows the experimental results using the proposed method, see the clean estimation of the angles and the resulting angle calibration. 







[bookmark: _Hlk63858098]Table 4.1. 
Proportional-integral control gains

	Current Regulators of Grid Side Controller
	Current Regulators Rotor Side Controller

	
	
	
	

	Voltage Regulator of Grid Side Controller
	Speed Regulator of Rotor Side Controller

	
	
	
	

	= proportional gain, = integral gain,= bandwidth current controller [rad/s],= bandwidth speed controller [rad/s],= grid filter inductance [H],= grid filter inductance resistance [],= rotor inductance [H],= rotor inductance resistance [],= generator inertia [kgm2],= pole pairs, = loss coefficient, = DC-link capacitance [F]
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[bookmark: _Toc125019516][bookmark: _Toc129009411]Figure 4.8:  Proposed encoder calibration algorithm.














1.35. [bookmark: _Toc125019121][bookmark: _Toc125807388][bookmark: _Toc125807513][bookmark: _Toc125808253][bookmark: _Toc127366269]Experimental Results: DFIG Start-up Sequence 

[bookmark: OLE_LINK19]DFIG machines require a complex startup sequence because the reduced power converter only permits the machine to be controlled at speeds near synchronism, where the rotor demands a lower voltage. As described in [105,106], the startup sequence is mostly carried out by the rotor converter while the grid converter imposes a constant DC-link voltage. Fig. 4.9 shows the experimental results of the most relevant signals of the startup process for DFIG machine model. The sequence starts with Fig. 4.9(a), where the DC-link is pre-charged through the freewheel diodes of the insulated-gate bipolar transistor. Then, the GSC contactor is closed, and the grid converter starts regulating the DC-bus. In Fig. 4.9(b). the rotor side converter is activated, and the dynamo accelerates the machine to near synchronism condition (1800 RPMs). Then, the current reference is set in the d-channel of rotor converter current controller to induce voltage in the stator, after which the encoder algorithm is activated to align the zero position of the rotor. A detailed description of the proposed encoder calibration algorithm is addressed in the next section. In Fig. 4.9(c), the grid synchronization is activated, which modifies the rotor current references to match the stator magnitude and phase to the grid voltage. Finally, the stator contactor closes, and rotor converter controls starts controlling the generator speed, as shown in Fig. 4.9(d).

1.36. [bookmark: _Toc125019122][bookmark: _Toc125807389][bookmark: _Toc125807514][bookmark: _Toc125808254][bookmark: _Toc127366270]Experimental Results: DFIG Model Validation

This section validates the stator and rotor currents of the DFIG machine model against physical measurements. To verify the model, the DFIG model receives the RSC average control and the grid voltage. The model outputs are the electromagnetic torque which is applied to the mechanical model to solve for the speed, rotor current and stator current. For the DFIG machine model the estimated generator passive parameters are Rs = 0.65 Ω (average stator resistance of three phases), Lls = 2.4 mH (stator leakage inductance), Rr = 1.2 Ω (average rotor resistance of three phases), Llr = 3.5 mH (rotor leakage inductance), LM = 4 mH (magnetizing inductance), Rfe = 15 Ω (iron core loss resistance) , Uturn ratio = 1.58 (effective turn ratio), power rating=250VA.  
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	(a) GSC startup.
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	(b) Encoder calibration.
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	(c) Grid synchronization.
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	(d) Speed controller enabled.


[bookmark: _Toc125019517]

[bookmark: _Toc129009412]Figure 4.9: Experimental results of the startup sequence.


These parameters were estimated using the non-load test and locked rotor tests. Fig. 4.10 shows a snapshot of the measured and emulated stator and rotor currents are plotted in abc. Fig. 4.10(a). and Fig. 4.10(b). plot the stator and rotor currents when the grid voltages have a 0.5% unbalance, which corresponds to the unbalance of at the point of connection. A quick inspection shows that at the vicinity of the synchronous speed (1.0 p.u.) the model is in good agreement with the measurements.

1.37. [bookmark: _Toc125019123][bookmark: _Toc125807390][bookmark: _Toc125807515][bookmark: _Toc125808255][bookmark: _Toc127366271]Experimental Results: Positive Sequence Validation

To provide a more comprehensive range of validation, this section shows the model validation of the positive sequence when the generator sweeps from sub-synchronous to hyper-synchronous operation under balanced grid conditions. The positive sequence validation provides information about the power exchange between the stator and the grid, and a correct estimation of this sequence is very important for a precise power flow analysis.  To quantify the deviation between the measurements and the model estimated currents, article uses the same criteria as in [95] where the following expression is used:

	
	
	(4.14)



       
where I is either the stator or rotor currents positive sequence in per unit. The model is declared valid if more than an 85% of the samples do not exceed 10% of deviation allowed for a wide range of operation.  Fig. 4.11 shows the rotor current results when the stator voltages have a small unbalance (0.5%). As seen in the figure, the error for the rotor current is low for all speeds and all the datapoints are below 10% threshold with an average error is 1.67%. This section only presents the rotor currents for 0.5% grid voltage unbalance because for the other two cases [2%, 4%] the rotor currents remained practically unchanged. 
Fig. 4.12. shows the positive sequence of the stator currents when the grid voltages have a 0.5%, 2% and 4% imbalance. The voltage imbalance is introduced by connecting resistors in series with the phase A at point of connection, and the DFIG model receives the voltage from sensors located after the resistor to be subject to the same voltage imbalance. As observed in the figure, the error depends on the operation speed of the machine and the amount of unbalance in the grid voltages, and the higher the unbalance and the speed the higher the deviation between the model and measurements. For 0.5% and 2% unbalance, all the datapoints remained under the 10% threshold with an average error of 0.75% and 5.22% respectively. Although the error is higher when the voltages are severely unbalanced (4%), 90.5% of the datapoints remained under the specified deviation with an average error of 7.6%. Therefore, concluding that the stator positive sequence and rotor currents are valid under a wide range of speeds and grid voltage unbalances. 
1.38. [bookmark: _Toc125019124][bookmark: _Toc125807391][bookmark: _Toc125807516][bookmark: _Toc125808256][bookmark: _Toc127366272]Experimental Results: Negative Sequence Validation

This section presents a comparison between the estimated and measured unbalance in the stator calculated through the IEEE definition [105]. Following similar methodology as in the previous section, a wide range of validation is presented, where the amount of unbalance in the stator current is calculated from the sub-synchronous to the hyper-synchronous speed for 0.5%, 2% and 4% grid voltage unbalance. A proper estimation of the amount of unbalance in the stator currents is important since unbalanced currents create unequal heating on the stator windings, which may increase winding temperature degrading the insulation reducing life expectancy of the winding. Unbalanced currents also create torque pulsations on the shaft resulting in mechanical stress that also reduces the life expectancy of the wind turbine shaft [99, 106, 107]. The amount unbalance in the rotor current was not calculated because no negative sequence or oscillations were present in this current. 
As seen in Fig. 4.13, the DFIG dynamic model can represent unbalanced currents, and as expected, the amount of unbalance is dependent on how severe the grid unbalance is. A quick inspection in abc coordinates shows that the estimated and measured unbalance current is similar for all tested grid unbalances, see Fig. 4.13(b,d,f). 
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	(a) Stator currents
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	(b) Rotor currents


[bookmark: _Toc125019518][bookmark: _Toc129009413]Figure 4.10: DFIG model with iron losses against measurements for rotor and stator currents for 0.5% unbalanced grid conditions.
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(a)
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(b)



[bookmark: _Toc125019519][bookmark: _Toc129009414]Figure 4.11: Close-loop machine model validation of DFIG rotor currents under 0.5% grid unbalanced conditions.
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(a) Stator currents under 0.5% grid unbalance
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(b) Stator current error under 0.5% grid unbalance
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(c) Stator currents under 2% grid unbalance
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(d) Stator current error under 2% grid unbalance
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(e) Stator currents under 4% grid unbalance
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(f) Stator current error under 4% grid unbalance

	
[bookmark: _Toc129009415]Figure 4.12: Machine model validation of DFIG with iron losses for balanced grid conditions
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(a) Stator currents unbalance under 0.5% grid unbalance
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(b) (abc) stator currents under 0.5% grid unbalance 
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(c) Stator currents unbalance under 2% grid unbalance
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(d) (abc) stator currents under 2% grid unbalance
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(e) Stator currents unbalance under 4% grid unbalance
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(f) (abc) stator currents under 4% grid unbalance

	[bookmark: _Toc125019521]
[bookmark: _Toc129009416]Figure 4.13: Machine model validation of DFIG with iron losses for balanced grid conditions.



The amount of unbalance in the stator current calculated using the IEEE definition show that the percentage of unbalance is underestimated by the model for all the tested grid unbalances, refer to Fig 4.13 (a,b,e). The discrepancy may be the result of physical imbalances in the stator and rotor windings, which would result in different parametrization per phase. For reference, the models that are widely used in the literature such as dqo and  reference frames, as well as the model validated in this chapter, assume perfectly balanced windings. Estimating the machine parameters per-phase is cumbersome.

1.39. [bookmark: _Toc125019125][bookmark: _Toc125807392][bookmark: _Toc125807517][bookmark: _Toc125808257][bookmark: _Toc127366273]Symmetrical Voltage Sags 

This section uses the developed and validated real-time simulator to evaluate the behavior of the induction generator during symmetrical voltage dips, and studies two feasible solutions to reduce the effects of voltage dips in the DFIG. The first strategy uses pitch control to reduce the speed of the generator during voltage dips. The second strategy, inspired by [121], modifies the rotor controller to provide zero electromagnetic torque during a fault.
Current regulations require that wind farms must have Low Voltage Ride-Through (LVRT) capabilities. This feature allows wind turbines to remain connected to the power grid during periods of low voltage (e.g., voltage dips), preventing a sudden shortage in the production of active power that could lead to instabilities in the power grid [111]. Fig. 4.14 shows the limits of voltage on which the wind turbine must remain connected to the grid [112]. In the U.S, the FERC Order No. 661 defines the time in which wind turbines should remain without tripping. Wind turbines should have continuous operation for grid voltages at 90% the rated line voltage and should ride through fault for 0.65s for a minimum voltage at 15% the rated line voltage [114]
One of the main competitive advantages of the DFIG is that it provides variable speed with a small and economic power converter. However, this advantage becomes a disadvantage when the DFIG is subjected to a sudden drop in the stator voltage, because a scaled power converter may not be able to take a control action required to control the rotor currents and speed during transients [115]. The effect of voltage dips in induction generators has been broadly studied [115]-[120]. As presented in the literature, there have been studies to accurately predict the voltages and currents when the machine is subjected to a voltage dip. Various studies have designed protection systems to mitigate the negative effects of these perturbations in the induction machine. Fig. 4.15 shows a bar chart with simulation results that the overvoltage and overcurrent depend on the depth of the voltage dip. In the U.S., the DFIG system must be designed to operate during severe voltage dips limited by FERC order No. 661, which most severe effects are high currents in the stator and rotor circuits. 
Figure 4.16 shows the effects of voltage dips in the generator without protection systems. The simulated voltage dip is delimited by FERC Order No. 661. The most relevant effects in the induction machine are the following:
1. A decrease in the stator voltage reduces both the stator and rotor flux, see Fig. 4.17. 
2. Reduced fluxes cause the electromagnetic torque to decrease.
3. The reduction in the electromagnetic torque limits the speed controllability of the wind turbine. As shown in Fig. 4.16(f). This increases the error and is amplified by the speed controller PI, leading to an increase in the rotor current reference, Fig. 4.16(c) and (d). 
4. The rotor currents and stator currents can reach up to four times their nominal value, as shown in Figure 4.16(d). The rotor voltage experiences a peak during the fault which could destroy the power electronics switches.
5. The DC-Link overvoltage may increase above its designed value as shown in Figure 4.16(c).
1.40. [bookmark: _Toc125019126][bookmark: _Toc125807393][bookmark: _Toc125807518][bookmark: _Toc125808258][bookmark: _Toc127366274]DFIG LVRT Solutions

Two main solutions are presented in the literature to enhance the LVRT capacity of the DFIG wind turbine [121]-[122]: Passive methods include crowbar protection, blade pitch angle control, energy capacitor system and energy storage inverter (ESI). The crowbar protection method has been widely studied. This protection system limits the overcurrent in the rotor that are present during fault conditions [123]-[124]. The crowbar could be resistive or active [115]. 
[image: Image result for LVRT]
[bookmark: _Toc125019522][bookmark: _Toc129009417]Figure 4.14: LVRT profiles for different countries [152].
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[bookmark: _Toc125019523][bookmark: _Toc129009418]Figure 4.15: Overcurrents and overvoltages during voltage dips. Rotor and stator currents peak values increase with the dip depth. Results from developed real-time simulator. 
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[bookmark: _Toc125019524][bookmark: _Toc129009419]Figure 4.16: Effects of voltage dips DFIG wind turbine without countermeasures. (a) stator voltage follows profile FERC Order No. 661. (b) rotor voltages. (c) stator currents. (d) rotor currents. (c) DC link. (f) MPPT reference and rotor speed. All quantities are in p.u and the x-axis is the time in seconds. 
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[bookmark: _Toc125019525][bookmark: _Toc129009420]Figure 4.17: Steady state stator and rotor flux after (red line) and before (black line) 0.15 voltage dip.
















The crowbar is an effective solution to limit rotor currents; however, as noted in [104], it involves additional investments, energy dissipations by crowbar resistors, and partial loss of control to active and reactive power outputs. Another issue is that when the crowbar is activated, the DFIG will absorb a large amount of reactive power leading to a further grid voltage degradation [122].  Active methods use the control of the rotor converter to mitigate the impact of voltage faults [121]-[125]. This strategy aims to reduce rotor current transients of the induced electromagnetic force in the rotor circuit by controlling the RSC. However, as pointed out in [121], these control strategies raise concerns due their high complexity, and they are not implemented in the industry.  
 
 To mitigate the adverse effects of voltage dips in DFIG machine, this section evaluates two different strategies. The first uses the pitch control to limit the speed of the generator. The second modifies the rotor converter to provide zero torque during fault conditions. These strategies are selected because they enhance the LVRT capacity of the DFIG wind turbine, without the need of additional protections such as crowbar. 
Fig. 4.18 presents the dynamics of the DFIG during a fault when the pitch controller is used as a protection mechanism. The pitch effectively reduces the speed of the generator, shown in Fig. 4.18(f), and limits the overcurrent present in the stator and rotor circuits. However, this strategy does not reduce the overvoltage in the DC-link, and an improper design can lead to a sudden drop in active power that might affect the stability of the power grid.
Fig. 4.19 shows the second alternative [121], which consists of transforming the energy generated during the dip into kinetic energy, rather than dissipate it in a crowbar.  The control strategy in the rotor converter is to set torque zero during the fault, allowing the wind generator to increase speed accumulating kinetic energy. After the fault is cleared, the increased kinetic energy can be transformed into electric power and sent to the grid helping to clear the fault. This technique effectively reduces the overcurrent in the stator and rotor; however, the speed of the rotor and the wind turbine can increase above its rated value, and pitch control becomes necessary to protect the wind generator from over-speeding.  
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[bookmark: _Toc125019526][bookmark: _Toc129009421]Figure 4.18: First strategy: blade pitch control. (a) stator Voltage, (b) rotor voltages. (c) stator currents. (d) rotor currents. (c) Vdc link. (f) MPPT reference and rotor speed. All quantities are in p.u. and the x-axis is the time in seconds.
1.41. [bookmark: _Toc125019127][bookmark: _Toc125807394][bookmark: _Toc125807519][bookmark: _Toc125808259][bookmark: _Toc127366275]Asymmetrical Voltage Sags

The previous section discussed the effect of symmetrical voltage dips. This section uses the real-time simulator to study the negative effect of voltage imbalances in the DFIG wind turbine. An unbalanced condition in an electric power system is often caused by unbalanced loads, unbalanced system faults, circuit breaker malfunctions, and open phases. Asymmetrical voltage faults, like single-line-to-ground short circuit, is the most common electric fault in the electric network [115]. Currently in the U.S., there is no relevant requirement related with voltages imbalances for wind turbines [113]. However, NERC recommends PRC-024 to define the performance requirements for unbalanced as well as balanced faults. It is important to note that severe unbalances are not typical in grid tied DFIG as grid standards across the globe have specified the suitable limit for voltage unbalance for wind. These standards generally vary between 1% and 2% [127]. The main effects of voltage imbalances observed during simulation are unbalanced currents, oscillations in the fluxes and in the DC-link, see Fig. 4.20-4.21. The most adverse effect of voltage unbalances is the oscillations in the electromagnetic torque that could reduce the lifetime of the wind turbine. Imbalances in the stator voltages can affect the stability of the control. Fig. 4.22 shows a comparison between two typically used reference frame orientations, Stator Flux Orientation (SFO) and Stator Voltage Orientation (SVO). The SFO estimates the flux using and align the d-axis to it. The second option aligns the q-axis with the stator voltage and delays 90 degrees the d-axis. Both techniques are similar if the stator voltages are balanced, however during asymmetrical voltage dips the flux oscillates notably causing an inadequate angle estimation if SFO is used. However, SVO calculates the angle using a phase locked loop (PLL) that considers only the positive sequence of the voltage. Various control objectives can be implemented to reduce these effects, including a) mitigation of stator active and reactive power oscillations, b) reduction of ripple in the electromagnetic torque, c) reduction of the rotor current oscillation, d) reduction of RMS value in rotor currents. For instance, some authors [128,132] proposed to modify the RSC to decrease oscillations in the electronic torque while the GSC is used to cancel oscillations in the DC-link when the DFIG is subjected to asymmetrical voltage dips. 
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[bookmark: _Toc125019527][bookmark: _Toc129009422]Figure 4.19: Second strategy: zero torque control. (a) stator voltage. (b) rotor voltages. (c) stator currents. (d) rotor currents. (c) Vdc link. (f) MPPT reference and rotor speed. All quantities are in p.u. and the x-axis is the time in seconds.


1.42. [bookmark: _Toc125019128][bookmark: _Toc125807395][bookmark: _Toc125807520][bookmark: _Toc125808260][bookmark: _Toc127366276]Conclusions

This chapter presented the development and the model validation of a real-time emulator of doubly fed induction generator (DFIG) wind turbine system. The code of the real-time DFIG dynamic model with iron losses, back-to-back model, mechanical model, and aerodynamic model were addressed in detail. The proposed discrete-modelling approach for real-time applications provides a flexible platform that can be utilized for analyzing and testing grid-connected DFIG systems. The discrete-time modeling and the implementation process results in a platform-independent model that is suitable for the application on any RT platform, such as RT computers, or programmable digital devices like DSPs or FPGAs.
The model validation was presented under different grid unbalances and for speeds ranging from the sub-synchronous to hyper-synchronous operation. These preliminary results showed that the DFIG model provides a good representation of the generator stator and rotor current positive sequence over a wide operating range and grid unbalances. However, the model underestimated the amount of unbalance in the stator currents, an error that increased relative to the grid unbalance. This discrepancy may be the result of asymmetries in the windings of the machine used for this study. Further research with a larger machine is necessary to further verify the validity of the model under unbalanced conditions.   
Simulations demonstrate that the developed real-time simulator can be used to study the complex dynamics of the DFIG operating under balanced and unbalanced voltages, as well the dynamic response of the machine under symmetrical and asymmetrical voltage sags. This hardware based real-time simulator is a flexible and reliable platform that can be utilized to test control strategies before their implementation in real hardware. Finally, all the models used for the real-time simulator were uploaded in a public repository and are available to the public [133].
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[bookmark: _Toc125019528][bookmark: _Toc129009423]Figure 4.20: Effects voltage unbalance DFIG (a) Stator current (p.u), (b) Rotor current (p.u). (c) Electromagnetic torque (N.m). (c) Vdc link (p.u). X-axis is the time in seconds.














[image: ]
[bookmark: _Toc125019529][bookmark: _Toc129009424]Figure 4.21: Steady state stator and rotor flux after (red line) and before (black line) 2% grid voltage imbalance.
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[bookmark: _Toc125019530][bookmark: _Toc129009425]Figure 4.22: Estimation of stator flux during heavy voltage imbalance using GVRF and SFRF.
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PV INVERTER  DESIGN WITH ENHANCED  REACTIVE POWER SUPPORT




























Abstract: This section proposes to apply the hardware modifications presented in chapter 1 to a grid-tied photovoltaic (PV) inverter. Increasing the current from PV inverters will allow it to ride through faults while enhancing their reactive power support during voltage sags. The proposed design consists of oversizing the semiconductor current rating to allow transferring the energy from the dc side to the ac side during voltage sags.  This modification maintains the stability of the dc-link voltage during voltage sags of different magnitudes while significantly enhancing the ancillary service capabilities that the inverter can provide. Oversizing the power semiconductors brings the additional benefit of improving the inverter efficiency, significatively reducing the conduction losses during both normal operation and grid fault conditions. Through electrothermal simulations it is shown that the proposed design is capable of injecting three-times the inverter rated current for enough time to comply with the low-voltage ride through requirements (LVRT) requirements established by IEEE 1547, 2018. Furthermore, the enhanced current capability allows the inverter to provide additional reactive power support during grid events.

1.43. [bookmark: _Toc125019130][bookmark: _Toc125807397][bookmark: _Toc125807522][bookmark: _Toc125808262][bookmark: _Toc127366278]Introduction

High penetration of distributed grid-tied PV inverters brings concerns about the voltage and frequency regulation. Short-duration voltage sags that last a few milliseconds can take PV inverters offline for a few minutes. As shown in [134], PV tripping during faults may create cascading effects in the transmission grid in areas where there is a high penetration of PV installations. Grid operators manage transients by static compensation techniques e. g., static synchronous compensator (STATCOM), which adopt large inductive/capacitive arrangement to provide reactive power injection to compensate for the voltage sag/swell. Although this has been proven efficient for high power centralized generators, these solutions are not feasible when high number of independent distributed generation are present. 
Based on IEEE 1547, PV inverters should remain connected during low-voltage sags of different magnitudes [135]. Because PV inverters limit their current injection to about (1.0. p.u. to 1.2 p.u.) of their rated current during voltage sags, this limited current injection creates an energy imbalance between the ac and the dc side [136], [137]. Because the inverter cannot transfer all the power available to the grid, the power surplus flows through the dc-link capacitor bank, which increases the dc-link voltage. Increasing the dc-link voltage moves the current-voltage (I-V) curve close to the open-circuit voltage (Voc) of the panels and reduces the power injected from the panels. To tackle this problem, conventional low-voltage ride through (LVRT) methods limit the output current and disable the Maximum Power Point Tracking (MPPT) during the fault to compensate for the energy surplus [138]. For instance, the authors in [139], propose a low-voltage ride through (LVRT) technique for a 20% voltage sag. To maintain stability, they propose to disable the MPPT while the first stage boost converter is set to operate with a fixed duty cycle. However, as noticed in [140], the downside of this method is that the duty cycle depends on the magnitude of the voltage sag. During severe voltage sags, the boost converter may shift from continuous to discontinuous mode, introducing fluctuations to the dc-link. Other authors have proposed a more traditional approach such as crowbar circuits [141], dynamic resistors, or DC-choppers to dissipate power from PV that cannot be supplied to the grid [142]. Other methods include storing the energy surplus using supercapacitors or other energy storage devices.  These methods avoid the unnecessary dissipation of renewable energy by storing the surplus energy during a fault and then release it back to the grid after the fault clearance. This energy storage can provide additional functions such as reactive power support and flicker compensation by maintaining the inverter DC-link voltage constant. Authors in [140] propose a design to provide LVRT during voltage sags while keeping the MPPT in operation. During the sag, the authors tackle the problem of energy unbalance by harvesting DC-link excess energy into the battery. Although this method maintains stability and operation at the MPPT, the method can only be applied to hybrid inverters, which require expensive batteries and additional power electronics. Furthermore, energy storage has a much shorter lifetime than the PV components, and additional routines are needed in its daily operation. Other challenges include the applicability of this method if the battery is fully charged, which may be a desirable condition for microgrid applications to prepare the inverter for unintentional islanding condition. 
This section proposes a different approach which has not been addressed previously in the literature, which consists of oversizing the current rating of the semiconductor module to allow the PV inverter to inject the surplus energy back to the grid during voltage sags. With this method the power balance is maintained, and the voltage in the dc-link capacitor is nearly constant while the PV supplied inverter operates at its MPP. Furthermore, increasing the inverter current rating significantly increases the ancillary services the inverter can provide. This is important during voltage dips events as it would be desirable to inject as much reactive power to the grid to support the voltage recovery process. The authors of this work have demonstrated with experimental results that oversizing the semiconductor and the current transducer is sufficient to significatively increase the fault contribution of energy storage inverters [143].  As an extension to this previous work, this work applies a similar methodology to PV inverters to improve their low-voltage ride through capabilities. 
The advantages of the proposed method are: 1) enhanced ancillary support during voltage sags; 2) higher use of renewable energy as all active power is injected back to the grid during voltage sags; and 3) sag-depth independent LVRT and stable dc-link voltage control with MPPT during sags. The proposed solution is cost effective compared with solutions that incorporate energy storage because only a few inverter components are required to be oversized. Based on [143, 144], the proposed method would increase the cost of the inverter by ~8.7%. This additional cost can be offset because devices with higher current capability have better thermal characteristics and lower losses than devices rated at lower currents. This added benefit improves the efficiency of the inverter and may reduce the cooling requirements of the inverter.

1.44. [bookmark: _Toc125019131][bookmark: _Toc125807398][bookmark: _Toc125807523][bookmark: _Toc125808263][bookmark: _Toc127366279]Voltage Sags on PV inverters

Fig. 5.1 shows a simplified diagram to illustrate the energy imbalance during a voltage sag applied to a three-phase PV inverter. It is assumed that the PV inverter is operating at the maximum power point (MPP), and that the inverter has the same power rating as the PV array.  Fig. 5.1(a) shows that during normal condition, the PV inverter maximizes the energy injected to the grid, and the power injected to the grid is equal to the power at the MPP minus the inverter losses, which are neglected in this work. Because the energy balance is maintained during normal operation, the DC-link voltage is constant and there is no power through the capacitor during steady state operation. Fig. 5.1(b) illustrates the power imbalance that is created when a voltage sag of magnitude  is applied, where  means zero voltage at the point of common coupling (PCC). Because the PV inverter current is limited to 1.0. p.u., the inverter cannot inject all the power from the PV panels back to the grid. The only path for the surplus power from the PV panels is the inverter’s dc-link capacitor. Because the voltage in the capacitor is the integral of the current, this excess current is integrated increasing the voltage in the dc-link. Fig. 5.1(e) plots the power through the capacitor for different voltage dip magnitudes; the power through the capacitors increases as the voltage sag deepens. Finally, Fig. 5.1(c) shows the inverter reaching a new equilibrium point. Here, the DC-link voltage corresponds the voltage in the I-V curve that balances the power between the ac and dc side. 

Fig.5.1(d) shows that the dc-link voltage depends on the magnitude of the voltage sag. To calculate the dc link voltage, the current that flows through the capacitor during a voltage sag must be known. Applying Kirchhoff's Current Law (KCL) to the dc-link circuit of Fig. 5.1(a)
	
	
	(5.1)


where  is the current through the DC-link capacitor,  is the current from the PV array, and   the inverter side dc current. Assuming a lossless inverter, and that the power rating of the inverter is equal to the PV array maximum power , the maximum rms ac current  of the inverter can be calculated by (2), where  is nominal ac phase voltage and  the maximum power point of the PV array.
	
	
	(5.2)



Based on this maximum current allowed by the inverter, the maximum current that can go through the dc side can be calculated using (5.3).   
	
	
	(5.3)


Where is the dc-link voltage. As mentioned, during voltage sags, the inverter current is regulated to  to ~ 1.0 pu. However,  decreases as the dc-link capacitor charges, moving the PV panel out of the MPP. The current available from the PV array can be calculated using (5.4) [145],
	
	
	(5.4)



where  is the current generated by the incident light,  is the saturation current of the array,  is the thermal voltage of the array with  cells connected in series. If the array is composed of  parallel connections of cells, the photovoltaic and saturation currents may be expressed as:  .   is the equivalent series resistance of the array, and is the equivalent parallel resistance. 
Finally, the dc-link capacitor voltage can be obtained by combining (5.2-5.4).  Notice that the dc-link voltage is needed to calculate the current from the panels, this dependency can be easily implemented in simulation software with a feedback loop or a time-delay.
	
	
	(5.5)



Fig. 5.1(d) shows the validation of (5.5) by comparing it with the full model of the PV inverter simulated in Matlab Simulink, where a good fit was obtained validating the analytical expression.
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[bookmark: _Toc125019531][bookmark: _Toc129009426]Figure 5.1: PV inverter power during sags. (a) normal operation, (b) immediately during a voltage sag, (c) after reaching new power balance setpoint, (d) dc-voltage for different voltage dip magnitudes, (e) capacitor bank power, (f) ac power, (g) PV power.



1.45. [bookmark: _Toc125019132][bookmark: _Toc125807399][bookmark: _Toc125807524][bookmark: _Toc125808264][bookmark: _Toc127366280]LVRT of Commercial Inverters

This section evaluates the LVRT response of a commercial inverter under different voltage dips. Fig 5.2 shows the Category III LVRT curves of the IEEE 1547 2018 revision. There are three main operating zones: I) continuous operation for voltages between 0.88-1.1 p.u, II) Mandatory operation for voltages between 0.5 and 0.88 p.u. III) Momentary cessation for voltages lower than 0.5 p.u. Fig. 5.3 shows the experimental testbed and Fig 5.3 shows experimental results obtained from a 24kW, 480V three-phase commercial PV inverter. For this test, the PV inverter was subject to four voltage dips: . The voltage dip was programmed in a 100kW regenerative grid emulator NHR 9410. Fig. 5.3 shows the 480V hardware testbed used for obtaining the experimental results with the experimental inverters. Fig. 5.4 shows the LVRT response of the three-phase, 480V Fronius Symo Advanced 24kW. Fig. 5.4(a) shows the results for a voltage dip of 90%. Here, the inverter does not trip and has continued operation as specified by the regulation. For a 70% dip the inverter trips two seconds after the fault was applied.  Similarly, for a 50% dip the inverter remains connected for 2 seconds before tripping. Finally, when for a voltage dip lower than 50%, the inverter quickly disconnects after 7 cycles, or approximately 130ms These results show the challenges introduced by commercial PV inverters. Firstly, the inverter current injection during fault is very limited and remains regulated close to the pre-fault. Secondly, the inverter quickly disconnects in few cycles for low grid voltages, such as the one caused by nearby grid faults. This lack of current injection during events limits the ancillary services the inverter can provide and makes short-circuit protection challenging for networks with high penetration of PV generation. 
1.46. [bookmark: _Toc125019133][bookmark: _Toc125807400][bookmark: _Toc125807525][bookmark: _Toc125808265][bookmark: _Toc127366281]Proposed Design to Enhance Grid Support During Voltage Sags

The previous section described some of the challenges of riding through faults with PV inverters, which include overvoltage on dc-link voltage caused by power imbalances and limited current contribution of PV inverters during voltage sags. As a solution, this section proposes to oversize the power module (IGBTs and freewheeling diodes) to inject the available PV energy from the dc-side to the ac-side during the voltage sags. 
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[bookmark: _Toc125019532][bookmark: _Toc129009427]Figure 5.2: DER response for abnormal voltages and voltage ride-through requirements for DERs, Category II, IEEE 1547, 2018 [135].
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[bookmark: _Toc125019533][bookmark: _Toc129009428]Figure 5.3: ORNL Microgrid Testbed. Consting of PV inverter, energy storage inverter, synchronous machines, metering and protective devices connected to a 300kW grid emulator. Only PV inverter, PV emulator and grid emulator were used for this research.
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[bookmark: _Toc125019534][bookmark: _Toc129009429]Figure 5.4: LVRT response of commercial PV inverter for a [90%,70%,50%,40%] voltage dip, where 100% is equal to normal operation.






This section follows a similar methodology as the one introduced by the authors in Chapter 3 and applies the proposed modification on a PV inverter. Increasing the current contribution from the inverter would maintain the power balance during voltage sag, allowing the dc-link would remain regulated at the MPPT. More importantly, the inverter with overrated current would provide additional current back to the grid to support the grid recovery.  
Equation 5.2 shows that for a voltage dip of 50% (, the inverter should inject twice its nominal current to transfer all the dc-power back to the grid.  Fig. 5.5 shows simulation results that show the efficacy of this method for a voltage dip of 50%. Fig. 5.5(a) shows the result limiting the current of the inverter to 1.1 p.u., and Fig. 5.5(b) shows the results limiting the current to 2.0 p.u. The saturation of the dc-link controller was increased from 1.0 to 2.0 to increase the maximum current allowable [143].  Fig. 5.5(a) shows that limiting the current to 1.1 p.u. causes an energy imbalance between the inverter active power and the dc-power from the PV panels. The excess current flows through the capacitor bank, which is integrated increasing the dc-link voltage. For this simulation, the MPPT was disabled for the duration of the sag to prevent erroneous setpoints during the voltage recovery.  Fig. 5.5(b) shows that increasing the current capability allows the inverter to inject all the current back to the grid, maintaining inverter power balance, and the dc-link voltage constant with the PV panel at its MPP.

1.47. [bookmark: _Toc125019134][bookmark: _Toc125807401][bookmark: _Toc125807526][bookmark: _Toc125808266][bookmark: _Toc127366282]Power Losses During Reactive Power Support 

This section develops an electrothermal model to estimate the temperature response of the power module during low voltage ride through. In an inverter, the power losses can be divided into conduction and switching losses of the IGBTs and their associated anti-parallel diodes. For sinusoidal PWM (SPWM), the power losses for the IGBT as [145, 146,149].
	
	
	(5.6)
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[bookmark: _Toc125019535][bookmark: _Toc129009430]Figure 5.5: Simulation results. (a) PV inverter with maximum ac current rated at 1.0. p.u., (b) inverter with proposed overrated power module to provide maximum ac current of 2.0. p.u.

The power losses for the diode and the switching losses can be calculated using (5.7), and the switching losses using (5.8) [145, 146,149]. 
	
	(5.7)

	
	(5.8)


where the IGBT on-state resistance  and diode on-state resistance .  is the IGBT collector emitter voltage, collector current, and  is the diode forward voltage and diode forward current.   is the phase angle between the inverter’s output voltage and current,   is the pulse width modulation (PWM) amplitude modulation index.  and  are the switching turn on and turn off energies.  Notice that the conduction losses (5.6) and (5.7) depend on the power factor ; this is shown graphically in Fig. 5.6. This figure shows that the power losses shift from the IGBT to the diode as the power factor decreases. This graph shows that considering the effect of the power factor is very important for properly sizing the semiconductors required for inverters that provide reactive power support.  The diodes in a power module have worse thermal characteristics that the IGBT (higher thermal resistance), which can limit the amount of reactive power the module can provide. 
For instance, the normal rated power modules used in this research have a thermal resistance of the IGBT junction to case, , while thermal resistance for the diode . Fig. 5.7 shows that oversizing the semiconductor reduces both the power losses and junction temperature during both normal operation and fault conditions. During normal operation the overrated device improves the efficiency of the inverter and may reduce the cooling requirements of the inverter. The overrated semiconductor also allows injecting the additional active power back to the grid required to maintain the energy balance during voltage dips while allowing the inverter to provide additional reactive power to the grid for grid support.

1.48. [bookmark: _Toc125019135][bookmark: _Toc125807402][bookmark: _Toc125807527][bookmark: _Toc125808267][bookmark: _Toc127366283]Electrothermal Simulations of Proposed PV Inverter 

This section presents electrothermal simulations that show that the inverter design with overrated current can increase the grid support capabilities of the inverter, while allowing the dc-link capacitor to operate at its MPP during voltage sags. Electrothermal simulations were performed to study the junction temperature of the IGBT and diode during grid sags, and to guarantee that they stay under the design limits, which is typically 150 oC for silicon devices. It was shown in Chapter 1 that a power module rated at 1.0. p.u, can inject twice its rated current; however, the junction temperature of the device rapidly increases and could exceed the thermal limits of the device. For this reason, it is required to oversize the power module to safely provide fault current. Note that the grid-filter and dc-link can remain at rated power without damage due to the short duration of grid fault events. 
Fig. 5.8 shows electrothermal simulation results for the inverter with an overrated power module. The module was overrated to three times the nominal current (30 A) to allow it to ride through deeper grid faults to comply with more stringent grid codes. Additionally, an overrated module can provide additional reactive support during faults. This figure also compares the power losses and junction temperature for a PV inverter providing reactive power suppport during a 50% voltage dip. As shown that the inverter with a power module with overrated current rating can provide additional power support without exceeding the maximum teperature of the junction. Fig 5.9 shows the results for 3.0 p.u. of reactive power support  while maintaining the power balance and the dc-link regulated at the panels MPP. Notice that during only during grid events such as voltage dips the inverter injects additional current back to the grid, which limits the thermal cycles in the power device and the stress on the other inverter components. 
1.49. [bookmark: _Toc125019136][bookmark: _Toc125807403][bookmark: _Toc125807528][bookmark: _Toc125808268][bookmark: _Toc127366284]Conclusions

This section proposed hardware modifications for a three-phase grid-tied PV inverter to ride through faults while enhancing its reactive power support during voltage sags. The proposed design oversized the power module current rating to maintain power balance during voltage sags and to increase the reactive power support during grid faults. The advantages of the proposed method are: 1) enhanced ancillary support during voltage sags; 2) sag-depth independent LVRT and stable dc-link voltage control with MPPT during sags. Additionally, it was shown that devices with higher current capability have better thermal characteristics and lower losses than devices rated at lower currents. This improves the efficiency of the inverter and may reduce the cooling requirements of the inverter during normal operation. Future work includes testing the proposed modifications in a hardware prototype.
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[bookmark: _Toc125019536][bookmark: _Toc129009431]Figure 5.6: Effects of power factor on power losses of diode and IGBT. Maximum temperature of diode and IGBT for different power factors.  , modulation index=1, .
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[bookmark: _Toc125019537]

[bookmark: _Toc129009432]Figure 5.7: Power loses comparison.  Rated vs. overrated device [148].
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[bookmark: _Toc129009433]Figure 5.8: Electrothermal simulations of PV inverter under a voltage dip of 50%. Power module with overrated current. Module providing 1.0 p.u. of reactive power.
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[bookmark: _Toc129009434][bookmark: _Toc125019538]Figure 5.9: Electrothermal simulations of PV inverter under a voltage dip of 50%. Power module with overrated current. Module providing 3.0 p.u. of reactive power during grid sag. 
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This dissertation proposes and validates a variety of solutions to protection problems in the modern electrical grid. Specifically, through simulations and hardware validation, this dissertation provides solutions to improve the integration of renewable energy technologies in the grid. The present research also addresses the limitations of existing protection methods in inverter-based microgrids, which is a significant hurdle facing the field.  
In response to the challenges posed by islanded systems, Chapter 1 addresses the root problem of the low-short circuit current of IBRs by increasing the short-circuit contribution of a generic voltage source converter. The proposed inverter design shows that replacing the semiconductor and the current transducer is sufficient to increase the short-circuit contribution three-fold. Experimental validation shows that a prototype inverter with an overrated semiconductor can safely provide more than 3.0. p.u. of fault current during ac-faults. Electrothermal simulations showed that the junction temperature of the overrated IGBT and parallel diodes remains under the safety margins established by the manufacturer. Because of the short duration of faults, the dc-link capacitors and grid-filter do not have to be oversized to account for the overload condition. The prototype inverter was integrated with commercially available overcurrent protection to demonstrate full protection coordination for an islanded system. Three-phase, line to line and single-phase faults were applied to validate a wide range of faults present in power systems. Experimental results showed that a minimum of 3.0 p.u. of fault current is required to enable full overcurrent coordination while maintaining a grading margin of 0.25s between relays and 0.3s between fuses and relays.  This preliminary research is a promising advance in the field as it shows the utilization of existing, reliable, and affordable overcurrent protection for inverter-based microgrids. 
Chapter 1 also addressed the challenges of controlling inverters with deeply saturated inductors, which is necessary when operating the inverter at high-current using a normally rated inductor. In hardware experiments, inductor saturation reduced the phase and gain margin of the current control, which affects the control stability causing overshoots and oscillations when the inverter operates at high current.  As a solution, this chapter presents an online method (near real-time) to adapt the proportional and integral gains based on the available grid-filter inductance was derived and validated in hardware. The proposed approach utilizes a fit function to estimate the remaining inductance based on the operating current, and the Butterworth polynomial to optimize the closed loop eigenvalue locations. This method allows the inverter to provide stable fault current during symmetrical and asymmetrical faults.
Chapter 2 presents an adaptive relaying solution for microgrid protection in islanded and grid-tied mode. This chapter shows the application of adaptive relay in a real microgrid operated by EPB in Chattanooga. The model-adaptive relay is designed to adjust the relay curves based on the available generation and the microgrid topology. This chapter shows that although adaptive relaying provides a solution to the highly variable short circuit current in microgrids, it is not immune to the low short-circuit currents provided by IBRs. For instance, to protect a lateral with the 100 A fuse, it would need at least 200-300 A of short-circuit current, which is not achievable with the commercial IBRs installed in the microgrid. Other limitations of adaptive relaying are that its reliability relies on complex communication network. The model-adaptive relay was validated in Hardware-in- the-Loop (HIL), in a hardware testbed, and was deployed in the Electric Power Board microgrid in Chattanooga, Tennessee. 
For-grid tied systems, Chapter 4 and Chapter 5 evaluate two popular renewable energy technologies: Type-3 wind turbines based on Double-Fed Induction Generators (DFIGs) and three-phase PV inverters. Chapter 4 presents the development and the model validation of a real-time emulator of doubly fed induction generator (DFIG) wind turbine system. The code of the real-time DFIG dynamic model with iron losses, back-to-back model, mechanical model, and aerodynamic model were addressed in detail. The model validation was presented under different grid unbalances and for speeds ranging from the sub-synchronous to hyper-synchronous operation. These results showed that the DFIG model provides a good representation of the generator stator and rotor current positive sequence over a wide operating range and grid unbalances. However, the model underestimated the amount of unbalance in the stator currents, an error that increased relative to the grid unbalance. The real-time simulator was then used to study the behavior of the DFIG during voltage sags, as well to study solutions to enhance their low-voltage ride through capabilities. The DFIG models are available to the public in an open Gitlab repository [133].
Chapter 5 proposes increasing the current capability from a PV inverter to allow it to ride through faults while enhancing their reactive power support during voltage sags. The proposed design consists of oversizing the semiconductor current rating to allow transferring the energy from the dc side to the ac side during voltage sags.  This modification maintains the stability of the dc-link voltage during voltage sags of different magnitudes while significantly enhancing the ancillary service capabilities that the inverter can provide. Oversizing the power semiconductors brings the additional benefit of improving the inverter efficiency, significatively reducing the conduction losses during both normal operation and grid fault conditions. Through electrothermal simulations it is shown that the proposed design is capable of injecting three-times the inverter rated current for enough time to comply with the low-voltage ride through requirements (LVRT) requirements established by current grid standards. The advantages of increasing the current from PV inverters are: 1) enhanced ancillary support during voltage sags; 2) sag-depth independent LVRT and stable dc-link voltage control with MPPT during sags. Additionally, it was shown that devices with higher current capability have better thermal characteristics and lower losses than devices rated at lower currents. This improves the efficiency of the inverter and may reduce the cooling requirements of the inverter during normal operation. 
1.50. [bookmark: _Toc127366286]Contributions
This dissertation explored a wide range of issues for power systems with high penetration of renewables, including protection for islanded systems, and ancillary support provided by grid-tied wind and PV systems. The main contributions of this work include the following:
· Experimentally validation of an inverter with increased and sustained short-circuit contribution with the objective of enabling the use of legacy distribution protection in microgrid.    
· Analytical derivation of the vector control in the synchronous reference frame considering saturable inductors. The transfer function for the current controller and decoupling terms are derived considering the non-linearities of the inductor.  
· Development of a novel inverter control that addresses challenges posed by saturable inductors during high-current operation.
· Simple and cost-effective amplifier design using a high-power monolithic power amplifier that allows the relay in-the-loop connectivity for protection and control applications using a variety of real-time simulator.
· Model validation of the DFIG with iron losses and demonstrates the limitations of the model in accurately representing a physical DFIG machine under grid unbalanced operation. This is accomplished by comparing the emulated stator and rotor currents against physical measurements under 0.5%, 2% and 4% grid voltage unbalance for speed ranging from the sub-synchronous to hyper-synchronous operation.
· Novel method to calculates the stator flux by done through the  rotational transformation, eliminating the need for pure integrators. 
· Novel hardware modifications for a three-phase grid-tied PV inverter to enhance its reactive power support during voltage sags. 
1.51. [bookmark: _Toc127366287]Recommendations for Future Studies

Using a prototype inverter, in Chapter 1 it was demonstrated using a prototype inverter the feasibility of increasing the inverter short-circuit contribution. The following future work is recommended to extend this conclusion to higher power inverters. 
· Evaluate the feasibility of the proposed modifications with a higher-power inverter operating at 480V.
· Develop detailed analysis to investigate the effects of short-duration, high currents in the inverter’s passive components. 
· Evaluate enhanced short-circuit contribution when the inverter is operating at high temperatures. 
· Evaluate applicability of proposed modifications with MOSFETs and silicon carbide (SiC) devices.
· Evaluate additional power converter topologies, including three-phase inverter with a dc-dc converter between the energy storage and the dc-link.  
· Characterize the ferrite and silicon steel cores operating at higher temperatures. 

Chapter 4 performed the model validation of DFIG models used in real-time simulators. Future work is required to extend this conclusion to higher-power machines.  
· Extend this work with a larger more representative machine. 
· Validate the DFIG model during symmetrical and asymmetrical voltage dips.
· Study methods for estimating leakage inductance, magnetizing inductance, and iron losses considering machines with asymmetrical windings. 
· Develop DFIG models that can account for imbalances of the phase windings. 

Chapter 5 proposed an PV inverter with enhanced ancillary services support. This work demonstrated the feasibility of increasing the reactive support of PV inverters through electrothermal simulations. The following research is recommended to validate the applicability of the method for real applications.
·  Conduct hardware demonstration using a representative inverter operating at 480V.
· Demonstrate enhanced LVRT during asymmetrical faults.
· Evaluate the proposed hardware modifications considering a dc-dc converter between the PV array and the dc-link.
· [bookmark: _Toc125807404][bookmark: _Toc125807529][bookmark: _Toc125808269]Consider the impacts of the inductor saturation during high-current, grid support operation.
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· [bookmark: OLE_LINK2]NONLINEAR INDUCTOR MODELING
This section shows a method to estimate the impedance using a three-phase converter. The only hardware modification is a that a linear inductor (that saturates at 40A) is used as a grid filter, and the nonlinear inductor to characterize becomes the load. The computer implementation shown in Fig. A1 is implemented in the real-time layer to for an online estimation of the inductance. The voltages are measured at the terminals of the nonlinear inductor. For the test, the terminals of the inductors are short-circuited. The voltage across the inductor is set using open loop control in the inverter, where the d-channel voltage  is set as a ramp from 0 to 0.7, which corresponds to a current of 0 to 30 A in the ac side. Slowly increasing the current from zero it’s important to prevent oscillation in the currents.   
 By measuring ac voltages and currents, the estimation can be performed as follows:
	
	
	(A.1)


From a power balance analysis
	
	 and .
	(A.2)


The active and reactive powers to be measured in the experiment are three-phase and calculated as presented in Fig. A.1. Low pass filters are also applied to the voltages and currents, but no phase compensation is required since they are both tuned at the same cutoff frequency.
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[bookmark: _Toc129009435]Figure A.1: Grid filter inductance and resistance estimation by three-phase Pac and Qac calculation. 
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[bookmark: _Toc129009436]Figure A.2: Grid filter inductance and resistance estimation (a) Ferrite core,(b) Steel Core. 
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[bookmark: _Toc129009437]Figure A.3: LabVIEW FPGA Data Acquisition of voltages and currents
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[bookmark: _Toc129009438]Figure A.4: LabVIEW FPGA Low Pass Filtering
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[bookmark: _Toc129009439]Figure A.5: LabVIEW FPGA Clarke-Parke transformations
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[bookmark: _Toc129009440]Figure A.6: LabVIEW FPGA Clarke-Parke transformations 2
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[bookmark: _Toc129009441]Figure A.7: LabVIEW FPGA Clarke-Parke transformations 3







[image: A picture containing background pattern

Description automatically generated]

[bookmark: _Toc129009442]Figure A.8: LabVIEW FPGA Sinusoidal PWM
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[bookmark: _Toc129009443]Figure A.9: Vector Control VSC
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[bookmark: _Toc129009444]Figure A.10: DFIG real-time simulator
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[bookmark: _Toc129009445]Figure A.11: DFIG real-time simulator. (a) Mechanical and electrical models. (b) Maximum Power Point Perturb and Observe. (c) PWM
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%T=Clarke-Park transformation
T=sqrt(2/3)*[cos(w*t), cos(w*t-2/3*pi),cos(w*t+2/3*pi);-sin(w*t), -sin(w*t-2/3*pi),-sin(w*t+2/3*pi)];
 
%T=Inverse Clarke-Park transformation
Tinv=transpose(T);

%T=Three-phase currents
Iabc=[I*cos(w*t);I*cos(w*t-2*pi/3);I*cos(w*t+2*pi/3)];
 
 
%T=Fit equation polynomial


Labc=[Lo,0,0;0,Lo,0;0,0,Lo];
 
La_no=(L1*(I*cos(theta)));
Lb_no=(L1*(I*cos(theta-2*pi/3)));
Lc_no=(L1*(I*cos(theta+2*pi/3)));
 
 
La_n1=L2*(I*cos(theta))^2;
Lb_n1=L2*(I*cos(theta-2*pi/3))^2;
Lc_n1=L2*(I*cos(theta+2*pi/3))^2;
 
La_n2=L3*(I*cos(theta))^3;
Lb_n2=L3*(I*cos(theta-2*pi/3))^3;
Lc_n2=L3*(I*cos(theta+2*pi/3))^3;
 
La_n3=L4*(I*cos(theta))^4;
Lb_n3=L4*(I*cos(theta-2*pi/3))^4;
Lc_n3=L4*(I*cos(theta+2*pi/3))^4;
 
Labc_no=[La_no,0,0;0,Lb_no,0;0,0,Lc_no];
Labc_n1=[La_n1,0,0;0,Lb_n1,0;0,0,Lc_n1];
Labc_n2=[La_n2,0,0;0,Lb_n2,0;0,0,Lc_n2];
Labc_n3=[La_n3,0,0;0,Lb_n3,0;0,0,Lc_n3];
 
 

%Fit equation polynomial, second order

Labc_n1=Labc+Labc_n1;

 

%Solving


a=simplify(diff(T*Labc_n1,t)*Tinv);
 
b=simplify(T*Labc_n1*diff(Tinv,t));
c=simplify(T*Labc_n1*Tinv);
 
a*Idq+b*Idq+c*s*Idq;
 
aa=simplify(diff(T,t)*Labc_n1);
aaa=simplify(T*diff(Labc_n1,t));
A=simplify((aa+aaa)*Tinv);
A=simplify(b*Idq+c*s*Idq)
 




[bookmark: _Toc129009446]Figure A.12: Matlab code for solving second-order polynomial

Although these machine models are extensively presented in the literature, there are not studies that explicitly address the execution and use of logical resources of these models. For this reason, this section presents a benchmark that compares the use of resources of the following models in the FPGA: stator reference frame, rotor reference frame, synchronous reference frame and the natural frame. This is useful because an efficient implementation of the machine model is necessary to run the machine model in real time. 

The following figures illustrate the four machine models and their implementation in the FPGA. The FPGA simulation shows the behavior of the machine variables in real time and allows for comparison between their execution performance, memory usage, and logic resources.
The equivalent model of the DFIG using the Stator Reference Frame is shown in Figure A.13, and its LabVIEW implementation in Fig. A.14.  The equivalent model of the Rotor Reference Frame is shown in Figure A.15, and its LabVIEW implementation in Fig. A.16. The equivalent model of the Synchronous Reference Frame is shown in Figure A.17, and its LabVIEW implementation in Fig. A.18. Finally, Figure A.19 shows Natural Reference Frame Machine Model and Figure A.20 its LabVIEW implementation.

Table A.1 summarizes the required resources for each of the models. The natural frame model requires significantly more mathematical operators, and more trigonometrical functions than the other models, which makes it computationally intensive. The synchronous reference frame doubles the use of trigonometrical functions compared with the stator and rotor frames, and it requires the calculation of the grid and the rotor angles, which adds two additional integrators. From all the models, the rotor reference frame is the most efficient implementation of the DFIG machine. 
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[bookmark: _Toc129009447]Figure A.13: (a) Stator reference frame machine model [133].
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(b)
[bookmark: _Toc129009448]Figure A.14: FPGA implementation stator reference frame machine model.. Model available in open repository [133].
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[bookmark: _Toc129009449]Figure A.15: Rotor Reference Frame Machine Model.
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[bookmark: _Toc129009450]Figure A.16: FPGA implementation rotor Reference Frame Machine Mode. Model available in open repository [133].
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[bookmark: _Toc129009451]Figure A.17: Synchronous reference frame model.
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[bookmark: _Toc129009452]
Figure A.18:  Synchronous reference frame model FPGA implementation. Available at [133].
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[bookmark: _Toc129009453]Figure A.19:  Natural Reference Frame machine model. 
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[bookmark: _GoBack](b)
[bookmark: _Toc129009454]Figure A.20: Natural Reference Frame Machine Model FPGA implementation Available at [133].

















[bookmark: _Toc129009357]Table A.1:
Requirements different DFIG models
	 
	Synchronous
	Natural 
	Rotor
	Stator

	Sine/Cosine
	8
	12
	4
	4

	Integrators
	8
	7
	7
	7

	Operators
	120
	216
	50
	104

	Stator Angle
	yes
	no
	no
	yes

	Rotor Angle
	yes
	yes
	yes
	no

	Zero sequence
	yes
	yes
	yes
	yes
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RAMPI:  Relay with amplifier interface, RLLI: relay with  Low - level interface, SAMI: Source fo r amplifier interface, RTS:  Real - time simulator, AMS : Adaptive  multichannel   source, AMI - FPGA:   Amplifier  interface with field - programmable gate array,  HC - RTS: Ho st computer for real - time simulator,  H C - FPGA:  Host computer for f ield - programmable gate array.     
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Ve~ alpha grid voltage; vg, = beta
grid voltage; d,. = alpha duty cycle
of rotor; dg, = beta duty cycle of
rotor; V= DC-link voltage; R, =
stator resistance; R, = iron loss
resistance; R, = rotor resistance; 6 =
leakage coefficient; L .= stator self-
inductance; L,,- = rotor leakage
inductance; L, = stator leakage
inductance; L,, = mutual inductance;
w,, = rotor frequency; ¥,, = alpha
rotor flux linkage; ¥y, = beta rotor
flux linkage; ¥,.= beta stator flux
linkage; p = pole pairs; i,.= alpha
stator current; iz.= beta stator
current; i, = alpha rotor current;

ig, = beta rotor current; ; i,,= alpha
iron loss current; iy, = beta iron loss
current; 7,,, = electromagnetic torque.









v

αg

= alpha grid voltage; 

v

βg

= beta 

grid voltage;

d

αr

= alpha duty cycle 

of rotor; 

d

βr

= beta duty cycle of 

rotor; 

V

DC 

= DC-link voltage; 

R

s

= 

stator resistance;

R

fe

= iron loss 

resistance;

R

r

= rotor resistance; 

θ

= 

leakage coefficient;

L

s

= stator self-

inductance; 

�

= rotor leakage 

inductance; 

�

= stator leakage 

inductance; 

L

m

= mutual inductance; 

ꙍ

m 

= rotor frequency;

Ψ

αr

= 

alpha 

rotor flux linkage;

Ψ

βr

= 

beta rotor 

flux linkage;

Ψ

βs

= beta stator flux 

linkage; 

p 

= pole pairs; 

i

αs

= alpha 

stator current;  

i

βs

= beta stator 

current;  

i

αr

= alpha rotor current;

i

βr

= beta rotor current; ;  

i

αfe

= alpha 

iron loss current; 

i

βfe

= beta iron loss 

current; 

T

em

= electromagnetic torque. 


image58.emf
Rotor side converter [RSC] Grid side converter [GSC]

IDC?"
>

T Ve
drabc I DC C

—
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SWessc= BK1 control signal; Sw,,.,.= BK2 control signal; V.= a, b, ¢ stator phase
stator voltages; V. = a, b, ¢ grid phase grid voltages; V.= a, b, ¢ rotor phase
voltages; /,,,.= a, b, ¢ grid phase currents; /,,,.= a, b, ¢ stator phase currents; i,,,.= q,
b, c rotor phase currents; /.= a, b, ¢ grid phase converter currents; i, = DC current of
torque-controlled permanent magnet motor; L, = grid filter inductance; R, = grid
filter resistance; AIO(3) = DC supply current reference; DFIG = Double fed induction
generator; DYNAMO = DC Permanent magnet motor.
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i,,= a phase rotor current; i.,= b phase rotor
current; 7,= c¢ phase rotor current, LPF=
low-pass filter; L= rotor self-inductance; v,
= a phase stator voltage; v, = b phase stator
voltage; v,, = ¢ phase stator voltage; ippz=
rotor dg current, 6, = mechanical rotor
angle; 6,,= encoder angle; O,;=
calibration angle; ; ¥, = ap stator flux
linkage; ¥ppr = DO rotor flux linkage; S=
slip; K= gain.
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