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[bookmark: _Toc405970495]CHAPTER I: Introduction and Background Information
[bookmark: _Toc405970496]Introduction
Summarize the work to the reader and outline the content of the thesis.
[bookmark: _Toc405970497]Magnetic Amplifier Technology for Power Systems
Present a review of the technologies that currently exist including FCLs. It may also be beneficial to show the market research piece that compares the magnetic amplifier to current technologies like FACTS, line reactors, and phase shifting transformers. Lay out the pros and cons.
[bookmark: _Toc405970498]Magnetic Amplifier Modeling
Deploying new equipment into a power system requires careful analysis and study to determine how the new equipment will impact the system under both steady-state conditions and during transients. Failure to fully understand and address these impacts can result in equipment failure, protection system miss-operations, and sub-optimal operation of the equipment and/or the system. Typically, feasibility studies are conducted early in the process to determine if the new equipment will solve an identified problem. A later step is to conduct impact studies to determine fault current levels, proper coordination of protection relays, impacts on systems dynamics, etc. In order to perform these analyses, an accurate[footnoteRef:1] model of the new equipment is required. [1:  Accuracy, in this context, refers to how well the model represents the actual device’s behavior under particular operating conditions (e.g. impedance characteristics during faults).] 

This chapter summarizes the functional elements required for a practical mathematical model of the MAPFC. A practical and useful model must be simple enough to apply in commercial software packages, and lend itself to fast solutions when used in large or highly detailed power system network simulations. However, the model must also have reasonable complexity in order to adequately represent the true nature of the physical device during simulations. These seemingly contradictory attributes must be balanced since an engineer may have to make hundreds, if not thousands, of simulation runs in order to complete a study. While simulation runs are likely to be automated, each of these runs should solve in sufficient time in order to complete the study in a reasonable timeframe.
[bookmark: _GoBack]In addition to the above criteria, an important factor in model development is timescale. In power system studies, there are three significant timescales to consider [Source]. Models can be developed to run in only one timescale or in multiple timescales. The targeted behavior, complexity, and model application are all factors to consider in the development process.

[bookmark: _Toc405970535]Table 1: Timescales for Power System Simulation/Models
	Power System Condition
	Typical Studies
	Timescale

	Steady-State
	Power flows
	No timescale

	Dynamics
	Electromechanical Interactions
	milliseconds, second, minutes

	Transients
	Fault analysis, electromagnetic interactions
	microseconds, milliseconds


Functional Requirements of the Model
An adequate transient model of the MAPFC should be compatible with transient and dynamic simulations. This criterion suggests that the model should function in time-based simulation tools (e.g. PSCAD[footnoteRef:2] and EMTP[footnoteRef:3]). The primary functional requirements for the model are described as follows: [2:  Define PSCAD]  [3:  Define EMTP] 

· Dynamic impedance under variable ac and dc current conditions
· Adequate representation of the voltage drop across the MAPFC terminals
· Adjustable dc current for control
· Reflect device impedance behavior under fault conditions
· Compatibility with commercially available transient simulation packages
 Functional Description
The mathematical model receives AC input current and DC control current. The model outputs AC current and voltage drop at the terminals of the device. A functional description of the transient model, in terms of inputs and outputs, is shown in Figure 1. The mathematical processes that describe the magnetic and electrical interactions of the device are contained within the box shown in Figure 1. These mathematical processes provide computations every simulation time-step.
[image: ]
[bookmark: _Ref373915233][bookmark: _Toc405970539]Figure 1 Functional Description of MAPFC Transient Model
A more detailed description of the output of the MAPFC model can be explained in simple electrical terms. The model operates like a variable inductor, which simulation tools use to determine voltage drop and the corresponding impedance change. Thus, the model uses a variable inductance modeling element. Fortunately, commercial transient simulation tools used for power system analysis are equipped with variable inductance elements. A description of a variable inductor, in terms of ac and DC current, is shown in Figure 2
Differential inductance[footnoteRef:4] represents the non-linear nature of the MAPFC under time-varying currents and voltages. This small-signal representation is justified by small changes in current and voltage that occur at each simulation time-step, assuming that the time-steps are relatively small (< ms). The apparent inductance does not provide the resolution necessary in this case as it is based on a linear relationship between flux linkage and current. Apparent inductance could lead to large inductance changes at each time step when the MAPFC approaches saturation [1]. Thus, differential inductance is used to model the MAPFC under transient operating conditions. [4:  APPENDIX A contains definitions for differential inductance and differential permeability.] 

Applications of the Model
An MAPFC model meeting the stated functional requirements will facilitate both feasibility and impact studies. Potential feasibility and impact studies for application of the MAPFC in power systems include, but are not limited to, those described in Table 2. This summary of study topics does not attempt to identify all applications of an MAPFC model. However, the summary does provide a sound basis for development of a model that supports such studies. A transient model will provide users with the capability to simulate MAPFC applications within their respective power systems.
[image: ]
[bookmark: _Ref374549259][bookmark: _Toc405970540]Figure 2 Variable Inductor Element for the MAPFC Model


[bookmark: _Ref383157582][bookmark: _Ref383160891][bookmark: _Toc405970536]Table 2: Potential Feasibility and Impact Studies for the MAPFC
	Study Topics
	Description

	Oscillation Damping
	· Quantify effectiveness of MAPFC for damping oscillations within a particular power system
· Determine optimal placement of MAPFCs
· Coordinate control of MAPFC for damping
· Observe how multiple MAPFCs effect a power system

	Fault Current Limiting
	· Quantify effectiveness of MAPFC to limit fault current magnitudes
· Determine control settings 

	Protection Coordination
	· Determine impacts primary and back-up zones
· Test mitigation schemes

	Insulation Coordination
	· Observe voltage levels under various phenomena to determine if voltage levels surpass device limits.


[bookmark: _Ref374550251]
Back EMF
[Saturable core reactors exhibit a transformer action when the time-changing ac flux induces voltage on the dc winding. This effect poses two potential problems with the practical performance and lifetime of the device. 1) Induced voltages on the dc winding, if large enough, can damage electric insulation. 2) The voltages, and resulting current, induced on the dc winding can interfere with the dc control bias. Back emf issues are typically addressed with solutions during the design process [Mali]. Thus the effects of back emf, at least within the context of the operational behavior for power system simulations, are negligible]
[bookmark: _Toc405970499]Modeling Approach and Application
Layout the three modeling efforts in the thesis and application of a model to distance protection.

[bookmark: _Toc405970500]CHAPTER II: TWO-CORE MODEL
[bookmark: _Toc405970501]Description
A simple approach to modeling a magnetic amplifier mathematically is to use two magnetically decoupled cores [2] [3] [4].Both cores have identical geometry and material construction. Essentially, a three-leg core is split into two identical cores as shown in Figure 3. The method represents the theoretical operation of a magnetic amplifier and allows the AC and DC currents to be variable parameters. Thus, it serves well to explain the physics of operation. There are two major advantages of the two-core approach. First, the method is intuitive in terms of operation. Second, the model can be represented as a set of closed-form equations that can easily be applied in commercial transient analysis programs. Ultimately, the two-core model meets the outlined criteria in terms of speed and timescale, but falls short on accuracy when compared to measurement data. While unsuccessful at replicating measurements to desired accuracy, the two-core model provides a solid basis for describing the physics of the device. Hence, this chapter presents the theoretical basis, methodology, and validation process for the two-core model in significant depth.
Flux Interactions
Each core has DC and AC windings, and contains uniform flux that is a combination of the AC and DC flux components. During each half of an AC cycle, the AC and DC fluxes counter each other in one core (buck core) and sum in the other core (boost core). With the flux interactions modeled this way, the model captures the behavior of the cores transitioning between linear and saturation regions. An electrical schematic of the two-core model is shown in Figure 4.
Figure 4 shows that the two magnetic cores are magnetically decoupled from each another, but each set of windings share common AC and DC currents. The counter fluxes in the buck core causes it to operate in the linear region of the magnetization (B-H) curve, resulting in increased AC line impedance. The sum of the AC and DC fluxes cause the boost core to operate in the saturation region, resulting in AC line impedance proportional to the permeability of free space. Interactions of the AC and DC flux contributions are shown in Figure 3.  Working together throughout each half cycle, the buck and boost cores provide impedance characteristics that transition smoothly as long the B-H curve is continuous[footnoteRef:5]. [5:  APPENDIX B describes impacts of the magnetization curve on the MAPFC model.] 


[image: ]
[bookmark: _Ref379988954][bookmark: _Toc405970541]Figure 3 Three-Legged Core Split into Two Magnetically Decoupled Cores
[image: ]
[bookmark: _Ref371664640][bookmark: _Toc405970542]Figure 4: Electric Circuit Representation of Two-Core Model
Magnetic Equations
The mathematics describing the flux interactions and impedance characteristics of the two-core model are relatively intuitive. The analysis begins with the B-H curve, which relates the nonlinear magnetic characteristics to material properties and geometries of the two magnetic cores. The B-H curve has a significant impact on the behavior of the two-core model and is a point of discussion in APPENDIX B. After selecting the B-H characteristics based on material properties or calculated from finite element analysis, the interactions of the flux contributions and the resulting impedance can be determined. 
Ampere’s law defines the relationship between current and magnetic field intensity.
	
	(3.1)



Where:		 
 	
		
		
Evaluating the contour integral over a fixed length provides the relationship in (3.2) to evaluate the interaction of the flux components:
	
	(3.2)



Where:		𝑙
		
Equation (3.2) implies that the total flux intensity of each core of the two-core model depends on the number of turns and level of current of the AC and DC windings[footnoteRef:6]. Expanding (3.2) provides the relationship between the flux intensity and the AC and DC parameters for each core (3.3, 3.4). [6: This relationship is valid only if each core has uniform reluctance. Therefore, each core in the transient model is assumed to have uniform geometry and material properties.] 
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Where:		
		
		
		
		
		
During the positive half AC cycle, core#1 flux intensity is proportional to the difference of the AC and DC mmf (magneto-motive force) components as described in (3.3).  The countering mmfs lead to a reduced total, or effective, mmf in core#1. Thus, core#1 is operates in buck mode. In contrast, core#2 is operates in boost mode during the positive half cycle since the total mmf is the sum of the AC and DC mmfs. The cores reverse their roles during the negative half cycle, taking on the opposite operating mode. This scenario assumes that the DC current remains positive. Changing the sign of the DC current will in effect reverse the operating mode of each core.
The total magnetic field intensity of each core relates to magnetic field density through (3.5).
	
	(3.5)



Where:		 
		
The total magnetic flux of each core is calculated by applying (3.6). Since the DC flux merely influences the magnetic bias in the magnetic core to establish the operating mode, the flux linking the magnetic circuit to the AC coil determines the inductance. The flux linkage is found by applying (3.7). Differential inductance is the derivative of the AC flux linkage with respect to the AC current (3.8). 
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Where:		 
		
		
		
The differential inductance and its relationships to iac and IDC are defined by expressing the flux linkage in terms of its magnetic field intensity components. The first step is to expand (3.7), by substituting (3.6), to express the total flux in one core in terms of the magnetic field density and cross sectional area (3.9).
	
	(3.9)



Substitution of (3.5) into (3.9) provides the total magnetic flux of one core in terms of permeability and magnetic field intensity (3.10). The ± sign indicates the AC winding direction of each core (they are wound in opposing directions).
	
	(3.10)



The flux linkage for each core can be represented by evaluating (3.10) for the magnetic field intensity determined in (3.3) & (3.4).
	
	(3.11)



The differential inductance for one core is achieved by application of (3.8) to (3.11).  The result expresses the differential inductance in terms the permeability (3.12). This is a practical result since the permeability will provide the nonlinear response to AC and DC current magnitudes. 
	
	(3.12)



Substituting the core-dependent expressions provides the differential inductance parameters for both cores (3.13) & (3.14).
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	(3.14)



Where:		
		
		
		
Differential Permeability and Differential Inductance
The relationship between a continuous magnetization curve and its permeability curve is shown in Figure 5. The permeability curve exhibits behavior that is highly nonlinear, especially at values of magnetic field intensity close to origin. Differential permeability adequately tracks the permeability curve along its nonlinear regions by approximating it along small changes. Basically, it is the slope of a line tangent to the magnetization curve at a given value of H. This method leads to relatively small change of inductance in response to small changes in current and will provide adequate representation of inductance characteristics for time-step sizes used in transient simulations. Detailed descriptions of differential permeability and differential inductance are provided in APPENDIX A. The differential permeability is expressed in (3.14).
	
	(3.14)



Performing this for both cores leads to (3.14) and (3.15).
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	(3.16)



Where:		
		
		
		

The differential inductance of each core in terms of differential permeability is expressed in (3.17) & (3.18).
	
	(3.17)

	
	

	
	(3.18)



The total differential inductance of the MAPFC is the electric series combination of the differential inductance of each core (3.19). The electric series combination of the differential inductances is shown in Figure 6.
	
	(3.19)


[image: ]
[bookmark: _Ref372019388][bookmark: _Toc405970543]Figure 5: Magnetization and Permeability Curves
[image: ]
[bookmark: _Ref371838951][bookmark: _Toc405970544]Figure 6: Series Combination of Differential Inductances
Superposition of Flux Linkages
The differential inductance, using the two-core approach, can also be achieved by combining the flux linkages. This method leads to the same result achieved in (3.19), but combines the terms before the partial derivative is applied in (3.8). This method requires that the flux linkage of each core be expressed as a function of AC current [4] [5] [6]. Expressing the flux linkage as a function of the ac current enables linear combination of the two flux linkages since the AC windings are connected in series (3.20). Note the negative sign on the first term of (3.20). The negative sign denotes the relative direction of the AC windings for each core. The differential inductance is achieved by application (3.8) to the composite flux linkage curve with respect to the AC current (3.21). Expressing flux linkage in terms of the AC current makes the characteristic unique for each particular value of DC current. Therefore, the flux linkage curve must be recalculated whenever the DC current changes.
	
	(3.20)

	
	

	
	(3.21)



Combining the flux linkages achieves the same result as adding the differential inductances. This result is expressed by substituting (3.11) into (3.17).
	
	

	
	(3.22)

	
	



Where:		

Application of (3.21) to (3.22) and substituting (3.15-16) achieves an expression for the total differential inductance that matches the previous result expressed in (3.19). The DC terms are dropped when taking the partial derivative with respect to AC current as the DC current is assumed constant at a given moment in time.
	
	(3.23)



For practical purposes, the combination of the flux linkages allows the MPFAC model to be constructed using effective flux linkage curves produced by FEA, making it possible to represent various core geometries for simulation using the two-core approach. This is an advantage over direct evaluation of the B-H because it is possible to model behaviors that the two-core model may not simulate inherently. In a practical device, magnetic flux can travel multiple directions and across varying reluctance paths, so translating B from FEA to the two-core model may not produce adequate results. Since the magnetic flux through the AC winding determines inductance, the estimate of flux linkage as a function of field intensity from FEA provides the best characteristic to apply to the two-core model. 
[bookmark: _Toc405970502]Operation of the Two-Core Model
Now that the mathematical premise of the two-core model is developed, this section describes the operation of the model. The output of the model depends on three factors: 1) magnetization or flux linkage curve, 2) DC current, and 3) the instantaneous AC current. This section focuses on the behavior of the model’s output using AC and DC currents as operational parameters under given magnetization or flux linkage curves. The design parameters (number of turns, mean core length, and core cross-sectional area) are held constant for all cases presented. Additionally, the magnetization and flux linkage curves used for the analysis were generated from FEA and represent both material and geometric characteristics of the MAPFC prototype. 
Apparent Reactance as a Function of DC Current
Literature sources commonly represent the operational characteristics of saturable reactor-type devices in the form of apparent reactance-DC current curves [6] [7]. An example apparent reactance curve, shown in Figure 7, describes key information regarding MAPFC performance:
· Minimum and maximum apparent reactance
· Apparent reactance range
· Applied DC current to achieve desired apparent reactance levels
The apparent reactance curve is a good basis for establishing performance specifications of an MAPFC since apparent reactance leads to simple calculation of apparent power.  However, the apparent reactance does not adequately represent transient operation of the MAPFC because the apparent reactance is the quotient of the RMS voltage and the RMS current. Thus, the transient effects are lost in the averaging process. The apparent reactance curve is a significant component in this study because available test data exists in this form. Therefore, the apparent reactance curve will serve as a benchmark for initial validation of an MAPFC mathematical model. 
[image: ]
[bookmark: _Ref380321704][bookmark: _Toc405970545]Figure 7 Apparent Reactance Curve (Example)
In contrast to the apparent reactance, the differential inductance versus instantaneous AC current curve adequately represents MAPFC behavior under transient conditions. The differential inductance curve is described later in this section.  Both curves are required to attain comprehensive understanding of MAPFC operation. 
Apparent Reactance Curves using Two-Core Model
The apparent reactance is the quotient of RMS voltage and RMS current calculated over a specified time window (3.25). 
	
	(3.24)


The RMS voltage is calculated across the terminals of the MAPFC. The RMS current is calculated from the AC line current. The DC current is constant over the time window. 
Figure 8 describes the numerical process, based on the two-core model, which calculates the apparent reactance curve using an AC current defined over one electrical cycle at a frequency of 60 Hz. No harmonics are present in the AC current waveform. The instantaneous voltage at each instantaneous current value is calculated from the time derivative of the AC flux linkage. An interpolation technique determines the instantaneous flux linkage at each instantaneous AC current value. True RMS voltage and current are calculated over the single electrical cycle. Three example cases are simulated to show how the apparent reactance is impacted by the magnetization or flux linkage curve. Each case is simulated with AC current levels of 125 ARMS and 60 ARMS.
The B-H curves[footnoteRef:7] shown in Figure 9 are key parameters for the numerical analysis. These curves are generated from FEA using the ANSOFT MAXWELL software package. Since each core in the two-core model is assumed to have homogenous material characteristics and uniform geometry, the flux linkage has a linear relationship with the B-H curve and can easily be calculated. This numerical process was repeated for each value of DC current in order to compile the apparent reactance curves shown in Figure 10, Figure 11, and Figure 12. [7:  The numerical example described in this section is solely for explanation purposes, so the details of the FEA model used to provide the B-H curve are not included in this report.] 

The apparent reactance curves produced by the numerical simulation have strong correlations to the ideal curve in Figure 7. Specifically, the apparent reactance curves decrease monotonically with increasing DC current, approach a minimum value with increasing DC current, and have a quantifiable range of apparent reactance. However, there are notable differences.
 Case 1, shown in Figure 10, has three operational stages. Initial levels of DC current result in a sharp decrease in apparent reactance. Mid-range DC currents produce a nonlinear characteristic. The model achieves saturation at high DC currents where the apparent reactance approaches a minimum value. The operational stages correlate with the behavior of the Case 1 magnetization curve, shown in Figure 9. The Case1 magnetization curve begins its transition to the saturation region at low H, resulting in the sharp decrease of apparent reactance at low DC current. The knee-point is non-uniform at ~750 A∙t/m, where B appears to decrease before reaching the saturation region. At this point, the apparent reactance quickly transitions to a more nonlinear characteristic as B approaches the second portion of the knee-point. Finally, the apparent reactance makes a sharp transition into the saturation region where it remains for all DC values within the operating range of the device. There are two notable observations from Figure 10. First, the initial slope of the magnetization curve is high, resulting in relatively high values of apparent reactance. Second, the applied reactance is dependent on the RMS current level, as demonstrated by two the distinctly different curves in Figure 10. More detail on AC current impacts is provided in later in this section.
The apparent reactance and magnetization curves for Case 2 are shown in Figure 11 and Figure 9. The curve decreases smoothly with increasing DC current and has no undulations, following the ideal case shown in Figure 7. Similar to Case 1, the magnetization curve has a strong influence on the apparent reactance curve. In this case, the magnetization curve appears uniformly continuous[footnoteRef:8] for all defined H. The derivative of the magnetization curve, permeability, possesses the same characteristics, though in a decreasing fashion. A notable observation of Case 2 is that both AC current levels produce nearly identical curves. The described nature of the apparent reactance curve over all values of defined H give the DC current dominant influence over device operation for the range of AC currents considered. This apparent reactance profile is desirable for MAPFC operation since the DC supply will be able to provide good resolution at all operating points.  [8:  Describe uniform continuous (provide a mathematical definition).] 

The Case 3 magnetization curve, Figure 9, has a linear region that extends to H ≈ 2000 A∙t/m, which is much larger than for Cases 1 & 2. The extent of the linear region requires substantial AC and DC currents for the model to achieve H levels high enough to reach saturation. The apparent reactance curve shown in Figure 12 demonstrates how the extensive linear region affects the apparent reactance curve. At 125 ARMS, the apparent reactance curve is constant up until IDC ≈ 10 A; it then begins its decent to the minimum value. This is not a surprising result as the curve follows the ideal case. In contrast to the 125 ARMS curve, the 60 ARMS curve is constant for DC currents up to approximately 50 A. The resulting “shelf” or “plateau” characteristic of the apparent reactance curve for IDC < 50 A is explained through (3.3) & (3.4). When 125 ARMS is applied and IDC = 0, the resulting H is enough to push the model up to the point of saturation, so application of DC current initiates the transition to the saturation region. At 60 ARMS and IDC = 0, the model operates well within the linear region and requires substantially more DC current to make the transition. The rate at which each curve decreases to the minimum value can be explained through analysis of the differential inductance as a function of instantaneous AC current. This analysis is presented in the next section.
The three cases reveal common traits between their apparent reactance curves that correlate to the operational state of the model: 
· Maximum apparent reactance occurs when IDC =0 A, corresponding to operation in the linear region.
· Monotonically declines to some minimum value as DC current increases and the model transitions from the linear region to the saturation region.
· After reaching the minimum value, remains at the minimum value for successive DC current.
The relative influences of the AC and DC currents are dependent on number of turns of their respective windings. An analysis of the differential inductance as a function of instantaneous AC current will provide further understanding of the apparent reactance curve.
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[bookmark: _Ref382811942][bookmark: _Toc405970546]Figure 8 Numerical Procedure for Calculating Apparent Reactance at a Constant DC Current
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[bookmark: _Ref380933595][bookmark: _Toc405970547]Figure 9 Magnetization Curves for Example Cases
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[bookmark: _Ref380933750][bookmark: _Toc405970548]Figure 10 Apparent Reactance as a Function of DC Current: Example Case #1
[image: ]
[bookmark: _Ref380933752][bookmark: _Toc405970549]Figure 11 Apparent Reactance as a Function of DC Current: Example Case #2
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[bookmark: _Ref380933753][bookmark: _Toc405970550]Figure 12 Apparent Reactance as a Function of DC Current: Example Case #3


Differential Inductance as a Function of AC Current
The Differential inductance curve describes the behavior of the model at finer detail than the apparent reactance curve. The differential inductance curve describes model behavior at each time step as opposed to an averaged characteristic that the apparent reactance curve provides. Determining the differential inductance curve requires two criteria: 1) DC current is constant; and 2) the instantaneous AC current changes every time step. This section describes operation of the model as a function of the instantaneous AC current through combination the two-core flux linkage curves to form a composite flux linkage profile. From this profile, the differential inductance curve is the derivative of the composite flux linkage with respect to AC current (3.21). The initial discussion uses simple two-segment flux linkage curves to demonstrate the principle, followed by numerical analysis of example data. This section also revisits the three example cases presented in Figure 7 to enhance understanding of the apparent reactance curves.
Two-Segment Flux Linkage Curves
Figure 13 demonstrates the superposition of flux linkages from the boost core and the buck core as described by (3.20). Two line segments[footnoteRef:9] define the flux linkage curve for each core and are defined within the instantaneous current range -imax < iac <imax. Summation of the flux linkages through (3.20) yields the total flux linkage over the instantaneous AC current range. The DC current is constant throughout the superposition process. The examples in Figure 13 demonstrate operation for a value of IDC >> 0 and IDC = 0. [9:  The two-segment curve causes a discontinuity between the linear and saturation regions at the knee-point. This discontinuity is obvious at locations where the incremental inductance peaks transition from maximum to minimum values. In practical application, the transition region is continuous as the knee-point occurs over a range of instantaneous AC current. 
] 

For IDC >> 0, the flux linkage curves are offset from the origin by the DC flux and the flux linkage curve for core#1 is inverted due to the relative direction the AC windings. The superposition of these curves yields a total flux linkage curve with multiple undulations and slopes that are twice that for each core. AS IDC approaches zero, the flux linkage curves move towards each other until at IDC = 0 they completely overlap.
The differential inductance curve is determined through application of (3.21) to the total flux linkage curve. Examples of the differential inductance curve are shown in Figure 14. The differential inductance curves in Figure 14 are rigid due to the nature of the two-segment curve, but their simplicity provides clear explanation of the concept. For IDC >> 0, the differential inductance curve has two peaks that are spaced out by some range of instantaneous AC current; giving the appearance of a valley. The range of instantaneous AC current within each peak corresponds to operation of each core in the linear region, hence the highest level of differential inductance by each core. Portions of the curve between the peaks, within the valley, and beyond the peaks correspond to operation of each core in the saturation region. Once the instantaneous AC current is high enough to counter the DC flux, the cores are forced back into the linear region. Instantaneous AC currents beyond this point force the cores into reverse saturation. As the DC current approaches zero, the differential impedance peaks are forced closer together until they intersect. At points of intersection, the inductance peaks combine. At IDC = 0, both differential inductance peaks combine to form a single peak with twice the value achieved from each core.
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[bookmark: _Ref373929682][bookmark: _Toc405970551]Figure 13 Superposition of Flux Linkage Curves
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[bookmark: _Ref373940511][bookmark: _Toc405970552]Figure 14 Composite Flux Linkage Curves and Differential Inductance Curves
Impact of Inflection point at Origin
Ferromagnetic materials have magnetization curves with an inflexion point near the origin as shown in Figure 64.  The presence of inflexion near the origin affects the differential inductance characteristic of the two-core model. To demonstrate the impact, a three-segment flux linkage curve is applied to the two-core model where the first segment represents the inflexion point. The composite flux linkage curve, shown in Figure 15, contains an additional segment in the second and third quadrants that breaks the high slope segment. The extra segment is noticeable when compared to the composite flux linkage curve in Figure 13. The derivative, or differential inductance, curve in Figure 16 shows how the additional segment in effect splits the inductance peaks. In this example, the inflexion point has major impact because its slope is that same as the third-segment (saturation region). If the slope of the first segment was chosen to be much less than the slope of the third segment, then a small dip would have occurred on the tops of the peaks as opposed to the appearance of the peaks being divided. 
In reality, inflexion at the origin may not cause the inductance peak to dip down to nominal inductance levels like the three segment example shows. However, the inflexion point can cause noticeable dips to occur and in some cases, introduce a point of discontinuity during transient simulations. The Flux linkage curves produced by FEA have zero or negligible inflexion at the origin. The reason for the absence of inflexion is not well understood, at least in the context of this modeling effort. However, there is an inflexion point in the magnetization curve of the material that is used to construct the core. This is a situation where the geometry of the core and relative location of the AC and DC windings impacts the characteristics of the flux linkage curve.
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[bookmark: _Ref381537372][bookmark: _Toc405970553]Figure 15 Three-Segment Flux Linkage Curves with Inflexion at Origin
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[bookmark: _Ref381537451][bookmark: _Toc405970554]Figure 16 Composite Flux Linkage and Differential Inductance Curves with Inflexion at Origin
Operation as Fault Current Limiter vs. Power Flow Controller
Recent efforts to construct fault current limiters make use of the inductance characteristic for Idc >> 0 [2] [3] [6]. The DC current is selected such that the nominal AC current operates within the valley portion of the curve. Under fault conditions the peaks of the instantaneous AC current hit the higher inductance portions of the curve, resulting in effective limitation of the current. If the instantaneous AC current magnitude increases too much during a fault, the peaks of the instantaneous AC current waveform go beyond the inductance peaks and the fault current limiter assumes reverse saturation until the instantaneous AC current changes direction and falls back into the high inductance region. An ideal FCL application will have no impact on the system during nominal operation; however it must react quickly to limit fault currents (fractions of an electrical cycle). An FCL saturable reactor meets these criteria since device physics allow it to operate with minimal impedance under nominal conditions and provide almost instant response to fault currents as the AC current changes the state of the device. Therefore, an ideal FCL saturable core reactor will have a steep inductance characteristic when operating in the linear region in order to deliver the impedance necessary to limit the fault current. The device is tuned by presetting the DC current to a level that provides operation in the saturation region under nominal AC conditions. The resulting inductance characteristic is shown in Figure 17. 
In contrast, a PFC operates throughout the entire range of DC current rather than a single value. This makes operation more complex than a fault current limiter as the inductance characteristic changes for every value of DC current. Figure 18 shows operation of a power flow controller as the DC current is modulated. Notice how the inductance peaks merge together as the DC current decreases. The nominal current will see the changing inductance until the DC current is increased to a point where the AC waveform operated entirely within the valley region. In order to accommodate inductance change gradually over the ac waveform, it is desirable to have a flux linkage curve with a smooth transition from the linear to the saturation region. The smoother the transition, the better the control of the PFC to vary the inductance over the desired AC range. The example shown in Figure 18 represents a poor PFC since the two segment curve produces an abrupt transition between states, thus the reason for the square peaks.
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[bookmark: _Ref381538092][bookmark: _Toc405970555]Figure 17 Operation as a Fault Current Limiter
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[bookmark: _Ref381538141][bookmark: _Toc405970556]Figure 18 Operation as a Power Flow Controller
Differential Inductance from Numerical Analysis
Differential inductance curves generated from numerical analysis of the two-core model using MATLAB provides more insight to operation of the MAPFC. The numerical analysis was performed by taking the magnetization curves from Figure 9 and applying (3.1 – 3.23). Interpolation was used to acquire points not explicitly defined in the magnetization curve a and numerical differentiation was used to determine the differential inductance. Figure 19 describes the flow of the numerical analysis. Normalized results are presented in Figure 20, Figure 21, and Figure 22.
Figure 20 shows the differential inductance profile for Case 1. In this case, the inductance peaks are relatively narrow compared to the range of applied AC current (-175 A to 175 A). At IDC = 0, portions of the AC current waveform near the maximum and minimum values will fall in the saturation region. When DC current is increased, the differential inductance drops significantly as the peaks begin to separate resulting in a substantial drop in apparent reactance as shown in Figure 10. As DC current continues to increase, the peaks fully separate, yet remain entirely within the applied AC current range that results in a smooth decrease in the apparent reactance. Once the DC current becomes high enough to achieve core saturation, the peaks move out of the applied AC current range and the apparent reactance reaches its minimum value. The Case 1 magnetization curve is not desirable for MAPFC applications as it produces an apparent reactance curve that declines significantly for small values of DC current, at least initially. An additional observation with Case 1 is there is a small, though noticeable, dip at the peaks caused by a small inflexion at the origin of the magnetization curve.
The differential inductance profile for Case 2 has peaks that cover the entire applied AC current range. The peaks taper at the top, providing room for separation when DC current is increased. The resulting smooth transition as IDC >> 0 provides an apparent reactance profile that also transitions smoothly as shown in Figure 11. Case 2 is ideal for application as MAPFC in terms of shape, however it fails to achieve the desired apparent reactance range since it does not reach full saturation at maximum DC current.
Case 3 provides an differential inductance curve that contains the entire applied AC current range when IDC = 0. The entire AC waveform experiences uniform reactance at this point of operation. As DC current increases, the peaks separate and eventually form a valley. At max DC current, the entire AC waveform experiences uniform saturation and the apparent reactance curve reaches its minimum as shown in Figure 22. This case is highly desirable for MAPFC as it provides smooth transition and the desired apparent reactance range. However, there is a drawback when the applied AC current is less than rated that causes the apparent reactance curve to remain constant for initial values of increasing DC current as shown in Figure 12. As the peaks begin to separate, the applied DC current is small enough that it remains within the instantaneous current range of the 1 pu differential reactance. Eventually, the DC current increases enough so that the applied AC current experiences the reactance change. As DC reaches it maximum value, the peaks fully separate and the AC waveform experiences full saturation. Essentially, the DC current pushes the core so far in saturation that the applied AC current cannot counter it enough to force the core back into the linear region. Applied AC current less than the rated value will be able to counter even less, thus, the apparent reactance curve will achieve a minimum value for DC currents lower than that for rated AC current as shown in Figure 12.
MAPFC design modifications are made to achieve desired flux linkage curve based on the material magnetization curve. Specifically, the DC and AC turns ratios can be altered and the magnetic core can be scaled accordingly to make the inductance peaks consume more of the AC current range. The next chapter describes how FEA is used to provide flux linkage curves to the two-core model.
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[bookmark: _Ref381538489][bookmark: _Toc405970557]Figure 19 Flowchart Describing Numerical Analysis for Two-Core Model
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[bookmark: _Ref376004207][bookmark: _Toc405970558]Figure 20 Differential Inductance as a Function of DC Current: Example Case #1
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[bookmark: _Ref381541385][bookmark: _Toc405970559]Figure 21 Differential Inductance as a Function of DC Current: Example Case #2
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[bookmark: _Ref381541386][bookmark: _Toc405970560]Figure 22 Differential Inductance as a Function of DC Current: Example Case #3
[bookmark: _Toc405970503]Application of FEA Results as Parameters for the Two-Core Model 
The two-core model is an ideal representation of the MAPFC. The prototype has a three-legged core, so the flux in the core is non-homogenous. The presence of an air-gap compounds the complexity further. This makes the two-core model incompatible with the prototype. However, there may exist a way for the two-core model to represent the prototype. The idea is to apply flux linkage curves generated from prototype models in FEA to the two-core model. This approach lumps the effects of the non-homogeneities into a characteristic curve for application in an ideal model.
Finite Element Models
Three finite element models were constructed and simulated to determine the flux linkage curves. These models are three-leg core, split-core, and single-core. Only the AC flux linkage contributes to the reactance, so the DC windings were left open. By ramping the instantaneous current at the AC terminal with respect to time, the AC flux linkage could be observed across the terminals. The FEA model contains the multiple reluctance paths and air-gaps, so the resulting flux linkage curve contains their net effects. 
The FEA models were built and simulated using the ANSYS Maxwell FEA software package. The cores are constructed from AK-H1 steel. The three-leg core model has a core stacked by 10 interleaved laminations (Figure 23). The split-core and single-core models are composed of solid cores (Figure 24 and Figure 25). The materials are isotropic[footnoteRef:10] for all three models. [10:  Isotropic materials have magnetic susceptibility that is independent of the direction of B. In anisotropic materials, a B field in one direction can produce magnetization on another direction [20].] 

Splitting the three-core model down the middle of the AC leg produces the split-core model (Figure 24). The split cores have identical material properties and identical number of turns for the AC and DC windings. However, the cross sectional area of the AC leg is half of the three-leg core. This makes the split-core model different from the two-core model, which assumes homogenous cores. In addition to the mismatch in cross sectional area between the split-core and two-core models, the split-core model also contains an air gap on the AC side. The asymmetry and presence of an air gap makes the core non-homogenous. However, when the flux linkage generated by the FEA of the split-core model is applied to the two-core model, the effects of the non-homogenous cores can be simulated using ideal cores. Parameters lumped into the effective flux linkage curve include air-gaps and to a limited extent core geometry. This approach allows each ideal magnetic core of the two-core model to take on the inherent characteristics of the non-ideal core. 
The AC leg of split-core is half the width of the three-leg core. The difference is due to equivalent reluctances upon transformation of three-leg core to the split-core. Transformation of the three-leg core to the split-core model is shown in Figure 26. The parallel reluctance paths in the three-leg core yield an equivalent reluctance that is half of the split-core. Reducing the area of the AC limb by half in the split-core model compensates for the parallel reluctance paths in the three-leg core. The compensation gives the split-core model the same equivalent reluctance as the three-leg core model. 
Application of an mmf to the AC limb of both cores (shown in Figure 26) yields expressions (3.25) and (3.26). These expressions lead to identical reluctances that validate the transformation. 
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[bookmark: _Ref382819004][bookmark: _Toc405970561]Figure 23 Three-Leg Core Model in FEA Software Tool
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[bookmark: _Ref376449890][bookmark: _Toc405970562]Figure 24 Split-Core Model in FEA Software Tool
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[bookmark: _Ref382819078][bookmark: _Toc405970563]Figure 25 Single-Core Model in FEA Software Tool
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[bookmark: _Ref383340729][bookmark: _Toc405970564]Figure 26 Transformation of Three-Leg Core to Split-Core
The flux linkage curves generated by the FEA are shown in Figure 27. Each curve represents one of the three models. The split-core model has twice the number of AC windings, so its flux linkage is two times greater when compared to the other models. This mathematical issue is resolved by applying only half of the number of AC turns in the FEA or dividing the flux linkage by two. Despite the factor of two, the three models produce nearly identical flux linkage curves. This result implies that the flux linkage curve for the three-leg core model can be applied in the two-core model. The result also implies that a single non-homogenous core can represent the three-leg core and split-core models. At least this is the case when the DC terminals are open-circuited. Neither result takes into account the interactions between AC and DC flux components.
Dividing the split-core flux linkage by a factor of two produces a flux linkage curve that is identical to the other models. Since all the curves are identical, further reference to the flux linkage curve will imply a curve identical to the split-core and single-core model curves shown in Figure 27.
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[bookmark: _Ref382825557][bookmark: _Toc405970565]Figure 27 Flux Linkage Curves from FEA
Application of the flux linkage curve to the two-core model by numerical analysis produces a series of reactance curves for different RMS current levels. Reactance curves for the split-core model were calculated by FEA. These reactance curves are shown in Figure 28. The reactance curves for both models are similar to Example Case#3 shown in Figure 12. The curves remain at the maximum value for a large fraction of the of the DC current range, indicating that the DC flux is not sufficient to push the core ino saturation. The reactance begins its decline around 75 ADC and approaches saturation around 150 ADC. Both models produce identical reactance at zero DC current and follow similar patterns towards the saturation level. However, the curves converge differently to the saturation point. The two-core model makes a sharp transition to the saturation level, while the split-core model makes a more gradual decent. A likely explanation for this difference is how the AC and DC flux interactions take place for the FEA model and for the two-core model respectively. The FEA model considers leakage flux, non-homogenous flux distribution at edges of core, and several other factors. While the flux linkage retains some portion of these effects, the two-core model calculates the AC and DC flux interactions using (3.3) and (3.4) prior to interpolating the flux linkage curve.
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[bookmark: _Ref382831382][bookmark: _Toc405970566]Figure 28 Reactance Curves for FEA Split-Core Model and the Two-Core Model
Comparison of Model to Test Results
Results from the two-core model are compared to test data in Figure 29. The 480V prototype was tested at ORNL and the reactance obtained through measurements of IRMS and VRMS across device terminals. A constant RMS current was applied to the AC winding and the DC bias was modulated to produce desired DC current. The results are significantly different. The only similarity is the reactance at zero DC current. At saturation, the reactance curves converge in similar fashion to those from FEA shown Figure 27.
Reactance of the prototype falls significantly as the DC current increases from zero. This indicates that significant DC flux exists at small DC current. This is opposite to the behavior of the two-core model and split-core FEA. This result reveals that the split-core and two-core models do not adequately represent the DC flux interactions that exist in the three-leg core. A closer look at Figure 23 provides some insight to this issue. The three-leg core contains an air gap in the AC leg. This air gap produces a high reluctance path for the DC current that confines most of the DC current to the outer ring of the core (Figure 30). Since the AC leg experiences little or no DC flux, the outer ring of the core achieves saturation prior to the AC leg. The two-core and split-core models neglect this effect entirely. Compensation for this effect will require a correction to the DC flux that considers the effect of the air gap in the AC leg. 
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[bookmark: _Ref382846327][bookmark: _Toc405970567]Figure 29 Reactance Curves from Tests and Two-Core Model
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[bookmark: _Ref382894026][bookmark: _Toc405970568]Figure 30 Diagram of Three-leg Core showing the DC Flux Path
Effective DC Current
The spit-core and two-core models fail to capture the behavior of three-leg core model in terms of the DC flux. Equations (3.3) and (3.4) assume that both flux components see the same reluctance paths. The AC leg of the three-leg core is a high reluctance path to the DC flux since one or more air gaps exist there. Therefore, the majority of the DC flux is confined to the outer ring of the core as shown in Figure 30. The DC flux in the split-core experiences the air gap. Thus, the split-core model requires more DC current to achieve the same level of DC flux. The air gap also exists in the two-core model by virtue of the parameters embedded within the AC flux linkage curve. Remember, the AC flux linkage curve produced by FEA of the split-core model is used to characterize the two-core model. While the two-core model has an ideal core with no air gap, its flux linkage curve reflects that of the split-core model.  It may be possible to correct the applied DC current to make it reflect a DC flux value that correlates with a low reluctance path. A method to determine an effective DC current is presented here.
The method starts with two ideal cores shown in Figure 31. The cores have an identical number of turns on their DC winding and identical mean magnetic lengths. No AC windings are present. The only difference between the cores is that one core has an air gap and the other does not. 
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[bookmark: _Ref382930225][bookmark: _Toc405970569]Figure 31 Core Models used to Determine Effective DC Current
Two observations are significant for formulation of the effective DC current. First, reluctances of the cores are not equal. The core with air gap will provide a higher reluctance to the DC flux. Second, the higher reluctance of the core with air gap will require more DC current to achieve the same amount of flux than the core with no air gap. With these observations in mind, the following question leads to the effective DC current. How much current is required for the core with an air gap to achieve the same amount of flux as the core with air gap?  Sweeping through a series of user-defined flux values and calculating the respective DC current levels for each core leads to a correction curve.  The correction curve relates the affective DC current to the applied DC current.
To simply the analysis, two instances of the ideal core with no air gap will serve as the basis for calculations.  A unique magnetization curve will characterize each core as shown in Figure 32. The first magnetization curve represents a core without an air gap. The second magnetization curve represents the core with an air gap. These curves were produced by FEA of the split-core model with and without an air gap. The presence of an air gap decreases the slope of the linear region while preserving the slope of the saturation region [Sources]. This simplification will allow analysis of the air gap core using a single reluctance since the air gap is embedded within the magnetization curve.
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[bookmark: _Ref382932138][bookmark: _Toc405970570]Figure 32 Magnetization Curves used for Calculation of Effective DC Current
The analysis equates the flux in both cores (3.28). Dividing the flux by the cross sectional area gives magnetic field density.  A unique magnetization curve characterizes each core, so the common flux value leads to unique values of magnetic field intensity. Interpolating the magnetization curve using these values yields the magnetic field intensity for each core. Both DC currents are determined using (3.29) and (3.30). Application of the calculated DC currents to (3.31) yields an effective DC current. Figure 33 describes the numerical process. The results shown in Figure 34 describe a nonlinear relationship between the applied DC current and the effective DC current.
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[bookmark: _Ref383175958][bookmark: _Toc405970571]Figure 33 Flowchart for Calculation of Effective DC Current
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[bookmark: _Ref383176008][bookmark: _Toc405970572]Figure 34 DC Current Correction Curve
Comparison of Corrected Model to Test Results
Application of effective current to the two-core model seems to improve its behavior. Comparison of the corrected results to the measurements is shown in Figure 35. The two-core model no longer yields a constant reactance for low DC current values as shown in Figure 29. Instead, the two-core model follows behavior as the measurements with a sharp transition for initial values of DC current, followed by a gradual transition to the saturation region. There are two major differences between the two-core model and the measurements. First, the two-core model has lower reactance at saturation. Second, the reactance curves representing RMS current values diverge as DC current increases. These curves come back together at the saturation level. In contrast, the measurements are nearly identical regardless of RMS current level. There is only a slight divergence for initial DC currents. A trend for the two-core model is that smaller RMS currents lead to saturation of the core for relatively low DC currents. This implies that the RMS current counters the DC flux. Low RMS currents are not enough to counter the DC sufficiently to maintain linear operation. Once the RMS values become large enough, full saturation occurs as desired at the maximum DC operating point.
While the corrected two-core model follows the general behavior of the measurements, its accuracy is questionable. Specifically, there is significant divergence in the reactance curves at the middle of the DC current range. This implies that the two-core model does not adequately represent the magnetic interactions of the MAPFC. The differential inductance curves may provide additional insight, but additional corrections to the two-core model will only increase its complexity.
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[bookmark: _Ref383177679][bookmark: _Toc405970573]Figure 35 Reactance Curves from Tests and Corrected Two-Core Model
[bookmark: _Toc405970504]Conclusion
The two-core model is a simple method for modeling the behavior of the MAPFC. It provides insight into basic operating principles and is relatively simple to apply in simulation. Its simplicity is due to an assumption of ideal core characteristics. These ideal characteristics facilitate uniform distribution of B and H throughout each core, which allow expression of H directly in terms of AC and DC currents. However, practical designs do not lend themselves to such assumptions. Multiple flux paths and air gaps are examples of elements that complicate modeling. The MAPFC prototype has such complicating elements, so the two-core model requires corrections to compensate for their impacts.
Within the scope of this work, application of two types of correction led to improving, yet inadequate results. The first correction was the application of AC flux linkage from FEA. The resulting flux linkage lumps the non-ideal core properties and represents these properties indirectly upon application to the two-core model. Subsequent simulation of the two-core model produced apparent reactance values matching the measurements at zero DC current. However, it inadequately models the DC flux in the MAPFC’s core, resulting in constant apparent reactance for a large range of DC current. This issue led to the second correction, which was application of an effective DC current to improve the DC flux. Further simulations of the two-core model produced apparent reactance curves following the general trend of the measurements. While a vast improvement, divergence of the curves for mid-range DC currents did not match the measurements.
The two-core model was not able to match the measurements with adequate accuracy. Additional corrections may lead to further improvements, but could bring into question the validity of the model. Therefore, a decision was reached to forfeit further development of the two-core model for the purposes of this project.


[bookmark: _Toc405970505]CHAPTER III: MODEL DERIVED BY FINITE ELEMENT ANALYSIS
[bookmark: _Toc405970506]Introduction
The two-core example shown in Figure 3 assumes that the cores are identical and homogenous, with a model represented by closed form equations.  However, it was determined in Chapter III that the three-leg core, also shown in Figure 3, cannot be expressed in closed form equations due to multiple non-linear reluctance paths. Thus, the problem requires a numerical approach. One option is to build an electromagnetic circuit model that represents all branches; then use a robust solver to calculate the flux flows [8] [9]. Another method is to use FEA to determine the flux linkages of the device under specified DC biases. This study uses the latter option since finite element analysis is a more fundamental approach when there is limited experience on how the physical device behaves and operates. Design engineers commonly use finite element analysis (FEA) in design of electromagnetic devices due to its ability to provide detailed analysis of complex geometries that have non-linear magnetic characteristics. FEA is also applicable to modeling both steady-state and transient behavior [10]. 
A drawback of FEA for transient simulations is the time required to resolve all of the mesh calculations for each time step, which can lead to significant time durations to achieve solutions. Additionally, FEA does not lend itself to transient simulations unless interfaced to a transient circuit simulator. To address both of these challenges, this chapter focuses on the development of a transient model of the MAPFC based on FEA and uses the subsequent results to construct a transient model in PSCAD. The FEA provides the differential reactance profile of the MAPFC over a specified range of DC and AC operating currents. The FEA results form a three-dimensional data matrix that a transient circuit simulator interpolates to simulate MAPFC operation under nominal and transient conditions. A similar method has been used to model the behavior of magnetically-controlled ballasts with encouraging results [11].
Transient circuit simulations are performed in PSCAD using a data matrix and compared to transient circuit co-simulation with FEA to verify that the data matrix method preserves the behavior of the MAPFC. The results show strong correlation between the data matrix approach and co-simulation with FEA. The data matrix approach achieves significant increase in simulation speed over co-simulation.  Additionally, steady-state simulations are compared to prototype test results obtained at ORNL.
[bookmark: _Toc405970507]Finite Element Analysis
Model Description
The finite element model (FEM) represents a single phase of the MAPFC prototype tested at ORNL. This design has a three-leg core with DC windings on the outer legs and an AC winding on the middle leg. A strategically placed air gap located in the middle leg achieves the specified output inductance when the MAPFC operates in the linear region. The construction of the core consists of stacked laminations of TRAN-COR® H grain oriented steel with a 2mm air gap on the center leg.  The DC windings are located on the outer legs and consist of 24 turns each; they are connected in series for a total of 48 turns. Two series connected AC windings are evenly distributed on both sides the air gap. The model was constructed in three-dimensions in order to adequately capture significant core features and magnetic paths. The FEM was constructed and simulated using ANSYS® Maxwell. The three-dimensional finite element model of the MAPFC is shown in Figure 23. 
FEA Simulation and Results
Simulation of the FEM was performed by applying a fixed current on the DC windings and a current ramp on AC windings. A current ramp of fixed rate was used to create a monotonically changing flux within the center leg of the core. The ramp initiates at 0A and terminates at 4kA, which is sufficient to represent operation of the device under nominal and fault conditions (for peak fault currents up to 20 times the nominal rating). The FEA calculates the flux linkage of the AC windings for each simulation step resulting in a flux linkage curve that is a function of the ramped current. This process was repeated by incrementing the DC current and reapplying the current ramp on the AC windings.  The resulting set of flux linkage curves, shown in Figure 36, spans the specified DC current range. For initial DC current values, the flux linkage curves resemble the B-H curve in shape. As the DC current increases, there is a noticeable decrease in the slope of the linear region. As the DC current approaches the maximum, the initial portion of the flux linkage curve forms two linear regions prior to the knee-point. All of the flux linkage curves converge to a common slope beyond the knee-point. An enlarged view of the flux linkage curves, shown in Figure 37, provides greater detail of MAPFC operation leading into the knee-point. These curves show that the MAPFC is always in linear opertion under nominal conditions, and that adjustment of the DC bias simply alters the shape of the linear region. This is similar to the behavior of the two-core model flux linkages described in Figure 20 and Figure 21. The flux linkage curves form a three-dimensional surface as shown in Figure 38.
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[bookmark: _Ref399395395][bookmark: _Toc405970574]Figure 36 Flux Linkages Curves from FEA
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[bookmark: _Ref400959083][bookmark: _Toc405970575]Figure 37 Flux Linkage Curves from FEA (shown close to the knee-point)
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[bookmark: _Ref385971813][bookmark: _Toc405970576]Figure 38 Surface Plot of Flux Linkage as Functions of AC and DC Current 
The differential inductances are determined through application of (3.8) by taking the difference of the flux linkage curves with respect to the instantaneous current values. The resulting differential inductances, shown in Figure 39, are functions of the DC current and instantaneous AC current and reflect the intended operation of the MAPFC under nominal and transient operating conditions. The differential inductances are highest within the nominal AC current range for lower DC currents, then decrease within the nominal AC current range as the DC current increases. In additional to nominal operation, the flux linkage curves represent operaton of the MAPFC for instantaneous AC currents beyond the nominal range. Once the instantaneous AC current exceeds nominal levels, the MAPFC will operate in saturation mode, resulting in the minimum differential inductance. Therefore, fault currents will dynamically change the operating state of the MAPFC within a half cycle. Under fault conditions the MAPFC will tend to have high inductance near the zero crossings, then transition to the saturation region as the fault current assends to its peak. Since the high impedance occurs near the zero crossing, the MAPFC will do little to limit the fault current, but has the potential to cause high voltage spikes at these points. 
The differential inductances in Figure 39 are defined for positive values of AC current, as they are assumed to be symmetrical for negative AC currents. This assumption implies that hysteric effects are negligable, which is the expectation since the B-H curve has a thin hysteresis loop.  Since each flux linkage curve requires approximately 3 days of simulation time, only positive AC current values were simulated to in order to generate enough curves to adequately address the DC current range within a realistic project timeline.
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[bookmark: _Ref400794687][bookmark: _Toc405970577]Figure 39 Differential Inductance Curves Derived from FEA Results
[bookmark: _Toc405970508]Application in Transient Simulation 
Data Matrix
The FEA results form a three-dimensional matrix of data values that describe the differential inductance as a function of the AC and DC currents. During transient circuit simulations, approximations of the differential inductance values from the matrix require bilinear interpolation based on input values of AC and DC current. Bilinear interpolation not only approximates differential inductance values along a defined curve, but it also interpolates between curves of two DC levels. Therefore, model accuracy is dependent on the size of the DC current increments. For the model defined within this study, the seven differential curves, corresponding to seven DC currents, defined in Figure 39 are sufficient to represent the MAPFC over the specified range of DC current (0 to 200ADC).  
Application of the FEA-based model in transient circuit simulation is describe by the block diagram shown in Figure 40. The user-input is the DC current, which is fed directly to the model. The AC current is an instantaneous value provided by the transient simulator during every time step. The model uses the absolute value of the instantaneous AC current for interpolation as the data matrix is defined only for positive values. The absolute values are a valid input since the differential inductance curves are an even function of the instantaneous AC current. Another way to represent the model would be to define the data matrix for positive and negative values of AC current, then feed the instantaneous AC current directly into the model. 
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[bookmark: _Ref400796900][bookmark: _Toc405970578]Figure 40 Block Diagram Describing the Application of FEM Results into a Transient Circuit Simulator
Application to PSCAD
The data matrix is applied to PSCAD as shown in Figure 41. PSCAD supports a look-up table element that is compatible with the data matrix containing the MAPFC differential inductances. The look-up table element requires a specific data format within a text file (.txt). To conform to format requirements, a Matlab script was written to convert the data accordingly. The look-up table drives a variable inductor element that is connected in series with the transmission line. Figure 41 shows application of the data matrix in PSCAD, where the MAPFC is simulated under nominal current conditions. 
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[bookmark: _Ref400962883][bookmark: _Toc405970579]Figure 41 Nominal Simulation Circuit in PSCAD
Fault Simulations
The MAPFC was simulated under fault conditions in the simple power system model shown in Figure 42. The single-phase system is driven by a 277VLN ideal voltage source with resistive source impedance. The value of the resistive impedance was chosen to achieve a symmetrical fault current of 4kApeak. A resistive load provides prefault current conditions, which was set to achieve almost full rated current. Table 3 describes the fault simulation parameters. The PSCAD fault simulation, shown in Figure 43, uses the data matrix approach to model the MAPFC.  Simulations were performed with time steps of 100µs for six electric cycles at 60Hz (one cycle of nominal conditions followed by five cycles of applied fault).
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[bookmark: _Ref400963100][bookmark: _Toc405970580]Figure 42 One-Line Diagram of Single-phase Fault Simulations
[bookmark: _Ref401148734][bookmark: _Toc405970537]Table 3 Parameters of Fault Simulation
	Parameter
	Description
	Value

	Rs
	Surge resistance
	97.95mΩ

	Ls
	Surge inductance
	negligible

	RLoad
	Load resistance
	2Ω

	Rfault
	Fault resistance
	0.1mΩ

	tfault
	Fault initiate time
	16.67ms (1 cycle)

	Δt
	Time step
	100μs

	tend
	Duration of simulation
	100ms (6 cycles)
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[bookmark: _Ref400973661][bookmark: _Toc405970581]Figure 43 Fault Current Simulation Circuit in PSCAD
[bookmark: _Toc405970509]Co-Simulation of FEM and Transient Circuit 
The ANSYS software suite includes a transient circuit simulator that can interface the FEM in Maxwell. This co-simulation ability enables the FEM of a device to be simulated within the context of a power system. Simplorer is an ANSYS product and the transient circuit simulator that interfaces the FEM for co-simulation. During every time step, it communicates with Maxwell to solve the FEM and import the results into Simplorer for solving of the electric circuit. The nominal and fault simulation models are shown in Figure 44 and Figure 45. These models are replicas of the system described by Figure 42 and Table 3.
The co-simulation method is comprehensive in terms supporting device detail and can simulate a device of when there is no electric equivalent circuit available. However, this capability comes at the cost of simulation time. In this case, it required approximately one week to complete six cycles of simulation. In contrast, the PSCAD model took seconds to solve. The 100µs time step was applied in all cases.
[image: C:\Users\y3g\Documents\MYoung\Dissertation Project\Transient Model\PSCAD Results\Validation 4000Aac Model\NominalCircuit.emf]
[bookmark: _Ref400974663][bookmark: _Toc405970582]Figure 44 Simplorer Simulation for Nominal Conditions
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[bookmark: _Ref400974664][bookmark: _Toc405970583]Figure 45 Co-Simulation of FEA with Transient Circuit Model using ANSYS Maxwell and Simplorer

[bookmark: _Toc405970510]Simulation Results
Nominal Conditions
The data matrix approach using PSCAD and the co-simulation method were simulated under nominal conditions. For these simulations, 125ARMS was applied to the AC windings using an ideal current source for several electrical cycles at 60Hz. The apparent reactance was estimated by taking the ratio of the RMS voltage across the terminals of the MAPFC to the applied RMS current. The process was repeated for values of DC current within the 0-200ADC range. Figure 46 compares the results of both simulations to tests performed on the ORNL prototype. The simulations produce nearly identical results, thus providing a degree of confidence that the data matrix approach maintains integrity of the FEM solution with minimal loss of resolution. Both simulations show good correlation to the test results, especially at the lower range of DC current. 
Figure 47 shows waveforms of nominal state simulations over the course of three cycles at DC currents of 0, 20, 125, and 200ADC. The voltage represents the voltage drop across the terminals of the MAPFC. In all four cases, the data matrix approach using PSCAD is nearly identical with the co-simulation (Simplorer). There are subtle variances that occur where Simplorer appears to experience numerical stability issues. These numerical instabilities occur where there the differential inductance changes significantly with respect to the AC current.
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[bookmark: _Ref400975287][bookmark: _Toc405970584]Figure 46 Apparent Reactance Curves Acquired from Hardware Tests, PSCAD, and Simplorer
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[bookmark: _Ref400975822][bookmark: _Toc405970585]Figure 47 Nominal State Simulations Results from PSCAD and Simplorer 
Fault Conditions
The results of fault simulations are shown in Figure 48, Figure 49, and Figure 50 represent DC bias currents of 0, 75, and 200ADC. The co-simulation and the data matrix approach are an identical match in the 0ADC case. For 75ADC and 200ADC, there are small deviations at the current peaks and zero crossings of the voltage. Since the faults were applied at the MAPFC, at zero distance from the device in terms of line length, the fault impedance is purely inductive and the voltage is 90 degrees out of phase with respect to the current.
The fault currents in all three cases are impacted by the changing inductance of the MAPFC near the zero crossings as the lower current values cause the device to transition into its linear region of operation. The impact of the MAPFC on the fault current is magnified by the relative weakness of the power system, which consists of an ideal generator, the MAPFC, and a load. In an interconnected system, which will likely resemble an infinite bus, the MAPFC will have less impact on the fault current. 
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[bookmark: _Ref400976631][bookmark: _Toc405970586]Figure 48 Comparison of PSCAD and Simplorer Fault Simulations for IDC = 0A
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[bookmark: _Ref400976635][bookmark: _Toc405970587]Figure 49 Comparison of PSCAD and Simplorer Fault Simulations for IDC = 75A
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[bookmark: _Ref400976637][bookmark: _Toc405970588]Figure 50 Comparison of PSCAD and Simplorer Fault Simulations for IDC =200A
[bookmark: _Toc405970511]Adapting the Model for Transmission Studies
Scaling from 277V to 66.4kV
The data matrix approach reflects the characteristics of the 277V, 200A prototype device, but full-scale application of the MAPFC is expected to occur at 115kV (66.4kV line-to-neutral), 1.5kA. The specifications of the prototype and requirements of the full-scale device are described in Table 4. The transient model of the MAPFC is not dependent on voltage rating since insulation design is a topic for another study.  However, the model is dependent on current rating as it affects the number of turns, the flux, and the overall size of the core. The apparent reactance requirements for the full-scale device are 5.1Ω at 0ADC and 1.4Ω at 200ADC; these values represent the fundamental frequency component. The rated fault current is 20 times the nominal current rating (30kARMS), which scales down to the 4kA level achieved in the prototype simulations.
[bookmark: _Ref401073995][bookmark: _Toc405970538]Table 4 Requirements for Prototype and Full-Scale MAPFC
	Parameter
	Description
	Prototype
	Full-Scale

	Xmax
	Maximum apparent reactance
	0.64Ω
	5.1Ω

	Xmin
	Minimum apparent reactance
	0.16Ω
	1.4Ω

	Irated
	Rated AC current
	200A
	1.5kA

	Vrated
	Rated AC voltage (line-to-neutral)
	277V
	66.4kV

	IDC max
	DC bias current for minimum reactance
	200A
	200A

	IFault
	Fault rating
	4kA
	30kA



To realize a full-scale model of the MAPFC, the prototype model was scaled using the requirements listed in Table 4.  This was accomplished through scaling the differential inductance curves in Figure 39 using a two-step process. First, the instantaneous current axis was scaled by the ratio of the current ratings as described in (4.1).
	
	(4.1)

	
	


Secondly, the magnitudes of the differential inductances were scaled by the ratio of the maximum apparent reactance of the full-scale device to that of the prototype as described in (4.2). 
	
	(4.1)

	
	


The scaling factors were applied to the differential inductance curves in Figure 39. The full-scale differential inductance curves are shown in Figure 51. Application of the full-scale curves to the data matrix followed by simulation in PSCAD nets the apparent reactance curves in Figure 52. The apparent reactance curve matches the prototype in terms of shape and meets the magnitude requirements for the full-scale model. The table within Figure 52 shows that the Xapp = 5.11Ω at 0ADC and Xapp = 1.43Ω at 200ADC.
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[bookmark: _Ref401138557][bookmark: _Toc405970589]Figure 51 Differential Inductance Curves for Full-Scale Model
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[bookmark: _Ref401138681][bookmark: _Toc405970590]Figure 52 Apparent Reactance Curve for the Full-Scale Model


Application of Full-Scale Model to PSCAD
The requirements listed in Table 4 describe a single-phase device. Three-phase application requires deployment of three single-phase devices. Figure 53 describes three-phase application of the full-scale model in PSCAD, where each phase is equipped with a series-connected variable inductor that is driven by the data matrix. 
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[bookmark: _Ref401141959][bookmark: _Toc405970591]Figure 53 Screen Captions of Full-Scale Model Applied in PSCAD
[bookmark: _Toc405970512]Conclusions
The FEA-based modeling approach appears to be an adequate method of representing the MAPFC in transient circuit simulations. The FEA results were implemented in the transient simulation tool, PSCAD, via a three-dimensional data matrix that is interpreted by the transient simulator using bilinear interpolation. Simulations of the single-phase prototype produced results with strong correlation to a co-simulation method where the FEM was solved during every time step. Results were obtained and compared for nominal and fault conditions. In addition, the simulation of nominal conditions had good correlation to the test results obtained at ORNL. The data matrix approach produced significant speed-up in terms of simulation time over co-simulation with FEA; the former was solved in seconds while the latter required days. Once an adequate model of the single-phase prototype was achieved, it was scaled to transmission level requirements and implemented in PSCAD. Expansion of the model to three-phases required applying a single-phase model to each phase of a transmission line.


[bookmark: _Toc405970513]CHAPTER IV: GYRATOR-CAPACITOR MODEL
[bookmark: _Toc405970514][Under Construction]
[To be written.]


[bookmark: _Toc405970515]CHAPTER V: IMPACTS ON DISTANCE PROTECTION
The behavior of the FEA-based and G-C models constructed in Chapter III and Chapter IV describe how the MAPFC changes its operating state dynamically, and within each half cycle, as fault current drives the AC flux in and out of saturation. This behavior could make the line appear more inductive that the line actually is, causing the relay to under-reach its forward zone settings. If the amount of under reach is significant, then the relay may fail to trip at required speed. Second, since the impedance changes on a sub-cycle basis, the line impedance algorithm of the relay may produce results that do not adequately reflect the true impact of the MAPFC.  The work presented here will address both of these issues [12]. 
This chapter evaluates the impacts of the MAPFC on line distance protection through application of the finite element derived model in power system simulation under fault conditions. The voltage and current waveforms produced by simulation are applied to a commercial line distance relay via a relay test set to observe impacts.
[bookmark: _Toc405970516]Distance Relaying
A distance relay calculates the impedance of a transmission line through measurement of the three-phase voltages and currents at one end of a line. If the line impedance changes such that it falls within a predetermined trip characteristic, then the relay detects that a fault exists on the line and executes a trip command to the appropriate breaker(s) that remove the line from service. The impedance of transmission lines are typically constant as they are of fixed length, so faults along a line effectively reduce the impedance seen by the relay.  Distance relays use this principle to determine the location of faults in order to execute the appropriate protection action. The presence of dynamic impedances in the network can negatively affect distance protection, as the assumption of constant line impedance no longer holds true. 
Application Practice
Prevailing industry practice is to minimize line outages by tripping breakers closest to the fault while keeping adjacent lines in service. This task is accomplished by placing distance relays at both ends of each line and coordinating their operation by establishing zones of protection [13] [14]. There are typically three zones of protection for each relay as shown for Relay A in Figure 54. The primary zone reaches out 80% to 90% of the line distance and operates instantaneously upon detection of a fault.  A second zone reaches the entire length of the line plus approximately 20% of the next line (120% total). The purpose of zone 2 is to provide backup for zone 1 of Relays A and B. To avoid conflicts with adjacent relays, zone 2 is delayed to allow the zone 1 of the downstream relay to react first. An optional zone 3 provides additional backup protection by reaching out beyond zone 2 in the forward direction or behind the relay in the reverse direction. Delay settings for zone 3 are significantly larger than for zone 2. 
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[bookmark: _Ref403410229][bookmark: _Toc405970592]Figure 54 Zones of Protection for Transmission Line Distance Relays
Figure 55 describes an inverse impedance or “mho” characteristic for a distance relay with two forward zones and a reverse zone 3. The mho characteristic is typically a circle defined by resistance (horizontal axis) and apparent reactance (vertical axis). The center of the circle is offset from the origin to make the distance relay directional. The impedance observed by the relay moves through the R-X plane as events occur. The movement of the impedance into one of the mho circles arms one or more of the distance elements within the relay. When the impedance falls within the zone 1 circle the relay trips immediately; while movement of the impedance within zones 2 or 3 (outside of the zone 1 circle) arm distance elements that result in a trip only if the impedance stays within these zones for the duration of the time delay setting.
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[bookmark: _Ref403587705][bookmark: _Toc405970593]Figure 55 Zones of Protection on an R-X Diagram (mho Characteristic)
Dynamic Impedance
[Significant impedance change can effect any relay]
Today, microprocessor protection relays have achieved industry acceptance. Relays of this type operate on the same theoretical principles as their electromechanical predecessors, but do so using digital processes. These processes include filtering the measurements to remove much of the harmonic content, calculation of the line impedance, and comparison of the impedance to the trip settings. The performance of these algorithms can be reduced, if the dynamic impedance is significant, and cause relay miss-operations. Series compensation devices, like series capacitors, are examples of equipment that introduce dynamic impedance in the transmission line [12]. In addition, capacitive voltage transformers (CVTs) can interact with dynamic impedances and cause spurious voltages at the relay [15]. 
[bookmark: _Toc405970517]Dynamic Impedance Devices
Series-connected devices that introduce dynamic impedance on transmission lines are common in the electric power industry and can affect the operation of line distance relays [16]. These devices typically provide reactive power support at locations prone to voltage violations, but there also are devices that regulate power flow.  While the sources of dynamic impedance are numerous, reviews of following devices help to understand the some of the issues regarding their interactions with distance protection.
· Fixed Series Capacitors
· Flexible AC Transmission Systems
· Fault Current Limiters
· Distributed Power Flow Controllers
Fixed Series Capacitors (add a figure)
Fixed series capacitors are commonly used to boost system voltage at strategic locations within a transmission network. Lines are inductive by nature; and long lines can produce voltage drops in excess of voltage stability requirements. In these situations, FSCs are often a cost-effective mitigating solution. However, the switching an FSC into service causes the effective impedance of the line to change [13]. The presence of protection devices (metal oxide varistors and spark gaps) that protect the FSC itself under fault conditions further exasperate the problem.  Spark gaps introduce variable resistance and metal oxide varistors both varying and nonlinear resistance [17].
Consider an FSC located at the source end of the line as shown in Figure 56. From the relay up to the location of the FSC, the apparent impedance will assume the nominal line characteristic. However, beyond the location of the FSC, the impedance will appear to have dropped dramatically. A fault located at the end of the line may then be mistaken by the relay to be located close to the FSC, resulting in a miss-operation in the form of a false Zone I trip. Additionally, the size of the FSC and the location of the fault can cause the relay to lose its directionality as shown in Figure 57. In this case, the voltage observed by the relay at the fault appears greater than the voltage at the relay location. Thus, the relay will mistakenly observe the line impedance to the fault to be less than the actual impedance between the relay and the FSC. This issue, known as voltage reversal, causes the location of the fault to be falsely estimated to be behind the relay resulting in a failure of the proper forward-looking zone to trip. 
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[bookmark: _Ref385958728][bookmark: _Toc405970594]Figure 56 False Zone 1 Trip due to Relative Location of FSC and Phase-Ground Fault
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[bookmark: _Ref385958740][bookmark: _Toc405970595]Figure 57 Voltage Reversal Causing False Directional Characteristic
FACTS Devices (need to add sources and a figure)
FACTS devices can perform both power flow control and reactive compensation. These devices allow modulation of AC line conditions by using power electronics and advanced control algorithms. The primary cause of most of the issues and impacts related to FACTS on distance protection are the changing voltage and current injections on the apparent impedance estimate of the relay [18] [19] [20]. When this apparent impedance is compared to the impedance characteristic within the protection relay, the location of the fault is be falsely represented and result in relay miss-operation. Miss-operations can include over-reaching/under-reaching, delayed trips, improper phasing, and errors in fault location estimation. FACTS can also cause transients on a power system and create RLC resonance that results in odd and even harmonics near the fundamental frequency [Source]. These conditions can lead to undesirable effects on instrument transformers and/or impedance calculations within the relay. The active nature and possible number of operational states of FACTS devices contribute to the complexity of the distance protection issues. CCVTs present another concern as these devices are tuned to the line and are known to be adversely affected by certain transients [21]. 
Fault Current Limiters
Literature reviews revealed very little in terms of power flow devices operating on the principle of magnetic amplifiers and how they may impact distance protection. However, there was at least one study on a fault current limiter based on magnetic amplifier technology. Descriptions of these devices and potential protection impacts are summarized in this section.
One literature source investigates distance protection for a saturable-core reactor acting as a fault current limiter [22]. The saturable-core reactor was installed at the Puji substation in Kunming, China. The device, manufactured by Innopower, has a superconducting DC winding and is designed to operate solely as a fault current limiter. The study investigates an adaptive relay scheme that updates the relay’s impedance characteristic using the impedance characteristic of the saturable-core reactor. It is a bit unclear whether the relay receives measurements of the device’s impedance and sends it to the relay or if a control parameter from the device is sent to the relay that is then mapped to its impedance characteristic within the relay.
The literature revealed that the impacts of a series connected saturable-core reactor acting as a power flow controller has not been investigated. Previous research on similar devices include an application for fault current limiting and a power flow application that avoids the distance protection issue altogether by fast by-pass. Hence, a gap in the research exists as the impacts of a MAPFC or device that operates in the same fashion has not been evaluated to determine how distance protection will be affected.
Distributed Power Flow Modules
A presentation on the Smart Wires project, a distributed line reactance project, touched on the distance protection issue [23]. The Smart Wire devices will avoid the protection issues by being removed from the line in adequate time before protection activates.  The presentation states that when an issue is detected that the devices will be by-passed in approximately 40µs, and a case is made that this time is adequate to avoid conflicts with distance protection.
Mitigation Strategies
FSC, and in many operational cases FACTS devices, effectively add line capacitance. The addition of capacitance effectively reduces the impedance of a transmission line. Thus, distance protection will tend to over-reach. The significance of the over-reach is dependent on several factors, including the type of series compensation device and its operating state. Mitigation strategies proposed by the literature can be organized into two categories: communication-based distance protection and adaptive relaying.
Communications-based relaying schemes [24] [12] [25] [26] can be utilized to perform phase comparison, which is immune to some of the issues observed. Phase comparison utilizes the difference of the current phase angles at each end of the line to determine if the fault occurred within the line or outside of the line. Additionally, pilot-relaying schemes including Directional Comparison Blocking (DCB), Permissive Over-reaching Transfer Trip (POTT), and Direction Comparison Unblocking (DCUB) can be used (along with some customized logic) to coordinate the distance relays in a way to work around series compensation and FACTS-based issues. While communications-based distance schemes can provide mitigation, they introduce an additional reliability component in terms of communications channels.
Adaptive relay is suggested in several research papers [27] [28] [29] [30] [31], and typically involves altering the relay’s protective boundaries in-situ. The various techniques proposed, some of them novel, automatically change relay group settings or relay parameters based on measured values and/or control inputs. Methodologies based on artificial neural networks, synchrophasors, and other methods are proposed. 
While adaptive methods show promise to mitigate protection issues, their use in practice is limited as changing relay settings in-situ is contrary to in-place procedures for protective relays. Pilot relaying schemes are of common use in industry practice.  
[bookmark: _Toc405970518]Potential Impacts of MAPFC
The MAPFC can potentially possess characteristics of both FSCs and FACTS devices in terms of how it will affect distance protection. The MAPFC introduces an inductive reactance into a transmission line that is variable, similar to FACTs but with different impedance profile and operation speed. 
As indicated in the paragraphs above, the MAPFC is likely to possess hybrid characteristics. One possible impact of MAPFC on distance protection is an under-reaching effect. This effect is opposite of that caused by an FSC in that the MPAFC adds reactance to the line, thereby making the line impedance appear larger to the distance relay past the MPAFC as shown in Figure 58. It is possible that a phase-ground fault in zone 1 past the MPAFC can cause the relay to mistakenly estimate that the fault occurred further down the line; in zone 2 for instance. Such an occurrence would result in failure of the instantaneous zone 1 trip and cause the fault to remain in the circuit until zone 2 times out or back protection to react. This and other scenarios would require analysis in order to develop confidence in the understanding of MPAFC impacts.
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[bookmark: _Ref355434750][bookmark: _Toc405970596]Figure 58 Failure to Trip by Zone 1 with MAPFC
[bookmark: _Toc405970519]Power System Simulation
To simulate the magnetic amplifier and observe its impacts, the transient model was applied to the PSRC system model for testing transmission line protection [6]. For this initial study, a simple configuration of the PSRC test system was used consisting of two generators joined by two series connected transmission lines. A one-line diagram of the test system is shown in Figure 10. An ideal source (S1) connected to Bus 1 and a synchronous machine (S2) connected through a delta/wye transformer on Bus 4 are the two generators on the system. The controls of the synchronous machine were configured to reduce electromechanical oscillations under nominal operation, yet provide sufficient fault current under fault conditions. Potential transformers are located on the line-side and bus-side of the magnetic amplifier, which is located on the ZL1 side of Bus 1.
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Simulations for Zone 1 testing were performed by applying faults along line ZL1. To determine the Zone 1 reach point, simulations were performed at 1% distance increments while approaching the Zone 1 setting. The same method was used to test Zone 2 reach along line ZL2. In addition to the reach points, simulations were performed at 0%, 33%, and 66% of ZL1 to observe Zone 1 operation with faults in close proximity to the magnetic amplifier. Potential measurements were recorded on both sides of the magnetic amplifier (bus-side and line-side) to observe differences in location of the measurement. Table 2 summarizes the simulation cases. To capture impacts over the operating range of the magnetic amplifier, simulations were performed for the minimum and maximum DC bias current.
	Fault Locations
	
	Fault Types
	
	Potential Locations
	
	Magnetic Amplifier Bias Current

	ZL1 0%
	
	A-g
	
	Bus-side
	
	0A

	ZL1 33%
	
	AB
	
	Line-side
	
	200A

	ZL1 66%
	
	AB-g
	
	
	
	

	ZL1 (Z1 reach point)
	
	ABC
	
	
	
	

	ZL2 (Z2 reach point)
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MAPFC Placement
An example of a mitigation strategy would be to place the MAPFC behind the line. With this arrangement, a differential protection scheme could be used to protect the MPAFC section and the distance protection would only look at the line past the MAPFC as shown in Figure 59. The distance protection could then operate in the traditional way without seeing the effects of changing reactance and potentially transient issues. The difference protection would act fast, so overlapping zones would not interfere with the protection scheme if a fault occurs near the MAPFC. However, there are still issues with back-up protection and how zones 2 and 3 of adjacent distance relays see the line in the presence of changing line reactance. 
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[bookmark: _Ref355109747][bookmark: _Toc405970597]Figure 59 Position of MAPFC with Line Differential Protection
Fault Scenarios
To reduce the number simulations and complexity of this initial study, the following simplifications were made:
· Single line-to-ground faults were applied on Phase-A to ground (A-g). B-g and C-g faults were not included. 
· Phase-to-phase and phase-phase-to-ground were applied on phase A and phase B. Phase C was not included.
· Voltage and current are measured directly and do not include the effects of CCVTs and CTs.
The first two simplifications take advantage of the magnetic amplifier’s single-phase design and knowledge that the PSRC test system is symmetric across its three phases. Since three identical magnetic amplifiers will compose the three-phase system, each fault permutation, within each fault type, will produce identical results on the PSRC test system. However, the location of the potential measurement will effect relay operation. The line-side location should not see the variable reactance of the magnetic amplifier for forward faults. However, the bus-side location should see its dynamics. The impacts of the magnetic amplifier’s dynamic reactance on line voltage are shown in Figure 11 and Figure 12 for ABC-g faults located at 0% and 33% of the line ZL1 length. Faults close to the magnetic amplifier results in significant voltage spikes that occur as the fault current crosses the zero axis. These spikes become less prevalent as the distance to the fault increases.
For all cases, the duration of prefault simulation is 3.5 seconds leading into 0.5 seconds of fault condition. The total simulation time is 4 seconds. The 3.5 seconds of prefault allows the test relay adequate time to initialize under nominal power system conditions upon playback. Simulation time steps were typically set to 50µs. Reduced times steps of 25µs and 10µs were required when lines were segmented for Zone reach simulations. However, the smaller time steps were used only when a line segment was short enough to effect the simulator’s ability to achieve a solution. Simulation results were recorded in COMTRADE format for replay via relay test set. 
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[bookmark: _Toc405970520]Relay Configuration and Testing
Settings for the phase-distance and ground-distance elements are listed in Table 3.
	Setting
	Value

	Zone 1
	90%

	Zone 1 delay
	Instantaneous

	Zone 2
	120%

	Zone 2 delay
	20 cycles (60 Hz)

	Zone 3
	N/A

	Zone 3 delay
	N/A

	PT ratio
	2000:1

	CT ratio
	400:1



To analyze potential impacts that a magnetic amplifier might pose on distance protection, the recordings of the transient simulations were played back into an SEL-421 line distance relay using a DOBLE® relay test set. The relay test set was configured to playback secondary PT and CT outputs of 115V (line-to-line) and 1-5A into the transducer inputs of the relay. 
Baseline Tests
Baseline tests were performed to determine the relay’s actual Zone 1 and Zone 2 reach limits without the magnetic amplifier in the circuit. These tests establish a benchmark for testing the protection with the magnetic amplifier in the circuit. 
The baseline test results for Zone 1 are summarized in Table 4. The actual values represent the locations of simulated faults along the line length that resulted in Zone 1 trip. In these cases, a 1% increase in the distance resulted in a Zone 2 trip. The estimated values are the relays’ fault location estimate in percent of line length. The baseline results show that Zone 1 has 3% under-reach in all but the A-g case. The line-side values are the observed Zone 1 trip limits when the magnetic amplifier is in the circuit and the potential is measured on the line-side. The line-side results are included here to show, as expected, that the magnetic amplifier does not affect the relay when the potential measurements are located on the line-side.
[image: ]
Baseline test results for Zone 2 are summarized in Table 5. They show, in similar fashion to Zone 1, an inherent tendency for the relay to under-reach. In all fault cases but A-g, the observed under-reach was 5% of the relay setting. For A-g faults, the amount of under-reach was 2%.
[image: ]
The causes of the inherent under-reach include errors in the calculation of the relay settings and/or loss of precision between transient simulations, playback, and measurement by the relay. While the reason is unclear, the baseline tests provide a reference point from which to compare subsequent tests.
[bookmark: _Toc405970521]Tests with Magnetic Amplifier
The Zone 1 reach tests for both DC bias currents are summarized in Error! Reference source not found.. The far right column shows the amount of under-reach relative to the baseline. Both operating states of the magnetic amplifier cause the relay to under-reach. Operating at zero DC bias causes the highest under-reach with levels of 4% to 7% relative to the baseline. The 200A DC bias case improves the under-reach by a few percent in all fault cases but ABC-g. This result is likely due to the lower incremental inductance (see Error! Reference source not found.) by the magnetic amplifier as the fault current moves through the zero crossing.
[image: ]
Zone 2 reach tests are summarized in Table 7. They are much like the Zone 1 results in terms of their behavior, but the level of under-reach is slightly larger. In the case of zero DC bias current, the level of under-reach is 7% to 9% of the baseline. At 200A DC bias current, the under-reach improves to 3% to 4% of the baseline.
[image: ]
Figure 5 shows that an increase in DC bias reduces the incremental inductance. The under-reach also followed this trend. Therefore, the expectation is that the magnetic amplifier will result in maximum under-reach at 0A DC bias; with reduction of the under-reach as the bias current increases. Faults applied on ZL1 at 0%, 33%, and 66% of the line length did not produce significant results as all instances resulted in instantaneous trip of Zone 1. 
[bookmark: _Toc405970522]Summary
The application of a magnetic amplifier can control the flow of power on a transmission line by providing variable reactance. Application of a DC bias current to the magnetic amplifier controls the level of reactance within a specified range. However, fault currents can move the reactance outside of these limits and can do so on a sub-cycle basis. The impacts of this dynamic reactance on line distance protection was observed by:
· Development of a transient model based on a small-scale prototype under test at the Oak Ridge National Laboratory.
· Application of the model in the PSRC line distance test system using PSCADTM. Simulations were performed for multiple fault types and locations.
· Playback of the simulation waveforms through a relay test set to a line distance relay.
The magnetic amplifier causes the relay to under-reach for Zone 1 & 2 when the potential is measured on the bus-side on the device. The amount of under-reach is approximately 2% to 9% of the observed baseline reach depending on fault location and DC bias current applied to the magnetic amplifier. Potential measurements taken at the line-side mitigate the under-reach problem for both Zones.

[bookmark: _Toc405970523]CHAPTER VI: CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc405970524][Under Construction]
[This chapter will be written after all of the chapters are completed.]
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[bookmark: _Toc405970526]APPENDIX A: DIFFERENTIAL AND APPARENT INDUCTANCE
[bookmark: _Toc405970527]Introduction
The use of inductance as a constant value is common in the analysis of electric and magnetic circuits. This statement holds true for analysis of both AC circuits and DC transient circuits, where currents change with respect to time. The assumption of constant inductance is a valid one if the magnetic behavior of a device is linear. Device properties and operational constraints are elements that can confine inductance to a single value, thus they are the basis for such assumptions. For example, air-core inductors have constant inductance proportional to the permeability of free space.  Another example is operation of a transformer within its linear region. 
There are situations where constant inductance is not adequate. Transient analysis of electric machines and transformers can serve as example, as inrush currents often push these devices into a non-linear mode of operation. In these situations, analysis requires a variable inductance.  
This section reviews the concept of differential and apparent inductance. The review defines these inductances and provides an example pertaining to the two-core model discussed in Chapter 3. Discussions of these terms in literature refer to the B-H curve and the λ-i curve, indicating that differential inductance is proportional to incremental permeability [32] [33]. In similar fashion, apparent inductance is proportional to differential permeability. This review will focus the λ-i curve, since flux linkage is the basis for modeling the MAPFC within the context of this work. 
[bookmark: _Toc405970528]Definitions
Historical Perspective
During the industrial revolution, scientists were able to define many of the engineering units that are in use today. This includes units that are now common in electricity and magnetism. Transactions published by the British Association for the Advancement of Science[footnoteRef:11] in 1895 address definitions of inductance [32]. The discussions focus on inconsistencies between three principles that define inductance (energy, EMF, and total induction). In turn, the authors propose corrections and alternatives to resolve these inconsistencies. One alternative was the recognition of two types of inductance. The first is described as the slope of a secant line starting at the origin to any point along the flux linkage curve (AA.1).  This inductance was defined as the “total inductance”.  The second is described as the slope of a line tangent to any point on the flux linkage curve (AA.2). This inductance was defined as the “differential inductance”. The differential inductance is proportional to the slope of a line tangent to any point on the B-H curve. In this case, the slope becomes the differential permeability. Both inductances are expressed in units of henries.  [11:  The British Science Association (formally known as the British Association for the Advancement of Science) was formed in 1831 [16].] 

Recent literature supports both definitions of inductance [1] [33] [10]. However, the terminology is not always consistent. Terms for apparent inductance include large-signal inductance, secant inductance, and total inductance [34]. Terms for differential inductance include small-signal and incremental inductance. Incremental and differential permeability are also used interchangeably. However, there is a distinction between the two terms as incremental permeability has a special meaning in magnetics [35] [36]. This distinction is noted by the following definitions:
Incremental Permeability is the ratio of a cyclic change in the magnetic induction to the corresponding cyclic change in magnetizing force when the mean induction differs from zero [35].
Small B-H “incremental” loops are obtained when small perturbations in H are applied around a fixed operating point. The slope of these small loops is the incremental permeability [36].
While difficult to visualize, these definitions do not describe the slope of a line tangent to any point on the B-H curve. However, a point is made that incremental and differential permeability is the same when hysteresis is nonexistent [36]. This is likely the assumption made when the terms are used interchangeably [33] [10]. 
For consistency, this work refers to the slope of the secant line as the apparent inductance and the slope of the tangent line as the differential inductance. The relationships of apparent and differential inductance to the flux linkage curve are shown in Figure 60.
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[bookmark: _Ref384315030][bookmark: _Toc405970598]Figure 60 Flux Linkage Curve with Secant and Tangent Lines
Derivation
The relationship between La and Ld can be expressed explicitly through evaluation of inductor voltage (AA.3), where both inductances are functions of the applied current [10]. Expansion of (AA.2) by applying the chain rule leads to an expression that relates the rate of chain of current with respect to time multiplied by some scalar value at a given current (AA.4). This scalar is the differential inductance expressed in terms of the apparent inductance (AA.5). This result shows that Ld is dependent on the rate of change of La with respect to current. Absent magnetic saturation, the Ld equals L [33]. 
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Relation to the λ-i Curve
The relationship of La and Ld to the λ-i curve is shown in Figure 60. This λ-i curve was calculated using the Frolich equation, and is presented here only for purpose of example [37].  The apparent inductance is straightforward as it is the slope of a line from the origin to any point (i, λ) on the curve. Two secant lines are shown in Figure 61. Their slopes are defined by discrete equations (AA.6) and (AA.7).
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The apparent inductance is constant for small values of current as the curve is linear. However, as current increases and the λ-i curve approaches saturation, the apparent inductance decreases. As increasing current moves the flux linkage through the knee-point of the curve, changes in La become smaller.  Ld behaves similarly to La, but in fashion that is more dramatic as it falls to the saturation value at lower currents. The behavior of La and Ld for the example λ-i curve are shown in Figure 62. 
The differential inductance is straightforward when articulating it in terms of the slope of a tangent line located at any point (i, λ). Numerically, differential inductances can be calculated using (AA.8) [38] as long as the steps are sufficiently small. The parameters in (AA.8) are labeled in Figure 61.
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Another way to define the differential inductance is in terms of apparent inductance (AA.5). This definition makes it possible to calculate Ld at a point on the flux linkage curve using La at some point (AA.6) and La from the previous point (AA.7).  Figure 61 describes the parameters. To represent a line tangent to a point, the distance between current steps should be small. Note that the distance between points in Figure 61 is large to demonstrate the concept.
Equation (AA.9) expresses (AA.5) as a discrete equation and states that Ld at point k is the La from the previous point (k-1) plus the change in La from k-1 to k.  
	
	(AA.9)

	
	


Substitution of the (AA.6) and (AA.7) followed by algebraic expansion reduces (AA.9) to (AA.11). This result matches the previous definition of differential inductance (AA.8).
	
	(AA.10)

	
	

	Equation (AA.9) can also be solved for apparent inductance.  The proof requires substitution of (AA.7) and (AA.8) as shown in (AA.11). Solving (AA.11) for  matches the definition of apparent inductance given in (AA.6).
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[bookmark: _Ref384402682][bookmark: _Toc405970599]Figure 61 Apparent and Differential Inductance at Two Points on Flux Linkage Curve
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[bookmark: _Ref384390855][bookmark: _Toc405970600]Figure 62 Apparent Inductance, Differential Inductance, and Derivative of Apparent Inductance
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It is also possible to estimate La from Ld using continuous equations by multiplying both sides of (AA.2) by  and applying integration as in (AA.12). Application of the integral provides the flux linkage in terms of current and differential inductance (AA.13). Expansion of the flux linkage terms using the relationship in (AA.1) yields the apparent inductance in (AA.14).
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[bookmark: _Toc405970529]Example using MAPFC Model
Applying the definitions of apparent and differential inductance to MAPFC model data validates the relationships between both types of inductance.  FEA of the three-leg core was used to generate the model data. The data set contains flux linkage values calculated at the AC windings for applied currents. In this case, the current was ramped linearly with respect to time from zero to a maximum value. Inductances were calculated by applying (AA.1), (AA.2), (AA.5), and (AA.14) to the flux linkage data set using MATLAB. The results are shown in Figure 63.
There are key observations from Figure 63. First, both inductances are nonlinear with respect to the applied current. This nonlinearity is basis for operation of the MAPFC and the reason for the use differential inductance in the transient models. Second, changes in differential inductance are larger than the changes in apparent inductance. This behavior is as expected and follows the definitions given in this APPENDIX. As the slope of a line tangent to the λ-i curve, the differential inductance will change more aggressively as the tangent line moves from point to point in accordance with the applied current. In contrast, the slope of the secant line experiences changes that are less drastic since the line is pinned to the origin. Thus, the apparent inductance appears as an “averaged” version of the differential inductance. Lastly, all definitions for apparent inductance yield the same result. The same holds true for the differential inductance.
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[bookmark: _Ref385179410][bookmark: _Toc405970601]Figure 63 Apparent and Differential Inductance Applied to MAPFC Model Data
[bookmark: _Toc405970530]Conclusion
An assumption of constant inductance is not always an adequate one for electric circuit analysis. Devices that exhibit nonlinear magnetic behavior can change inductance dynamically with respect to current. Such is the case for the MAPFC, which has a magnetic behavior that is highly nonlinear.
Differential inductance is a quantity defined as the slope of a line tangent at any point on the λ-i curve. It is small-signal value, meaning that differential inductance is valid for relatively small changes in current. Thus, differential inductance is suited for use in transient analysis where small time increments generally lead to small changes in current. Apparent inductance is a large-scale quantity common to AC circuit analysis that uses RMS values. Since it is the slope of a secant line from the origin to any point on the λ-i curve, the apparent inductance is like an “averaged” value that represents the total inductance for a range of current values. For linear magnetic behavior, both inductances are equal. 
Transient simulations of nonlinear magnetic devices require differential inductance for adequate representation of the inductance at a given current value, assuming that current is varying with respect to time. The differential inductance provides the resolution required to adequately model extrema. This allows for more realistic analysis of peak voltages and other parameters that are a concern under transient conditions. In these cases, apparent inductance will produce marginalized results that could lead to underestimation of peak values. 
[bookmark: _Toc405970531]APPENDIX B: IMPACTS OF THE MAGNETIZATION CURVE
[bookmark: _Toc405970532]Overview
The magnetization curve significantly affects how the MAPFC behaves and performs. The same holds true for the two-core model. Principle components of the magnetization curve that contribute to these affects include:
· Inflexion or instep at the origin
· Inflexion along the curve
· Slope of the linear region
· Slope of the saturation region
· Scale of the magnetic field intensity axis
The magnetization curve presents practical issues when applying them to the two-core model. The permeability curve is the derivative of the magnetization curve. Derivatives amplify high frequency content, so the listed components become more pronounced [39]. Amplification of noise and numerical instabilities may also result. To obtain permeability curves that achieve adequate model performance, magnetization data may require filtering or processing to eliminate artifacts. A magnetization curve typical of ferromagnetic materials is shown in Figure 64. 
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[bookmark: _Ref381537164][bookmark: _Toc405970602]Figure 64 Components of the Magnetization Curve
There are three primary regions of the curve [7]. First is the linear region that has high permeability. This region leads to high impedance operation of the MAPFC. Second, the transition region characterizes how the MAPFC moves from the linear region to the saturation region. Third, the saturation region represents the lowest permeability and thus the smallest impedance of the MAPFC. Inflexion at the origin may be considered a fourth region since it lends itself to low permeability values. These regions play a significant role on how the model behaves.
Chapter III explains how and why the two-core model bases its operation on flux linkage rather than magnetization data. Since the two-core model uses ideal cores, the flux linkage data is related to the magnetization curve by a scalar multiple. Hence, the same components that lead to issues with the magnetization curve also apply to the flux linkage curve. This section will focus on the magnetization curve to make points relating to impacts.  However, it is implied that the same impacts hold true for the flux linkage curve.
Impact of Curve Shape
The derivative of the magnetization curve (3.14) is the form of the curve that the two-core model ultimately requires to calculate the differential permeability. This derivative makes seemingly small variances in the magnetization curve have profound effects on the inductance characteristic of the two-core model. These variances include slopes and undulations along the magnetization curve. Figure 65 shows examples of magnetization curves of various shapes.
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[bookmark: _Ref382811876][bookmark: _Toc405970603]Figure 65 Shapes of Magnetization Curves
Material properties and geometry are two design parameters that can change the shape of the magnetization curve. Air gaps have a profound impact on curve shape. Designers use air gaps to achieve lower permeability at low values of flux density while preserving the original saturation level [40] [41]. The reduced slope curve in Figure 65 demonstrates the impact of an air gap. The MAPFC prototype uses air gaps in order to meet performance criteria. These air gaps are lumped into the flux linkage curve so that the two-core model, which uses ideal cores, retains the characteristic.
Numerical Noise and Instability
In practice, the derivative of the magnetization curve will possess discontinuities if it is not continuous or smooth. These discontinuities typically occur at sharp inflexion points, but also occur where numerical instabilities or noise are present. Relatively small amounts of numerical instability and noise may not pose a major problem, like the case shown in Figure 66. Larger amounts of numerical instability, like the case shown in Figure 67, can lead to significant discontinuities. These discontinuities result in a model with little resemblance to the actual device.
When generating a flux linkage curve, the FEA can introduce numerical artifacts that are not realistic with physical devices. Examples include overshoot at the transition to the saturation region and numerical oscillation within the saturation region as shown in Figure 67. These anomalies do not represent physical behavior. Reduction of simulation step size often alleviates such numerical issues. This method increases simulation time, but significantly reduces the numerical overshoot or oscillation in the FEA. Post processing can fix minor artifacts. Curve fitting is also a valid option if an adequate fit to the curve exists.
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[bookmark: _Ref382811889][bookmark: _Toc405970604]Figure 66 Magnetization Curve with Relatively Small Amounts Numerical Noise
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[bookmark: _Ref382811901][bookmark: _Toc405970605]Figure 67 Example of Magnetization Curve with Overshoot and Significant Numerical Noise
[bookmark: _Toc405970533]Conclusion
The two-core model is sensitive to content in the magnetization and flux linkage curves. Curve shape and the presence of numerical anomalies are two major components that lead to simulation issues. The two-core model requires differentiation of either curve, depending on which is used. Since differentiation amplifies high frequency content (e.g. noise), an adequate two-core model requires a relatively continuous data set. 
FEA inserts numerical anomalies within the data that do not reflect physical behavior. Steps including adjusting the simulation steps size and post-processing can provide datasets that are continuous or smooth.
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