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ABSTRACT 

Protection Against Ungrounded Single Phase Open Circuit Faults in 3-Phase Distribution 

Transformers 

Higinio Ariel Montoya 

 This thesis explores the impacts and behavior of 3-phase distribution transformers 

when subject to ungrounded single phase open circuit faults. A simple 3-phase system is 

modeled using MATLAB  Simulink and operation under fault conditions are simulated 

and studied. Simulation results are confirmed via lab experimentation. Finally, a robust 

detection and protection method using neutral current injection (as proposed in industry 

literature) is built and demonstrated. 

 Electric utility operating experience has demonstrated that all too often, loads on 

3-phase distribution transformers are not adequately protected against an ungrounded 

single phase open circuit fault (commonly called ñsingle phasingò). This type of fault is 

amongst the least understood and hence the least protected against. This is especially true 

at end of transmission system radial feeds where 3-phase transformers can re-create the 

opened phase voltage due to a variety of effects including magnetic coupling, voltage 

loops and loading effects. Operating experience in the nuclear power industry has shown 

that the results can be catastrophic especially considering the impacts to motor loads. 

Impacts can result in unavailability of emergency loads, tripping of motor protection 

circuits or even motor damage and failure. 

Keywords: single phasing, open phase condition, transformer, MATLAB , three phase  
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CHAPTER 1: INTRODUCTION  

 Detection of fault conditions in power distribution systems is extremely important 

to ensuring reliable and safe delivery of power. The inability to detect certain fault 

conditions can quickly result in equipment damage or personnel harm, not to mention the 

disruption of power to customers served by the energy utility. This is especially true as it 

pertains to faults categorized as ñshunt faultsò. Shunt faults include the well-known and 

well-studied faults such as line-to-ground faults and line-to-line or phase-to-phase faults. 

Most utilities follow industry standards for the proper detection methods/devices and to 

establish protection settings against shunt faults. However, the ungrounded single open 

phase fault is not as well understood or protected against. This is complicated by the fact 

that standard devices are not as readily available to detect this type of fault. The 

ungrounded single open phase fault is classified as a ñseries faultò and is defined as the 

complete disconnection of a conductor without making contact to ground and 

maintaining high impedance between the conductor and the ground plane. This is also 

called an ñopen phase conditionò. This type of fault can present itself in a variety of ways 

including: a spuriously blown fuse in a single phase of a 3-phase circuit, the failure of a 

single pole of a 3-phase circuit breaker to close or the inadvertent disconnection or failure 

of a single phase of a three phase bolted connection. 

Depending on the location of an open phase fault and the topography of the power 

system, the fault may or may not be easy to detect and protective actions taken. For 

example if the open phase occurs on the secondary side of a distribution transformer 

between the transformer terminals and a voltage monitored bus, the fault will result in a 

loss of voltage signal to an under-voltage relay and protective measures can be taken. 
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However this thesis will show that when the open phase occurs on the primary side of 3-

phase distribution transformers with primary windings connected in Wye with grounded 

neutral and secondary windings connected in Delta (hereafter called Yg-D in this thesis), 

standard protective elements in todayôs common distribution systems will not always 

detect such a condition. If a fault cannot be detected, it cannot be protected against. 

Analysis of actual industry events involving ungrounded open phase faults show that 

power quality can suffer resulting in an unreliable power system. 

This thesis explores the problem of reliably detecting open phase faults on the 

primary side of 3-phase distribution transformers. The condition is first modelled using 

the MATLAB  Simulink platform in order to better understand the behavior of 3-phase 

distribution transformers operating under open phase conditions. A solution is proposed 

based on industry literature utilizing neutral connection current injection and is modeled 

in MATLAB . The simulations and protection method are finally tested in a small-scale 

physical system set up in a lab. 

  



3 

 

1.1 BACKGROUND OF PROBLEM STATEMENT (BYRON UNIT 2)  

On January 30
th
, 2012 an event occurred at Byron Station Unit 2 Nuclear Power 

Plant which brought to light vulnerability in the protection of many North American 

power systems. [1] Specifically it was identified that the on-site distribution system 

(which feeds normal and emergency operations loads) was not protected against an 

ungrounded single open phase condition on the transmission network that fed the station 

Start-Up power distribution transformers. 

Byron Station is a 2300 Mega Watt electric Nuclear Power Plant consisting of 

two generation units and located in Ogle county Illinois. The plant is owned and operated 

by the Excelon corporation. Nuclear power plants are typically designed such that house 

loads required for plant operation are powered by the generation unit via an auxiliary 

step-down transformer. Upon a unit trip, the main generator is separated from the grid 

and station loads required for cooling and maintaining the reactor in a safe shutdown 

configuration are immediately transferred to an alternate off-site source of power 

(commonly called the ñStart-Upò source). A typical single line diagram is shown in 

Figure 1. Byron Station receives its start-up power from a 3-phase 345kV transmission 

line. The Start-Up transformers step the voltage down to feed 6.9kV busses and 4.16kV 

busses. 
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Figure 1: Typical Nuclear Power Plant Distribution Single Line Diagram 

 The subject event at Byron Station Unit 2, began when a Section of 345kV bus 

broke off due to failure of its insulator supports. This separation of the 345kV bus bar 

occurred on the ñCò phase of the 3-phase supply and resulted in an ungrounded open 

circuit condition of the ñCò phase. With only two of the three phases of 345kV power 

remaining, the secondary side of the Start-Up transformers fed unbalanced power supply 

to their loads. Two of these loads were the very large 6.9kV Reactor Coolant Pump 

(RCP) motors. These pumps are responsible for forcing coolant flow through the reactor 

to keep the nuclear fuel cool and to pump coolant through the steam generators which 

produce the steam driving the main turbine. Byronôs design consists of four RCPôs, each 

with undervoltage (UV) relaying that provide tripping signals to protect the motors on a 

UV event. When these relays sensed the low voltage on the ñCò phase at the 6.9kV level, 
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they initiated the tripping of two RCP motors as designed. The other two RCP motors 

were being fed directly by the Main Unit generator and hence did not sense the loss of 

phase that occurred on the Start-Up source. 

 Byronôs design is to initiate a Reactor Trip and a Main Generator Unit Trip upon 

the loss of two Reactor Coolant Pumps. This is done because without sufficient forced 

coolant flow, the reactor can heat up to unsafe levels in a short time period. The Reactor 

Trip occurred immediately after the two RCP motors tripped and shortly thereafter, the 

Main Generator Unit tripped. The Main Generator trip causes the on-site emergency 

diesel generators to start in preparation for accepting station loads, should the Start-Up 

source of power be deficient. Following the Main Generator trip, a design flaw allowed 

required station loads to transfer to the Start-Up transformer which had the single open 

primary phase. Because the system was not designed to detect and protect against an 

ungrounded single open circuit on the primary side of the Start-Up transformer, the 

remaining two RCP motors as well as the safety related 4.16kV busses stayed on the 

deficient Start-Up power source. 

 Induction motors are largely intolerant to unbalanced voltage sources and single 

phasing. This is because the motors are constant power loads and attempt to continue 

driving the same power output regardless of variations on the power input. They do so by 

drawing more or less current depending on voltage source conditions. In the case of the 

Byron event, the large induction motor loads from the RCP motors and the safety related 

busses transferred onto the now un-balanced Start-Up power source. They immediately 

began drawing much more current on the remaining two phases. As a result within 

minutes the RCP motors and many of the safety related loads began to trip due to their 
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over-current protection. It took eight minutes for Control Room operators to diagnose the 

problem. Upon realizing what had happened to the Start-Up source of power, operators 

manually tripped the Start-Up transformer feeder breakers to the station busses and 

forced busses to transfer to the Emergency Diesel Generators. Operators proceeded to 

cool the plant into a safe shutdown condition. 

 Following the Byron event, the United States Nuclear Regulatory Commission 

and the Nuclear Industry recognized the severity of the design deficiency presented with 

inadequate open phase condition. A significant amount of analysis work and research was 

performed at a majority of the various nuclear power plants around the world to bound 

the scope of the problem. As will be discussed in the literature Section, several sources 

have identified that standard undervoltage relay elements are adequate for detecting and 

protecting against this condition when the transformer winding configuration is wye-wye 

(shell type core), wye-wye (five legged core) and delta-wye. However undervoltage 

protection alone will not be sufficient to detect this condition in transformers with Yg-D 

(wye with grounded neutral) and wye-wye windings. [3, 4, 5] 
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1.2 PROBLEM STATEMENT  

The impacts of ungrounded single phase open circuit faults on 3-phase 

distribution transformers are not well understood. Additionally, standard commercially 

available protective elements are unable to detect this type of fault. As a result it is 

difficult to protect distribution system loads against the consequences of distribution 

transformer primary side ungrounded open phases. This thesis will provide a better 

understanding of this fault in transformers with a Yg-D (Yg-D) configuration as shown in 

Figure 2 below. Furthermore this thesis will demonstrate one potential detection scheme 

based on solutions described in the literature. 

 

Figure 2: Diagram of Yg-D Distribution Transformer under Open Phase Fault 
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CHAPTER 2: LITERATURE REVIEW  

 The event at Byron station exposed a design vulnerability that exists in many of 

North Americaôs generation facilities and substations. Recent electric utility operating 

experience has demonstrated that all too often loads on 3-phase distribution transformers 

are not adequately protected against an ungrounded single phase open circuit fault 

(commonly called ñsingle phasingò). Following the Byron event, the US Nuclear 

Regulatory Commission (NRC) issued a bulletin citing similar events that happened at 

other generation facilities around the country and has requested all nuclear power plants 

in the country to evaluate the impacts of an ungrounded open phase event to the station 

power systems. [1] 

This type of fault is amongst the least understood and hence the least protected 

against. In their paper titled ñA Practical Guide for Detecting Single-Phasing on a Three-

Phase Power Systemò authors Horak and Johnson stated, ñMany papers have been 

presented on sequence quantities available during specific faults, but protection engineers 

will find fewer references deal exclusively with system conditions and resultant sequence 

quantities generated during a single phase condition.ò [2] As noted above, this problem is 

not restricted to generation facilities. Substations are equally vulnerable. True to the 

statement related to available literature on open phase conditions, there are not many 

older sources on protection against single phasing. Most literature is much more current 

and much of it is as a result of the Byron event and the mandate from the Nuclear 

Regulatory Commission for the Nuclear Industry to develop protection schemes. This 

Chapter will cover the literature that was read in preparation of this report. Focus will be 

placed on previous methods used for analysis of the open phase condition as well as 
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suggested protection methods. The literature review will compare and contrast the 

various analysis and protection solutions provided thus far in the literature and also state 

the advantages and/or limitations of each method. 
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2.1 CONCEPTUAL UNDERSTANDING OF OPEN PHASE CONDITION  

 In order to properly analyze and model three phase power transformers operating 

with a primary side open phase condition, one must have a conceptual understanding of 

how voltages, currents and fluxes interact under this condition. Several of the referenced 

articles discuss the operation of the Yg-D transformer under open phase conditions in 

great detail. From these references we learn that when an open phase occurs in one of the 

three high side phases, voltages on all three phases of the high and low side windings 

remain at or near the same magnitudes and phases as before the open phase condition 

existed. This is due to two different phenomena occurring at the same time. First, the 

three phases of voltage on the low side delta winding of the transformer are re-created 

due to Kirchhoffôs Voltage law. Since two of the three high side windings remain 

energized from the two intact primary feeders, the corresponding low side windings also 

remain energized. The low side windings are arranged in a Delta configuration.  Hence, a 

sum of the coil voltages around the delta loop must equal zero.  To do so, the secondary 

side coil voltage associated with the primary side open phase must equal its pre-fault 

magnitude and phase. The second phenomenon is due to Faradayôs law which states that 

flux in a coil is proportional to the voltage across that coil. Since a voltage is re-created in 

the secondary side of all three phases due to Kirchhoffôs Voltage law, then flux will be 

induced in the corresponding leg of the primary side experiencing the open phase due to 

Faradayôs law. As a result, this flux will induce a voltage on the open phase terminals of 

the transformer primary. [2, 4] This relationship during the open phase is demonstrated in 

the Figure below. Note that except for the line currents on the primary side of the 

transformer, the system represents an ideal and balanced condition. 
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Figure 3: Voltage Re-Generation in a Yg-D Transformer During Open Phase 

Condition [5] 

 The relationships described above are true for a transformer operating under no 

load or lightly loaded secondary side conditions. However the transformer terminal 

voltages are affected by adding load to the distribution system. In [4], Norouzi describes 

how loading significantly impacts power quality as the system becomes more unbalanced 

with increasing load. While the primary and secondary side coils corresponding to the 

open phase remain energized due to the combination of Kirchhoffôs voltage law and 

Faradayôs law, these coils cannot transfer any power. The only currents flowing through 

these coils are the minute magnetizing currents which are supplied by the other two 

phases. When real load is added to the secondary side distribution circuit, the intact 

phases are the only ones that can provide the power to that load. As a result the intact 

phases must draw additional current from the primary side transmission supply and the 

corresponding secondary side transformer coils must deliver additional current to 

compensate for the incapacitated phase. This results in additional voltage drop on the 

intact secondary side phases due to the additional copper losses experienced by the 
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unbalanced currents. Three phases of currents are still delivered to the secondary side 

load due to the delta configuration; however it is all supplied by only two of the 

transformer coils. The voltage unbalance is negligible at zero loading and light loaded 

conditions. However the unbalance can become very severe when the transformer loading 

approaches levels closer to the name plate rating.  

 Voltage unbalance is especially problematic as it pertains to induction motors. 

The main effect of voltage unbalance is motor damage from excessive heat from negative 

sequence currents. As described in [1] during the Byron event, the actuation of individual 

motor load protective elements (also known as thermal overload relays or simply over 

current relays) preceded a systematic detection of open phase. The discussion above 

clarified that voltage unbalance is the result of load currents on the transformer secondary 

side causing voltage drop across the two intact phases. Much of the analytical research 

regarding the impacts of open phase conditions is summarized in Section 2.2 below. In 

general the research has found that while at low loading levels the unbalance is small, it 

can still easily approach greater than 5% [5,6]. NEMA MG1 specifies design standards 

for induction motors. This industry standard also describes the impacts of voltage 

unbalance on AC induction motors. Per MG-1, a small percentage voltage unbalance will 

result in a much larger percentage current unbalance. Consequently the temperature rise 

of the motor operating at a particular load and percentage voltage unbalance will be 

greater than for the motor operating under the same conditions with balanced voltage. 

This is true even if the balanced voltages are degraded as in an under voltage condition. 

Current rise during balanced under voltage conditions is inversely proportional to the per-

unit under-voltage due to the motor maintaining constant power. However during an 
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unbalanced voltage condition the currents are on the order of approximately 6 to 10 times 

the voltage unbalance. This effect is caused by the fact that unbalanced voltages 

introduce a negative sequence voltage having opposite rotation of that occurring with 

balanced voltages. This negative sequence current produces a flux in the air gap rotating 

against the rotation of the rotor and will produce very high currents in the rotor windings. 

While MG-1 provides derating factors for anticipated levels of voltage unbalance, the 

standard does not recommend operating any motor where anticipated voltage unbalance 

exceeds 5% [7]. Therefore it is necessary to develop modeling techniques which cannot 

only accurately determine the consequences to the system of the open phase condition, 

but that can also simulate possible protective solutions. 
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2.2 EXISTING MODELING AND ANALYSIS TECHNIQUES  

 As stated previously, older sources that describe the analysis or modeling of a 

distribution transformer operating under open phase conditions are difficult to find. The 

Byron station event and the NRC bulletin have generated a significant amount of current 

publications documenting methods and studies for open phase conditions. Additionally, 

prior to the Byron event there was a lack of familiarity with analytical methods and tools 

that had the capability to analyze ungrounded open phase conditions. For example, the 

Electrical Transient Analysis Program (ETAP) developed and sold by Operation 

Technology, Inc. (OTI) did not contain a software package that could simulate open 

phase faults until requests poured in from the ETAP Nuclear Utility Userôs Group 

(NUUG) following the Byron Event. Today, ETAP contains an Unbalanced Load Flow 

(ULF) module which provides a steady state analysis of an open phase fault at 

transformer terminals. [6] The ETAP tool has been used not only to produce anticipated 

voltages and currents following the open phase fault, but also as a way to classify and 

identify general behaviors of distribution systems subject to open phase conditions. 

 In reference [5], engineers used the ETAP unbalanced load flow module to 

determine individual phase voltage and currents as well as symmetrical components for a 

generic Korean Power Plant distribution network. The paper analyzed 12 different cases 

of single and double open phase faults for low, medium and high loaded cases. Previous 

work was relied upon for dismissing the need to analyze certain transformer winding 

configurations due to the known inability to re-generate system voltages. However the 

Yg-D transformer was analyzed due to its known ability to re-generate voltages. ETAP 

can only generate steady state results so the ability to determine any transient effects at 
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the time of the fault is not available. The resulting voltage and current levels were 

manually compared to existing plant protective elements such as bus under voltage relays 

(27 devices), neutral time ground overcurrent relay (51N devices) and negative sequence 

over-voltage relays (59_2 devices). The paper concluded that in general, as load increases 

the amount of voltage unbalance also increases. However, at low loading conditions the 

unbalance is not severe enough to pick up bus undervoltage relays and cannot be detected 

using any of the standard available protective devices. Voltage values were often very 

near 1.0 pu following the open phase fault. 

 Reference [6] also utilized the ETAP load flow module however in contrast to the 

studies performed in reference [5], reference [6] determined a systematic way of utilizing 

the ETAP unbalanced load flow analysis tool in order to generate a 3-dimensional surface 

which is better at generalizing the corresponding voltage unbalance behavior with respect 

to transformer loading and fault impedance. This paper sought to not only analyze the 

case where the open phase faults in an ungrounded manner, but also where it grounds 

through various levels of impedance. The following Figure was produced which 

demonstrates that transformers with Wye primaries and incorporating a Delta winding (in 

this case as a buried delta) experience minimal voltage unbalance even at higher 

transformer loading. For this type of transformer, fault impedance has a much higher 

impact on resulting voltage values. However in general, this reference supports reference 

[5]ôs conclusion that voltage unbalance can be undetectable by standard under voltage 

protection. This source did not simulate any protective elements. 
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Figure 4: Voltage unbalance for a Y-D-Y transformer [6]  

 The ETAP tool is inhibited by the fact that it cannot simulate certain detection 

methods such as current injection or unique programmable logic. Also, while it can 

perform harmonic analysis it cannot perform Fourier transforms to allow for categorizing 

a fault signature by a frequency response. Nor can it display wave forms during a certain 

time interval. As a result, other papers have focused on the use of analysis tools that can 

provide a better level of detail and can provide results in the time domain. 

 References [4] and [8] both utilized MATLAB  as the modeling and analysis tool 

of choice.  MATLABôs Simulink software provides the Simscape Power Systems suite 

which has a full library of component and analysis tools. Components in the Simscape 

library include three phase core-type transformer models which incorporate all of the 

electro-magnetic interdependencies that allow secondary side voltage re-generation 

following an open phase fault of the transformer primary. The system is easily modeled 

using a schematic layout. Physical effects and component states of the system can be 

assigned at points of time. Data collection in terms of currents and voltages can be 

performed almost anywhere within the system model and can be analyzed in the time, 
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frequency or symmetrical component domain. Unlike ETAP, this tool allows you to 

develop a scope trace of currents or voltages at any point within the system. The latter is 

a powerful feature for attempting to derive a ñsignatureò for detecting the open phase 

fault. Additionally MATLAB  Simulink allows the modeling of unique or logic based 

protection systems with uniquely derived algorithms. This is a feature that is not offered 

in ETAP. 

 In reference [4], Norouzi primarily uses the MATLAB  tool to model an open 

phase on a 1800kVA three phase Yg-D transformer in order to confirm the conceptual 

behavior described in Section 2.1 of this Chapter. This will also be done as part of this 

thesis and is described in Chapter 3. The simulation results confirm that secondary side 

voltages and currents remain fairly balanced although are not identical to their pre-fault 

values. Additionally the analysis confirms that the degree of unbalanced is proportional 

to the secondary side loading thereby validating the concept that the voltage unbalance is 

a result of the voltage drop across the coils contributing more load current. Simulations 

are performed at 60kW and 600kW. In the latter case the voltage unbalance exceeds the 

5% limit for motor operation introduced by NEMA MG-1, however the voltage levels 

never degrade below 0.9% per unit which is the highest point at which most distribution 

systems set under voltage protection. Norouziôs paper concludes with the use of 

MATLAB  Simulink to simulate a proposed solution method which will be described in 

Section 2.3 of this Chapter. 

 Reference [8] used MATLAB  Simulink to determine the type of impact that the 

primary to ground zero sequence impedance of the transformer has on the secondary side 

equipment during the primary open phase. This was done to further understand the effects 
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of large motor starting and running performance. Focus was placed on determining 

whether a large motor (6000HP reactor coolant pump motor) could successfully 

accelerate to rated speed, what the resulting acceleration time would be and what the 

voltage unbalance (determined as V2/V1) was after reaching steady state operation. The 

transformers modeled in this study were not strictly Yg-D but were instead  primary and 

secondary side wye connected with grounded neutrals (known as Yg-Yg) with a buried 

Delta winding at 18MVA, 26MVA and 33MVA load ratings. As was previously 

demonstrated in reference [6], the buried delta allows the Yg-Yg transformer to behave 

very similarly to a Yg-D transformer due to the stabilizing effects of the delta winding. 

Simulations demonstrated that the motor was able to successfully accelerate following an 

open phase condition. Locked rotor current decreased slightly under open phase and 

acceleration time increased by various times depending on the transformer type and size. 

Voltage unbalance was largest at the instant of motor starting (8.6% unbalance) but 

steadied out at 1.2% once reaching steady state operation. Line currents at the load were 

unbalanced with some phases running lower than normal and some at higher values than 

normal. Motor heating decreased initially as compared to normal starting however 

increased once reaching steady state. A separate run was performed where all transformer 

parameters were equalized on a 33MVA base but the zero sequence impedance was 

allowed to vary. The author correlates zero sequence impedance as the major contributor 

to the open phase effects on load running. This further supports findings in reference [6] 

where it was demonstrated that fault impedance had a larger impact on the consequences 

of a primary side open phase than did the size of the load. Reference [8] did not simulate 

any potential detection or protection schemes. 
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 The studies documented above demonstrate several key take aways that will be 

used in the analysis portion of this thesis and to support the detection and protection 

method of choice by this thesis. First, the MATLAB  simulation tool provides a superior 

platform for analyzing the behavior of open phase conditions over the ETAP platform. 

While the ETAP platform is a simpler tool to use and is the industry standard for 

transmission and distribution system analysis, open phase faults produce unique system 

conditions that require a closer look at details such as single phase and zero sequence 

impedances. Additionally, the MATLAB  tool allows for producing scope views of points 

of interest which can be very helpful in analyzing transient phenomena during an open 

phase fault. Second, all of the studies demonstrated that the use of secondary side 

voltages and currents alone for detection of the open phase condition is not highly 

reliable. This is because while the condition will provide some level of unbalance, the 

average degradation in voltage (which is typically used to trigger undervoltage 

protection) is typically not severe. It is the unbalance of the voltage which produces the 

hazardous effects to motors, not the degradation in average voltage. Hence existing 

standard protective elements are not highly reliable in detecting this system. Finally, 

these sources identify that zero sequence impedance has a heavy influence on the 

resulting secondary side behavior of the distribution transformer. As will be described in 

Section 2.3 of this Chapter the zero sequence impedance path provides a novel way of 

providing highly reliable detection of the open phase condition.  

 As a result of these findings, this thesis utilizes the MATLAB  Simulink tool to 

model and analyze the open phase condition. This thesis advances the research in this 
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area by simulating a novel detection method as described in the literature summarized in 

Section 2.3. 
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2.3 STANDARD DISTRIBUTION TRANSFORMER PROTECTION SCHEMES   

 The primary purpose of this thesis (besides a better understanding of how a Yg-D 

transformer operates under open phase condition) is to identify a method of detecting this 

condition so as to initiate protective action. The narrative of the Byron event 

demonstrates that relying on human operators for detecting this condition and taking 

action, can lead to severe consequences. The literature identifies cases where the 

condition was not detected until consequences such as failed motors were experienced. In 

some cases the condition went undetected for weeks or months due to the fact that stand 

by Yg-D transformers will not present noticeable symptoms as described in Section 2.2 

[1, 5]. Before we can discuss detection solutions discussed in the literature, it is helpful to 

understand how standard protection schemes are designed for protecting distribution 

transformers and why standard protection schemes are not effective in detecting the open 

phase condition for Yg-D transformers. The following discussion primarily comes from 

reviewing reference [9], although the concepts can be found in almost any source on 

electrical system protection and relaying. 

 Distribution transformers feeding low voltage distribution systems are sized 

according to their application and anticipated load. These transformers receive their 

supply from a transmission substation at voltages from 69kV and above. The secondary 

side typically feeds medium voltage loads at 2.4 to 13.8 kV. These loads can be 

secondary distribution transformers or large loads such as large station motors. At power 

generating stations the station service transformers are often wound in Yg-D 

configuration with the grounded wye winding connected to the high voltage transmission 

supply and the delta winding connected to a medium voltage bus. As the delta winding 
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has no neutral point, a neutral will typically be derived via a grounding transformer such 

as a zig-zag transformer. Standard protection schemes for these transformers have 

multiple objectives. Overload and fault protection are provided by phase over-current 

relays (device 50/51). Ground overcurrent protection is typically provided on the 

secondary side only using device 50-G or 50-N. Thermal protection of the windings is 

provided by thermal protective relays also called thermal overload relays (device 49). 

Protection of the transmission supply feeder against internal transformer faults is 

accomplished using differential protection relays (device 87). Finally, additional 

protection against transformer internal faults is provided by sudden-pressure relays 

(device 63). The standard transformer protection scheme is shown in Figure 5. 
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Figure 5: Standard Distribution Transformer Protection Scheme [9] 

 It is helpful to look at each of these protective devices and compare the manner in 

which they function to the results of open phase condition analyses described in Section 

2.2. We can see that especially for the lightly loaded stand-by transformer, these devices 

cannot detect the condition. Thermal overload relays (device 49) are designed to mimic 

the heating that occurs either within the windings of the transformer, in the case of 49 

devices upstream of the transformer, or of the downstream bus bars as in the case of the 
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49 device downstream of the secondary side winding. These devices respond to positive 

sequence current magnitude. These devices must allow the transformer to maintain 

nameplate rated load and are usually set at greater than 125% of the transformer 

nameplate rated current. As shown in studies documented in references [3, 4 & 5] an 

open phase condition does not result in a significant change to positive sequence current 

downstream of the transformer terminations. Current rises in the two individual 

transformer windings left intact to transfer power, however since the secondary side of 

the transformer is wound in delta, the current is allowed to more evenly distribute to all 

three phases and hence the increased current internal to the transformer windings is not 

detectable by the 49 devices. While a primary side 49 device would sense an increase in 

current draw in the two remaining transmission line phases, the ability to detect the 

overcurrent will depend on the following factors: 1) whether the transformer is loaded at 

or near the nameplate rating, 2) how sensitive the current transformer used to drop the 

measured current is and 3) the setpoint of the device. Reference [4] shows that the 

primary side currents can expect to increase by up to 50% however if the loading on the 

transformer is not at or near nameplate rating at the time of the open phase fault, the 

current value may not be sufficient to be detected. Therefore, the 49 devices cannot be 

relied upon for reliable open phase detection.  

 A similar argument is made for the 51 device (over-current) typically found on 

the primary side of the transformer. This device is also set to allow for 100% of 

nameplate rated current. During very light loading or no loading, the typical current 

transformer that is used for dropping the current down for measurement, does not have 

the appropriate accuracy for measuring the very small amount of current. This is 
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especially true for the no-load case. During the no load case the only current measured is 

the magnetizing current and even in very large transformers the total magnetizing current 

can easily be less than 1 amp per phase. When divided by the CT ratio, this magnitude of 

current is undetectable by the 51 device. 

 The differential relay (87 device) compares current levels entering the transformer 

via the transmission line feeder and compares to the current values exiting the 

transformer. The purpose of this protective element is as a prompt detection of faults 

internal to the transformer. However the open phase condition results in no difference 

between the sum of the currents entering the transformer as compared to those exiting the 

transformer. Currents are scaled using the current transformers such that the absolute 

values of the current are not being compared. Since there is no differential current during 

an open phase condition, the relay cannot detect the fault. Additionally, use of individual 

phase differential relays may not detect losses of a phase during unloaded or lightly 

loaded secondaryôs. This is because high power CTôs are typically not very accurate at 

extremely low current levels and because differential relay sensitivity at such low levels 

may trigger nuisance alarms. Furthermore some utilities do not have the differential CTôs 

right at the transformer terminals. Rather they take advantage of existing CTôs at the 

nearest switching component which may leave Sections of power lines un-monitored for 

to detect an open phase.  The 63 device (sudden pressure relay) is also ineffective to 

protect against this condition. This relay responds to increased pressure in the transformer 

tank due to arcing in the coil turns. This is also a condition that would not be encountered 

due to the open phase condition.  
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 The final device that is part of the protection scheme for the distribution 

transformer is the 50N device. Since the secondary side of a Yg-D transformer is an 

ungrounded delta winding, a ground fault on the secondary side only draws fault current 

when two of the three phases fault to ground. This creates the potential for undetected 

ground faults that could become an industrial safety hazard. The introduction of a 

grounding transformer through a resistor bank allows for detection of a system ground. 

This is accomplished because during a secondary side ground fault, the neutral point in 

the delta winding will shift and result in current flow through the 50N device. As shown 

in reference [2] though, this does not occur during an open phase condition because of the 

extremely balanced voltage conditions at the secondary side terminals of the delta 

winding. Hence the grounding transformer would not experience a shift in neutral point 

and would not conduct ground current. We have demonstrated that the standard 

transformer protection scheme is ill equipped to protect a distribution transformer during 

an open phase condition. 
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2.4 METHOD FOR DETECTION OF OPEN PHASE FAULTS 

 As previously stated, current detection and protection methods for open phase 

faults at the primary connection of Yg-D distribution transformers are not adequately 

designed. Differential elements detect unbalances in power flow between the primary and 

secondary sides of a transformer to protect against internal transformer faults. An open 

phase fault does not result in such an imbalance. As a result of the significant current 

unbalance on the primary side of the Yg-D transformer, an open phase fault will result in 

ground current flowing through the primary neutral and circulating back to the grounded 

voltage supply. However, the magnitude of such a current (especially for a lightly loaded 

or un-loaded transformer) will not be large enough to actuate an overcurrent relay. 

Finally as documented in the resources above, primary and secondary side voltages will 

remain almost identical to pre-fault conditions. Slight unbalances will be noted (due to 

voltage drop across the secondary side transformer coils) however they are not great 

enough to actuate even downstream undervoltage or voltage unbalance relaying. 

 In a recent US patent application [11] and as documented in [10], the 

Electric Power Research Institute (EPRI) in collaboration with Power System Sentinel 

Technologies, LLC describe a method of protection using current injection into the 

primary side neutral connection. A three phase transformer operating in balanced 

condition will have a certain Zero-Sequence impedance. When looked at from the point 

of the transformer primary side neutral connection, the zero sequence impedance consists 

of the three transformer primary side winding impedances in parallel along with the 

transmission systemôs zero sequence impedance (see Figure 6 as an example of the flow 

path for zero sequence current). When the system is operating in balanced condition, the 
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total zero sequence impedance is small. The three balanced primary side transformer 

currents will sum to zero or very close to zero at the primary side neutral point. Per [10] 

and [11], a balanced three phase transformer will allow current to be injected via 

magnetic coupling onto the primary neutral connection. During balanced condition, 

because of the low zero sequence impedance, current will be allowed to flow through into 

the neutral connection and circulate through the transmission zero sequence network. The 

current is injected at a known frequency (nominal 90Hz) and is sensed via a secondary 

current sensing loop. It is important to utilize a frequency different from the nominal 

system frequency of 60 Hz because when the system is unbalanced, 60 Hz current will 

normally flow through the neutral. When a phase is opened on the primary side of the 

transformer, the zero sequence impedance transitions into a high impedance state and the 

injection current is significantly altered. The system described in [10] and [11] utilizes a 

measurement of 5
th
 harmonic component and magnitude of injected frequency current. 

However based on operating experience at Diablo Canyon Power Plant, this system has 

experienced several false positives. This is believed to be due to the significant 5
th
 

harmonic noise created by normal anticipated switching in nearby switchyards. This 

thesis will show that a simpler approach is to look at the shift in fundamental frequency 

in the injected neutral current during an open phase. When a phase is opened, the injected 

current at a fundamental of 180 Hz will be reduced and overcome by 60Hz nominal 

unbalanced system current. See Figure 6 for a schematic representation of this system. 

This method of detection can be used regardless of how heavily or lightly loaded the 

transformer is. 
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Figure 6: Schematic of Current Injection System under Open Phase Fault [10] 
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CHAPTER 3: SYSTEM DESIGN AND ANALYSIS 

 While references [10] and [11] provide a conceptual description of how the 

current injection detection method works, these references do not provide a mathematical 

analysis describing how the change in zero sequence impedance manifests itself. 

Furthermore a detailed symmetrical component analysis, showing how currents in an 

unloaded standby distribution transformer are impacted by an open phase condition, is 

difficult to find in the literature. A computer analysis demonstrating the current injection 

solution could not be identified in any of the literature researched by this thesis. This 

Chapter will perform several analyses of a transformer subject to an open phase condition 

to explore the validity of the current injection detection method and to demonstrate why 

other solutions such as neutral overcurrent relays are not effective in detecting and 

protecting against this type of fault. Section 3.1 provides an analysis using symmetrical 

components to show how line and neutral currents in a distribution transformer are 

impacted by the open phase condition. Section 3.2 provides a computer analysis using the 

MATLAB  Simulink PowerScape environment to demonstrate by simulation the 

functionality of the current injection method. 
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3.1 SYSTEM ANALYSIS BY SYMMETRICAL CO MPONENTS 

 The use of symmetrical components for determining power system responses to a 

variety of shunt type faults is well documented and familiar to most power engineers. 

References [12], [13] and [14] provide several examples of this type of analysis. 

However there is less familiarity with the analysis of a series type fault such as an 

ungrounded open circuit fault. Such an analysis assuming an unloaded secondary side of 

a distribution transformer is further complicated by the fact that the magnetizing branch 

of the transformer model cannot be ignored. This is because it is the principle reason for 

current draw on the power supply. This Section of the thesis documents the analysis 

using basic symmetrical component analysis. As this thesis focuses on the behavior of the 

Yg-D three phase transformer operating at lightly loaded or unloaded conditions, the 

system in Figure 7 below will be utilized for this analysis. 

 

Figure 7: Schematic Diagram of 3-Phase Transformer with Open "A" Phase 

 The system in Figure 7 is based on real components used in Cal Polyôs Energy 

Conversion laboratory. Single phase bench transformers of rating 3kVA were used and 
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connected in a Yg-D bank. Open circuit and short circuit tests were performed in order to 

obtain the transformer positive and negative sequence series impedances and shunt 

(magnetizing) impedances as described in [12] & [15]. Additionally, the zero sequence 

impedance was needed and could not be ignored due to the unloaded secondary. The zero 

sequence impedance allows for proper modeling and calculation of the neutral current 

during the open phase condition. Zero sequence impedance testing is more unfamiliar and 

involves a shorting of all three transformer primary terminals together and slowly 

energizing using a single phase source through a variac. The test procedure is described 

in [15]. The calculations and procedure results for the determination of the transformer 

parameters are documented in Appendix 1. For the purposes of these calculations and the 

computer modeling performed in Section 3.2, an ideal supply source is assumed with all 

impedances equal to zero. In a true distribution application the sequence impedances are 

necessary as they can impact the value of the zero sequence current and in turn the value 

of the line current. However for this thesis the assumption of an infinite source is 

conservative as it will best demonstrate the feasibility of using existing protection 

elements for detecting the fault currents. 

 From symmetrical component analysis, we know that we first must determine the 

sequence circuit for each element of the model shown in Figure 7. The sequence circuits 

allow us to determine the separate response of each element to the positive, negative and 

zero sequence voltages and currents determined by the pre-fault state and post-fault state 

of the system. Once the sequence circuits are known, they can be organized into three 

sequence networks whose topography is determined by the nature of the unfaulted and 

faulted states. 
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 The elements of the network are the three phase transmission voltage supply and 

the three phase Yg-D distribution transformer. For simplicity and to avoid too many 

permutations, this analysis will only consider the completely unloaded distribution 

transformer condition as this is the most difficult condition to detect. Recall from 

symmetrical component analysis that the phase current of any bus or component is the 

sum of their respective symmetrical components as follows: 

Ὅ Ὅ Ὅ Ὅ  

Ὅ Ὅ Ὅ Ὅ  

Ὅ Ὅ Ὅ Ὅ  

 

(1) 

 We can simplify equation (1) further by substituting the transposed ña-phaseò 

vectors for the ñb-phaseò and ñc-phaseò values by virtue of using the ñaò matrix and 

arrive at the following equation which will convert system symmetrical components to 

phase values: 
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where A = 
ρ ρ ρ
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. 

Furthermore we also have the inverse of equation (2) which will convert phase values to 

symmetrical components: 
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 From [12], [13] & [14] we know that the elements of the system in Figure 7 can 

be described in terms of their respective positive, negative and zero sequence networks. 

Since the voltage supply (grid or generation unit) is assumed to be ideal in this case and 

is assumed to be Wye connected with a solid ground, then all sequence impedances are 

zero and the sequence networks can be represented as shown in Figure 8 below. 

 

Figure 8: Sequence Networks of the Ideal Voltage "Grid" Supply 

 In this system the resultant currents and voltages will be largely determined by the 

transformer and its associated loading. For this analysis the transformer is assumed 

unloaded. Hence the magnetizing impedances cannot be ignored since they are what 

largely determine the transformers line current. As the transformer is loaded, the 

contribution of the magnetizing impedances can be ignored. Additionally, references 

[12], [13] & [14] all state that for a transformer, the positive and negative sequence 

impedances are equal as a transformers behavior is not determined by phase rotation 
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(unlike rotational machines). For the zero sequence impedance there are fewer sources 

providing clear direction on how to treat the zero sequence component of the magnetizing 

impedance. From a conceptual perspective, the zero sequence component of the 

magnetizing impedance can be ignored at low current levels such as unloaded 

transformers. However at much higher loading levels, this component cannot be ignored 

especially in core type transformers. This is because the flux from zero sequence current 

will cause the core to saturate as the current has no return path through the core except 

through the air gap or tank wall. This is shown in the magnetic circuit of Figure [9] 

below. The determination of how zero sequence magnetizing impedance impacts the 

system behavior is left for future work. 

 

Figure 9: Magnetic Circuit for Zero Sequence Flux 

 The positive, negative and zero sequence networks for the lab bench transformers 

connected in a solidly grounded Yg-D configuration are shown in Figure [10] below. 

Impedance values are shown in per unit and are based on a 3kVA single phase apparent 

power base and 120VAC single phase voltage base. Parameter calculations from 

empirical data are shown in Appendix 1. 
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Figure 10: Sequence Networks for Unloaded Yg-D Transformer 

 References [12], [13] and [14] derived the method of connecting the sequence 

components together given the open phase fault. Per these references, given a single 

ungrounded open phase (assumed ñAò phase open) the positive sides of the networks are 

all connected in parallel with no interconnection across the fault location while the 

negative or return sides are connected across elements but not between sequences. Note 

that since the transformer is unloaded, there is no current path across through to the 

secondary side and so for simplicity the voltage transformation across the transformer is 

not shown. The transformer network terminates with the magnetizing impedances for the 

positive and negative sequence networks. This is shown below in Figure 11. 
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Figure 11: Connected Sequence Network for Single Open Phase Fault on XFMR 

Primary  

Figure 11 simplifies down to a simple impedance network with the zero sequence 

impedance and the negative sequence impedance connected in parallel with each other 

and in series with the positive sequence impedance. This is shown below in Figure 12. 

Note that the positive sequence and negative sequence transformer impedances are 

identical. For an unloaded secondary side transformer they consist of the transformer coil 

series impedance in series with the magnetizing impedance. The magnetizing impedance 

is very large as compared to the series impedance and so it dominates the impedance of 

the positive and negative sequence impedances. In contrast, the zero sequence impedance 

is very small. This is expected especially for an unloaded transformer where the core 

would be far from saturation. As a result a negligible amount of negative sequence 
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current will flow. For simplicity this analysis will assume it is zero. The vast majority of 

the current will flow strictly through the zero sequence path of the parallel portion of the 

circuit. Note that the zero sequence current will be negative with respect to the reference 

direction in Figure 11. This is important to note because the zero sequence current must 

be negative for the conversion from sequence domain currents to phase domain currents 

to occur correctly. Sequence current calculations are as follows:

 

Figure 12: Simplified Sequence Network for Open Phase Fault 

Ὅ
ρὴό
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(4) 

Per the discussion above we know that I0 is equal to the negative of I1. Hence: 

Ὅ πȢππψσωτ᷁πȢχЈ ὴό 

Ὅ πȢππψσω᷁ρσωȢσЈὴό 

 

(5) 

Using equation (2) we can determine the phase domain currents as follows: 
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(6) 

Since the transformer primary is a grounded Wye, using equation (6) we can calculate the 

neutral current which goes to ground be either adding the three phase currents together or 

by using the known relationship: 

Ὅ σz Ὅ πȢπςυρ᷁σωȢσЈὴό 

 

(7) 

Converting these currents by multiplying by Ibase = 25 amps we obtain the anticipated 

post rms fault currents: 

Ὅ π ὃάὴί  

Ὅ πȢσφσρ᷁φωȢσЈὃάὴί  

Ὅ πȢσφσρ᷁πωȢσЈὃάὴί  

Ὅ πȢφςωρ᷁σωȢσЈὴό  

These results intuitively make sense. For an ungrounded open phase on the ñAò phase, 

we would expect the corresponding current to be zero. Additionally, we know from 

Appendix A that the unloaded balanced three phase current is 0.21 Amps per phase at a 

line to neutral voltage of 120VAC. For the three phase bank this is an equivalent three 

phase apparent power of 0.2A*120V*3phases = 75.6VA. We would expect that apparent 

power would remain approximately the same after the fault and in order to do that the 
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remaining phases would have to contribute approximately 50% more power. In this case 

the post fault VA goes up to 0.363A*120V*2phases = 87.12 VA most likely due to the 

additional losses experienced by the loss of 3 phase efficiency. 

 The above calculation demonstrates that for an unloaded transformer, the neutral 

ground current on the transformer will be very small despite the single open phase. This 

is due to the fact that the only contributions to the line current are the load due to 

magnetizing losses on the transformer. These are very small even in very large 

distribution transformers. Typical settings of neutral ground current relays on distribution 

transformers with solidly grounded neutrals are 100% of nameplate rating or higher. 

While even at moderate loading, the ground current may not be significant enough to 

trigger a neutral overcurrent relay, the impacts to secondary side voltage drop are 

significant as is seen in Section 3.2 of this thesis. A computer analysis for open phase 

loading of this system to 30% of the transformer name plate rating on the secondary side 

is documented in Section 3.2. 
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3.2 SYSTEM ANALYSIS BY MATLAB  SIMULINK  

 At the time of the start of this thesis work, few analytical tools were available to 

study the consequences of open phase conditions on three phase systems. ETAP (which is 

the most popularly used electrical system analysis tool) did not have a module that could 

perform analyses of series faults such as open phase. This was added eventually into the 

ETAP Suite as part of the Unbalanced Load Flow Analysis module included in Revision 

12. Reference [5] performed a sensitivity analysis on the impact to voltage unbalance 

caused by various open phase fault impedances and transformer loading profiles using the 

ETAP unbalanced load flow analysis. Additional tools such as EMTP-RV have been used 

in studies such as that documented in [16]. EMTP-RV is a time domain based analysis 

tool which is much more powerful than ETAP. However this tool is unfamiliar to this 

thesis author and is very expensive to use. The MATLAB  Simulink tool with Power 

Systems module allows simulation of many power system faults in the time domain and 

allows views down to individual component phase currents that are not available in 

ETAP. The tool is also much more inexpensive for academic use. Therefore this thesis 

utilized MATLAB  in performing simulations to validate the calculations performed in 

Section 3.1. This validation was also used as a means to simulate the faults prior to 

performing laboratory validations thereby ensuring the laboratory equipment would not 

be subject to dangerously high currents or voltages. 

 The model used by this thesis employed the simple simulation blocks available in 

the Simscape Power systems library of Simulink. Blocks are dragged and dropped and 

connected in schematic style. Voltage and current measurements can be made at almost 

any point in the system topography including internal to the transformer windings. Figure 
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13 below represents the simplified Simulink model. The full network connections, list of 

components and block settings are shown in Appendix 2. The model was designed using 

empirical transformer data from the Cal Poly energy conversion laboratory equipment. 

An ideal breaker was used in the computer model to represent the point at which an open 

phase fault could occur. In the laboratory the bench supply switches were used to perform 

this function. 

 

Figure 13: Simulink Model of Unloaded Transformer 

 Once the model was built and configured, the simulation was set up. Two cases 

were simulated initially, an unloaded case and a loaded case.  The first case was for an 

unloaded laboratory bench transformer energized via a 3-phase Wye connected ideal 

supply with a solidly grounded neutral. The voltage supply was at 208VAC line-to-line. 

The system transformer consisted of a 9kVA transformer bank connected in a Wye 

primary with solidly grounded neutral. The secondary side of the transformer is 
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connected in Delta and for the first simulation case is left open circuited with no load as 

would be the case with a stand-by transformer. The secondary side of the transformer 

generates 60VAC line-to-line due to the 2:1 ratio of the bench transformers. The 

simulation measures supply voltages and currents at the terminals of the primary side of 

the system transformer as well as secondary side of the transformer and the neutral 

current. Additionally, the transformer coil and excitation currents can also be seen and 

plotted. The simulation was programmed to allow for a 100ms (6.25cycles) real time 

simulation. The circuit breaker in the ñAò phase voltage supply to the transformer is 

programmed to open after 50ms or 3.125 cycles. This is seen as sufficient time to allow 

the system to reach steady state. Additionally, all measurement channels were placed on a 

0.1ms sample time or 160 samples per cycle. The simulation time was limited to 100ms 

to allow for a more expeditious simulation run as well as to limit the large amount of data 

that was provided. 

 The simulation for case 1 (unloaded case) matched well with the symmetrical 

component analysis of Section 3.1. As described in the literature review of Chapter 2, the 

line side voltages at the terminals of the transformer are for the most part unaffected by 

the open phase condition on the ñAò phase. RMS voltage on the ñAò phase terminal dips 

very slightly to a value of 119.875VAC while ñBò and ñCò phases are slightly elevated at 

120.75VAC RMS. The negligible change in transformer terminal RMS voltage would not 

be detectable with most conventional undervoltage relays. The scope wave form shows 

the voltages completely undisturbed by the event as shown below in Figure 14. As can be 

seen, any attempt to use changes in voltage as a form of detection will not work on the 

primary side of the transformer.  Contrary to the balanced transformer terminal 
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voltage, the primary side currents experience significant unbalance with ñAò phase at 0 

Amps as expected and ñBò and ñCò phase at approximately 50% higher and closely 

matching the calculated values of Section 3.1. Pre-fault currents were all balanced at 0.21 

Amps RMS as expected and according to the open circuit test of the transformer. Post 

fault ñBò and ñCò phase currents matched at 0.363 Amps RMS in accordance with the 

calculations of Section 3.1. Additionally as predicted by the symmetrical component 

analysis, the waveform as shown in Figure 15 below shows that the phase angle between 

the ñBò and ñCò phase currents is no longer 120 degrees. Rather the phase angle narrows 

and brings the currents closer in phase. 
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Figure 14: XFMR Primary Terminal Voltage Open Phase at 0.05s 
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Figure 15: XFMR Primary Currents with Single Open Phase at 0.05s  

 The primary side transformer neutral current as shown below in Figure 16 is also 

in accordance with the symmetrical component analysis. Post fault simulation results 

show that the RMS value of the neutral current is 0.63 Amps where it is zero prior to the 
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fault. This level of fault current would not be enough to trigger even the most sensitive of 

overcurrent relays. Furthermore any relay set this low would struggle to distinguish 

between a true faulted situation and normal system imbalances. Transformer winding 

currents on the primary side winding mirror the line currents as would be expected with a 

Wye wound primary. The secondary side voltages remain fairly balanced also as 

described in the literature sources of Chapter 2. This is again due to the voltage being re-

created by a combination of Kirchhoffôs voltage loop law (sum of the voltages around the 

Delta winding are zero) and Faradayôs law (the flux in a transformer is related to the 

voltage induced in the winding). More interesting is the presence post fault of a 

circulating current within the delta winding.  Since the secondary side is an unloaded 

delta, current will not flow out of the transformer terminals to a load. However, due to the 

neutral current on the primary side a proportional current will circulate through the delta 

connected windings (Figure 17). 
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Figure 16: XFMR Primary Side Neutral Current  

 

Figure 17: Delta Winding Circulating Current Waveform (Amps)  
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 The analysis for a loaded transformer follows. This analysis assumed 30% 

(3000VA) loading on the secondary side with a power factor of 0.8 inductive to mimic 

loading of primarily motor loads. Loading was simulated using the Three Phase Parallel 

RLC Load block from the powerscapes library. The line side voltages at the terminals of 

the transformer are (as the case for the unloaded transformer) mainly unaffected by the 

open phase condition on the ñAò phase. RMS voltage on the ñAò phase terminal dips a 

little more than the unloaded case to a value of 114VAC while ñBò and ñCò phases are 

steady at approximately 120VAC RMS. The greater voltage drop in the A phase is 

primarily due to the drop in voltage on the secondary side as it is reflected back on the 

primary. However, this condition would also not be detectable with conventional 

undervoltage relays which are typically set to actuate at greater than a 10% drop in 

voltage. Scope and waveform signals for the transformer primary terminals are shown in 

Figure 18 below. The primary side currents prior to the fault are approximately 6.5 Amps 

and balanced.  After the fault the intact ñBò and ñCò phases deliver 11.75 amps while 

ñAò phase is zero. Current traces are shown in Figure 19. 
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Figure 18: RMS and Waveform Traces of XFMR Terminal Voltage 30% Load 
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Figure 19: RMS and Waveform Traces of XFMR Primary Currents 30% Load 

 At this loading level the primary side transformer neutral current significantly 

increases as shown below in Figure 20. Post fault simulation results show that the RMS 

value of the neutral current is 20 Amps where it is zero prior to the fault. This level of 

neutral current begins to approach the nameplate rating of the primary side of the 
























































































































































































