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Abstract 

Power transformers play a critical role in the power system. These transformers are subject to 

internal short circuits, external short circuits and abnormal operating conditions. Several protection 

challenges to power transformers will be explored, and methods to improve the protection 

provided. 

Introduction 

There are numerous challenges to the protection of power transformers, as well as a variety of 

methods to improve the protection provided. 

Remanence in a current transformer (ct) might cause misoperation of phase-differential 

protection because of compromised ct performance. Heavy through-faults, sympathetic inrush and 

recovery inrush all cause high current. This, combined with high remnant flux, can create a security 

issue. IEEE ct performance calculations support the use of dual-slope differential characteristics 

to promote secure differential protection operation when challenged with unequal ct performance. 

Traditionally, 2nd harmonic current upon transformer energization has been used as a means to 

prevent phase-differential misoperation [1]. Certain transformers might not exhibit sufficient 2nd 

harmonic current, causing a dependability problem if the restraint is set too low. The use of 2nd 

and 4th harmonics for inrush detection enhances reliability during energizing inrush situations [2]. 

Overexcitation can occur from abnormal operation of the utility system or the plant’s excitation 

control [3]. Traditionally, when overexcitation occurs from system voltage rise, the phase-

differential protection has been blocked from using 5th harmonic restraint. Blocking might cause 

an undesired non-operation of the phase-differential-protection if an internal fault occurs while the 

transformer is overexcited, which causes a delay in tripping and severe damage to the transformer. 

An adaptive, phase-differential technique modifies the pick-up value and overcomes this challenge 

[2]. 

Overexcitation protection should be employed to protect properly against heating effects, 

insulation deterioration and subsequent faults. Proper overexcitation protection includes thermal-

memory reset. 

On resistance-grounded power transformers, phase-differential protection sensitivity for ground 

faults near the neutral is decreased. Ground-differential protection increases sensitivity gained. 

CT Saturation 

CT saturation can occur in a two-node, differential-protection application where we assume one 

ct replicates current perfectly and the other ct replicates per the model. An analysis of the 

differential current developed for both internal faults and external through-faults is shown in Fig. 

1 and Fig. 2. 



 
Fig. 1  Two-Node Differential:  Internal Fault 

 
Fig. 2  Two-Node Differential:  External (Through) Fault 

 

CT Remanence and Performance 

Remanence is magnetization left behind in a ferromagnetic material (such as iron) after an 

external magnetic field is removed. Remanence in cts occurs because interrupting high currents 

with DC offset present may cause cts to saturate below the secondary voltage rating. As an 

example, a 1000:5, C400 ct could saturate with 200 V in the secondary circuit below the Class C 

definition accuracy of ±10% at 20 times rated current. 

The tendency for a ct to saturate is increased by other factors, working alone and in combination:  

• High system X/R ratio increases the time constant of the ct saturation period 

• CT secondary circuit burden causes high ct secondary voltage 

• High primary fault or through-fault current causes high secondary ct voltage 

There are many technical papers on the subject of modeling the behavior of iron-core current 

transformers used for protective relaying purposes. One of the difficulties in using an elaborate 

model is obtaining the parameters for a particular case to implement that model. For example, the 

excitation current in the region below the knee-point is a complex combination of magnetizing, 

hysteresis and eddy-current components; the parameters are usually not known for a particular 

case. The IEEE Power System Relaying Committee (PSRC) developed a simplified model for ct 

saturation that includes the major parameters that should be considered [4]. The simplified model 

is based on the fact that, if the excitation current waveform reaches into the saturated region, the 

part of the waveform below the knee-point region has negligible effect. This simplifies the solution 

greatly and makes this a good analysis tool for dimensioning cts. 

A protection engineer uses this analysis tool to do the following: 

• Examine a particular relay differential-element characteristic 

• Develop settings for pickup, slopes and slope-change breakpoint 

• Maximize security for external through-faults 

• Maintain dependability for internal faults 

Analysis Tool Studies 

The key to planning proper operation of the differential element is the development of restraint 

and operating slopes, and breakpoints. The following series of graphs shows the ideal ct secondary 

current and the current produced from the model. Assumptions for these graphs are the following: 



• Inverse-of-saturation-curve slope, S:  22 

• RMS voltage at 10-A excitation current, Vs:  400 V 

• Turns ratio, N:  80 (400:5) 

• Winding resistance, Rw:  0.3  

• Burden resistance, Rb:  0.5  

• Burden reactance, Xb:  0.5  

• System X/R ratio:  12 

Increasing values of remanence (Mr or rem), DC offset and primary current (A) are then applied, 

with resultant ideal and replicated currents displayed. In addition to the AC waveforms, rms values 

are provided and these become the basis for the differential quantity developed in a relay. 

Fig. 3 shows using the CT Saturation Calculator with a C400, 400:5-ratio ct having a remnant 

flux value of 0.5, and an offset of 0.5 with 2000 A applied. The ideal and replicated secondary 

currents are exactly the same. There is no resulting differential quantity between the ideal 

replication and the modeled replication. 

Fig. 4 shows using the CT Saturation Calculator with a C400, 400:5-ratio ct having a remnant 

flux value of 0.5, an offset of 0.5 with 4000 A applied, and an increase of 2000 A. The replicated 

secondary current is slightly less than the ideal current from cycle 3 through cycle 7. The maximum 

rms difference is quite small at approximately 5%, with a corresponding maximum resulting 

differential quantity of approximately 5%. 

Fig. 5 shows using the CT Saturation Calculator with a C400, 400:5-ratio ct having a remnant 

flux value of 0.5, an offset of 0.5 with 8000 A applied, and an increase of 4000 A. The replicated 

secondary current is less than the ideal current from cycle 2 through cycle 7. The maximum rms 

difference occurs on the second cycle at approximately 25%, with a corresponding maximum 

resulting differential quantity of approximately 25%. 

 
Fig. 3  400:5, C400, R=0.5, Offset = 0.5, 2000 A 

 



 
Fig. 4  400:5, C400, R=0.5, Offset = 0.5, 4000 A 

 

 
Fig. 5  400:5, C400, R=0.5, Offset = 0.5, 8000 A 

 

Fig. 6 shows using the CT Saturation Calculator with a C400, 400:5-ratio ct having a remnant 

flux value of 0.5, and an offset of 0.75 (an increase of 25%) with 8000 A applied. The replicated 

secondary current is less than the ideal current from cycle 1 through cycle 7. The maximum rms 

difference occurs on the second cycle at approximately 45%, with a corresponding maximum 

resulting differential quantity of approximately 45%. 

Fig. 7 shows using the CT Saturation Calculator with a C400, 400:5-ratio ct having a remnant 

flux value of 0.75 (an increase of 25%), and an offset of 0.75 with 8000 A applied. The replicated 

secondary current is less than the ideal current from cycle 1 through cycle 7. The maximum rms 



difference occurs on the second cycle at approximately 50%, with a corresponding maximum 

resulting differential quantity of approximately 50%. 

 
Fig. 6  400:5, C400, R=0.5, Offset = 0.75, 8000 A 

 
Fig. 7   400:5, C400, R=0.75, Offset = 0.75, 8000 A 

 

Developing Protection Settings 

The differential element of the relay under consideration uses the sum of the scalar values for 

the operating quantity (1), and the sum of the absolute values divided by for the restraining quantity 

(2). [3] 



𝐼𝑂𝑃 = 𝐼𝑊1
⃗⃗ ⃗⃗ ⃗⃗  +  𝐼𝑊2

⃗⃗ ⃗⃗ ⃗⃗         (1) 

𝐼𝑅𝐸𝑆 = 
∑  |𝐼𝑊1⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |+  |𝐼𝑊2⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |

2
       (2) 

Table 1 provides a summary of the modeled-ct performance and provides operate and restraint 

quantities for internal faults and external faults. 

Table 1 

Operating (Op) and Restraint (Res) Data 

Figure Rated I 

(A) 

Test I 

(A) 

Rated/Tes

t (pu) 

% Diff 

(max) 

EXT Op EXT Res INT Op INT Res 

3 400 2000 5 0 0 5 11 5 

4 400 4000 10 5 0.5 9.75 20.5 9.75 

5 400 8000 20 25 5 17.5 36 17.5 

6 400 8000 20 45 9 15.5 32 15.5 

7 400 8000 20 50 10 15 31 15 

 

Assumptions: 

• Rated current (full load): 400 A = 1 pu 

• Maximum through- or internal-fault current = 20 times rated = 20 pu 

 

Plotting the data from Table 1 data produces the scatter graph in Fig. 8. 

 

Fig. 8  Modeled Test Plots 



Determining settings requires evaluating differential element performance at various degrees of 

saturation for internal and external faults. Relay elements from different manufacturers use 

different restraining and operating calculations to arrive at restrain and operate decisions—careful 

evaluation is recommended [5]. 

The following settings result from examining the plots for internal and external faults: 

• Pick up:  0.35 pu 

This is based on a Class “C” ct accuracy of ±10% at 20 times rated current (2 cts is 20%), 

plus LTC (load tap changing transformer) error of ±10%, plus magnetizing current of 2%, 

plus 3% margin. 

• Breakpoint for Slope 1:  1.5 pu 

This setting is based on an expectation that, as current increases in the cts, the possibility for 

error increases. 

• Slope 1:  57% 

This setting was obtained by a visual curve fit between the pickup value and Slope 2. This 

setting acts to desensitize the element dynamically as the current-transformer current 

increases. 

• Slope 2 Breakpoint:  3.0 pu 

This setting is based on an expectation that, as current increases in the cts, the possibility for 

error increases. 

• Slope 2:  200% 

This setting was obtained by a visual fit of a straight line between the trip and restrain points—

taking two points in the line and using the following equation (3) and equation (4): 

( rise) / ( run) • (100) = slope%     (3) 

(20 – 10) / (10 – 5) • 100 = 200%     (4) 

The Slope 2 setting is based on an expectation that, as current increases in the cts, the possibility 

for error increases. 

Coping with Transformer Inrush  

Transformers exhibit magnetizing inrush for various reasons:   

• Initial energizing inrush occurs when the transformer is energized from the completely de-

energized state. 

• Sympathetic inrush occurs when an energized transformer undergoes inrush after a 

neighboring transformer energizes. When the neighboring transformer energizes, it rapidly 

pulls down the system voltage, and as the energizing transformer goes through its inrush 

period, the voltage rise results in an inrush on the already energized transformer. 

• Recovery inrush occurs when an energized transformer undergoes inrush after a fault 

occurs and is cleared. The fault causes a step change in the system voltage, and the fault 

clearing provides a step change in the voltage rise. 

Inrush can cause undesirable trips and can delay putting a transformer into service because the 

current flowing into a transformer is greater than the current flowing out of it. Harmonic 



components distinguish magnetizing inrush current from fault current. Traditionally, 2nd harmonic 

restraint has been applied to prevent undesired tripping of differential elements when challenged 

by inrush. The amount of 2nd harmonics present in the transformer inrush currents depends upon 

the magnetizing characteristics of the transformer core and residual magnetism present in the core. 

Modern transformers tend to have low core losses and very steep magnetizing characteristics—

these characteristics result in correspondingly lower values of generated 2nd harmonic currents. 

Fortunately, other even-order harmonics are generated during inrush, not just the 2nd harmonic. 

Fig. 9 shows an inrush waveform in different views. “Actual” shows the inrush waveform as a 

non-perfect sinusoidal with a DC component and various harmonics contained within this 

waveform. Frequency “f” shows the fundamental (60-Hz) value. “2nd” shows the 2nd harmonic 

component of the inrush waveform. The sector “4th” shows the 4th harmonic component of the 

inrush waveform. Both the 2nd and 4th inrush harmonics are approximately one-fifth of the value 

of the fundamental value. 

 

Fig. 9  Inrush Currents: Actual, Fundamental, 2nd Harmonic and 4th Harmonic Levels 

Harmonics-Based Protection 

A security strategy uses 2nd and 4th harmonic restraint to provide improved security against 

undesired tripping during inrush periods, without sacrificing dependability. Equation (5) expresses 

the combination of these even-order harmonics. 

          (5) 

The even-harmonic restraint setting should at a sufficiently low value that provides security 

against misoperation during transformer magnetizing inrush current. It should not be lower than 

the amount of even harmonics generated during internal fault conditions with ct saturation—so 

reliability for heavy internal faults is not compromised. 

When the relay is applied to the modern transformer the even-harmonic restraint setting should 

be set around 10%. 

Older transformer designs tend to have greater amounts of even harmonics. A setting of 15% or 

more can provide security against misoperation during magnetizing-inrush conditions. 

IRES 2
nd- 4th =   (IRES 2

nd)2 + (IRES 4
th)2



Coping with Transformer Overexcitation 

Overexcitation of a transformer can occur when the ratio of the per-unit voltage to per-unit 

frequency (V/Hz) at the secondary terminals of a transformer exceeds its rating. Typical ratings 

are 1.05 per unit (pu) on transformer base at full load (0.8 power factor), or 1.1 pu at no load. 

Overexcitation causes excessive flux to spill over into areas of the transformer. Non-laminated 

components at the ends of the cores, which were not designed to carry these larger flux levels, 

begin to heat because of the large induced losses. This effect can cause severe localized 

overheating in the unit transformer and generator, and eventually cause a breakdown in the core 

assembly and winding insulation. 

Typically, overexcitation events are associated with generation plants, but can and do occur in 

transmission and distribution systems. There are several possible causes of overexcitation from a 

system-overvoltage condition, as shown in Fig. 10. Capacitors switched on when reactive support 

is not required and reactors switched off when there are excess VArs might cause a system 

overvoltage. Breaker failure at one end on a long transmission line creates VArs (Ferranti effect) 

that might cause a system-overvoltage condition. A runaway load-tap changer (LTC) might cause 

a system overvoltage. These events can occur without any warning from a failure in the control 

system or final control elements. 

 

Fig. 10  Causes of Transformer Overexcitation 

Overexcitation Protection 

Dedicated overexcitation protection, in the form of a V/Hz element, should be applied for 

alarming and tripping if the levels become excessive. V/Hz levels indicate flux—excess amounts 

of flux cause insulation heating. Transformer manufacturers provide inverse curves to denote the 

V/Hz level-/time-withstand characteristics (see Fig. 11). The 5th harmonic quantity, used to 

restrain the differential element, is not an indicator of flux-density levels. As V/Hz events creates 

heating—a reset timer should be part of the element to allow the transformer to cool. 



 
Fig. 11  Typical Overexcitation Protection Curves 

 
The excessive flux that spills out of the core appears as a differential quantity. More current 

enters the transformer input winding than leaves the output(s) winding.  

Fig. 12 shows overexcitation events on a transformer where the source breaker was closed, and 

the load breaker was open. The left side of the oscillograph shows that the only current into the 

transformer is magnetizing current. As voltage increases, current is drawn into the transformers 

and none of the current leaves on the load winding. This current is rich in 5th harmonic content, as 

show in Fig. 13. 

5th harmonic restraint has been used to prevent undesired tripping by blocking the differential 

element when 5th harmonic current is present. There is a problem with blocking the differential 

element during overexcitation; this is when a single-phase fault or two-phase fault occurs inside 

the transformer while one phase remains unfaulted. In this scenario, if the differential element 

remains blocked, then considerable damage can follow. 



 
 

Fig. 12  Overexcitation Event:  Current into Transformer 

 

 
 

Fig. 13  5th Harmonic Exhibited in Overexcited Transformer Inflow Current 



 

An improved strategy is to raise the pickup of the differential element during an overexcitation 

event. This method keeps the element secure against undesired tripping, and yet allows the element 

to release if an internal fault occurs during the overexcitation event (see Fig. 14). A transformer 

fault is more probable during an overexcitation event as the voltage exceeds nominal rating. It is 

at this moment that the differential element should not be blocked. 

 
Fig. 14   Adaptive Characteristic for Raising Pickup during Overexcitation 

 

Differential Sensitivity on Resistance-Grounded Transformers 

Transformers resistance grounding limits ground-fault current and associated damage. However, 

resistance grounding decreases the ability of the phase-differential element to detect ground faults 

near the transformer neutral. 

The multifunction, differential relay can provide phase differential (87T) and ground differential 

(87GD) elements as shown in Fig. 15 (other elements omitted for simplicity). At 25 MVA the 

13.8-kV secondary has a nominal rated current of 1047 A. With a 1200:5 ct applied and a 400-A, 

resistance-limited ground, a ground fault involving the full winding yields 400 / 1047 = 0.38 pu. 

This is at the fringe of the 0.35 pu minimum pickup that is typical for the phase-differential 

element. Essentially, the phase-differential element is unable to detect any ground fault because of 

the 0.35-pu minimum pickup setting. 



 
Fig. 15  Example Transformer Application 

 
In addition, by employing phase differential element pickups of 0.25pu to 0.35pu, the phase 

differential element is effectively blinded to ground faults within 25% to 35% of the neutral in 

grounded-wye windings. 

The ground differential element provides much greater sensitivity than the phase differential 

element and remains secure against saturation. The ground differential element uses the ground 

current from the transformer ground ct and compares this current to the zero-sequence current (3I0) 

from the phase cts associated with the grounded neutral winding.   

Fig. 16-18 illustrate the operation principle under various protection challenges. In Figs. 16 and 

17, current is flowing in the affected phase ct and ground ct. In these instances, the use of 

directional supervision of the ground differential element creates an improved level of security 

versus using the ground differential without such supervision. 
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Fig. 16  87GD with Internal Fault:  Double Fed 

 

 
 

Fig. 17  87GD with External (Through) Fault 

 

 
 

Fig. 18  87GD with Internal Fault, Single-Feed 
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The above equations for the ground differential element are shown assuming the same ratio ct is 

used on the phases as on the ground.  In practice, a ratio correction factor is part of the setting to 

accommodate phase and ground cts of different ratios. 

Through-Fault Protection 

The magnitude and duration of fault currents impressed on power transformers are of great 

importance, as both the mechanical and thermal effects of fault currents are detrimental.  At low 

fault-current magnitudes approaching the overload range, mechanical effects are less important, 

unless the frequency of fault occurrence is high. The point of transition between mechanical 

concern and thermal concern are not precisely defined, however mechanical effects tend to take 

on more importance larger MVA ratings as the mechanical stresses are higher.  Fig. 19 illustrates 

the axial and radial forces impressed on the core, windings and bracings.  
 

 

 

 

 

 

 

 

 

 

 

Source: Electric Power Engineering Handbook 

Fig. 19  Radial and Axial Forces 

For fault current magnitudes near the design capability of the transformer, mechanical effects 

are more significant than thermal effects as shown in Fig. 20. 

 
Source:  Electric Power Engineering Handbook 

Fig. 20  Thermal and Mechanical Through-Fault Current Relative Limits 



Fig. 21 is an excerpt from IEEE C57.109-2018 – IEEE Guide for Liquid-Immersed Transformers 

Through-Fault-Current Duration. One can see the breakpoint between the thermal limits (lower 

current values) and the mechanical limits (higher current values.  One can also see that the higher 

the transformer impedance, the lower the through-fault withstand.  This is because a given amount 

of current at a higher impedance has greater energy for mechanical deformation (I2Z = W). 

 
 

Fig. 21  Excerpt from IEEE C57.109-2018 

IEEE Guide for Liquid-Immersed Transformers Through-Fault-Current Duration 

A well-designed through-fault element should have the following settings: 

• A current threshold to discriminate between mechanical and thermal damage areas 

o Ignores through-faults in the thermal damage zone that fails to meet mechnical stress 

recording criteria 

• A minimum through-fault event time delay 

o This ignores short transient through-faults 

• A through-fault operations counter  

o Any through-fault that meets recording criteria increments counter 



• A preset for application on existing assets with through-fault history 

o This is for application on an existing asset 

• A cumulative I2t setting 

o How total damage is tracked; it is not a simple current limit 

• Use inrush restraint to not record inrush periods 

o Inrush does not place the mechanical forces to the transformer as does a through-fault 

 

Although a through-fault element cannot prevent through-faults from occurring, knowing the 

transformer is experiencing through–fault event provides the opportunity to take corrective action 

to prevent or minimize the through-faults such as improving shielding, insulating and vegetation 

management. In some cases, a transfer asset may be considered for relocation if through-fault 

minimization cannot be executed. 

Conclusions 

Transformer differential protection has challenges not found in other differential applications 

(e.g., generator and bus). With proper element design and settings, secure and dependable 

applications can be developed. 

It is important to understand the operating principle and quantities for differential operation and 

restraint.  Develop protection settings based on an analysis of internal and external faults at various 

fault-current levels, offset and remanent flux levels available from the IEEE ct secondary circuit 

performance model (in the IEEE CT Saturation Calculator). 

2nd and 4th harmonic restraint can provide improved security for all types of inrush phenomena 

versus the use of 2nd harmonic restraint alone. 

Use of 5th harmonic restraint can be improved by raising the differential pickup when 5th 

harmonic current from overexcitation is detected. This enhances dependability compared to using 

5th harmonic restraint to block the differential element. 

Ground-differential protection supplements phase-differential protection to provide improved 

sensitivity and dependability when detecting transformer ground faults. 

Through-fault protection can alert power system operations and maintenance to the issue and 

provide evidence to perform mediation of the through-fault cause(s). 
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