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Abstract

This paper analyses the phase shift introduced in delta-wye connected transformers, and its impact
on the sensitivity of overall phase differential protection on transformers. The need for ground differential or
restricted earth fault (REF) protection for delta-wye connected transformers is addressed. A new ground
differential (REF) algorithm --- biasing by vector summation of phase currents is presented. Performance of
this new algorithm under inrush and CT saturation during through faults conditions are also examined.
Comparing with biasing with maximum phase current --- a commonly used REF or ground differential
algorithm, the new ground differential (REF) algorithm offers superior stability during inrush conditions, and
is less affected by CT saturation. It is indeed very sensitive to protect the star windings against ground
faults.

The paper also examines the DC component in a fault current, the remanence on a transformer
core, and the CT over-dimensioning factor and their influences on CT saturation. The need for additional
measures to stabilize the dual slope percentage restraint differential principle, and the biasing with
maximum phase current ground differential (REF) algorithm is investigated in this paper. A sample based
new CT saturation detection method is presented in the paper, and is implemented in a transformer relay
with five years of proven field experience. This sample based CT saturation detection method offers
excellent performance on detecting CT saturation and is able to discriminate between internal and external
faults.

Finally, an application example is given in the paper to demonstrate that the new ground differential
element is indeed more sensitive and provide better protection to resistance/impedance grounded star
windings, and is inherently stable during inrush conditions. Additional measures for conventional phase and
ground differential relays to ensure stability during inrush and external faults with CT saturation are
discussed.



1. Introduction

Electric power generated at a power plant is first transformed to a high voltage level suitable for
long distance transmission via step-up transformers, then decreased to distribution and utilization level via
step-down transformers. These transformers are commonly connected delta-wye to produce the desired
phase shift between primary and secondary voltages and currents, with a number of taps available.
Isolation transformers have the same number of turns in primary and secondary. They are required to
prevent electrocution, therefore prevent current directly flowing from one side to the other. The phase shift
and taps are desirable for angular compensation and voltage regulation of the power transmission and
distribution systems. The phase shift can be positive or negative, depending upon the connections and
phase sequence of the system. The neutral point of the star (wye) winding of a delta-wye connected
transformer might be resistance/impedance grounded to limit the ground fault current, whilst provide
sufficient fault current for ground (earth) fault protection. Transformers connected in wye-wye, delta-delta,
or open delta-open delta normally produce no phase shift.

Faults or insulation failure on a power transformer must be cleared without any deliberate delay.
An unnecessary time delay of isolating a faulty transformer could result in severe damage to the power
transformer, causing unexpected power outages, with millions of dollars for repair and loss of power supply
compensation! This challenges the protective relaying business, with a demand for transformer relays to
detect a fault or insulation failure sensitively, and to operate promptly to isolate the faulty transformer, but
stay stable under all permissible or tolerable conditions.

The most commonly used algorithm for transformer protection is the dual slope percentage
restraint differential principle. The current entering and leaving a transformer zone are scaled down and
vector compensated where Kirchoff’'s Current Law can be applied. The first slope is usually set to relatively
low to ensure sensitivity for internal faults, and the second slope is higher to stabilize the differential relay
from overtripping for external fault conditions.

It is a well known factor that the transformer steady state magnetising current is very small,
however this current could be as high as 8-10 times of the nominal current when a transformer is energized
---- the magnetising inrush phenomena. This inrush current appears only on one side of the transformer,
could cause the differential relay to operate when energized. Three commercially available solutions exist:

1) Time delayed solution. This will allow the magnetising current to die away before relay operates,
result in slow operation for genuine transformer faults.

2) 2" and 5" harmonic restraint. The relay is immune to magnetising inrush with a small time delay in
operation, as accurate harmonic calculation takes one cycle, and is complicated with CT saturation
during inrush.

3) Gap detection technique. Upon detection of an inrush condition, operation from the differential
element is inhibited. Relay operating time for faults during energization is almost not affected. This
algorithm is not significantly affected by CT saturation.



This paper reviews the impact of CT saturation on phase and ground differential relays and
examines the performance of phase and ground differential relays under inrush and through fault
conditions. The sensitivity and stability of widely used Dual Slope Percentage Restraint differential principle
is studied using the virtual out-feeding current method.

This paper also analyses the phase shift introduced in delta-wye connected transformers, and its
impact on the sensitivity of overall phase differential protection on transformers. The need for ground
differential or restricted earth fault (REF) protection for delta-wye connected transformers is addressed. A
new ground differential (REF) algorithm --- biasing by vector summation of phase currents is presented.
Performance of this new algorithm under inrush and CT saturation during through faults conditions are
examined. Comparing with biasing with maximum phase current --- the commonly used REF or ground
differential algorithm, the new ground differential (REF) algorithm offers superior stability during inrush
conditions, and is less affected by CT saturation. It is indeed sensitive to protect the star windings against
ground faults.

This paper also examines the DC component in a fault current, the remanence on a transformer
core, and the CT over-dimensioning factor and their influences on CT saturation. The need for additional
measures to stabilize the dual slope percentage restraint differential principle, and the biasing with
maximum phase current ground differential (REF) algorithm is investigated. A sample based new CT
saturation detection method is presented in the paper, and is implemented in a transformer relay, with
years of proven field experience. This sample based CT saturation detection method offers excellent
performance of detecting CT saturation and is able to discriminate between internal and external faults.

Finally, an application example is given in the paper to demonstrate the new ground differential
element is indeed more sensitive and provide better protection to resistance/impedance grounded star
windings, and is inherently stable during inrush conditions. Additional measures for conventional phase and
ground differential relays to ensure stability during inrush and external faults with CT saturation are also
discussed.



2. Sensitivity and Stability of Dual Slope Differential Algorithm

Dual-slope, percentage-restraint differential principle is commonly applied for the protection of
power transformers, generators, motors, buses, and are increasingly used for line protection due to the
inherent simplicity, selectivity, sensitivity for internal faults, and the ability to stay stable during external
fault conditions. The basic principle is Kirchhoff Current Law, where the currents entering the protected
zone equal to the total currents leaving the zone. The differential current is usually defined as the vector
summation of all currents entering and leaving the protected zone, with various bias definitions. The
commonly used bias current definitions are:

e vector subtraction of all currents entering and leaving the protected zone
e half of the scalar sum of all currents entering and leaving the protected zone
e average of all currents entering and leaving the protected zone

The most commonly used bias definition is as half of the scalar sum of all currents, which is
effectively the through current during normal and external fault conditions. The phase segregated
differential and bias currents for a three winding transformer are usually defined as in equations (1) and (2).

Idiff °X = kamp.u ’ x,a + kamp.b ’ Ix,h +kamp.c ’ xX,c (1)
1
Ibias'x = E(kamp.a ' Ix,a + kamp.b ' Ix,b + kamp.c : Ix,c ) (2)

Where, x is denoted as a Phase, can be set to Phase A, B, C
a, b, ¢ are transformer windings.
Kamp.a» Kamp.b » Kamp.c @re amplitude matching factors for windings a, b, ¢
Ivas Ixps Ixc are phase currents at winding a,b,c, x=A or Bor C
lifr x» phase x differential current.
lnias x» Phase x bias current.

Percentage-restraint electromechanical differential relays employ only single slope trip
characteristic. This presents a challenge when setting the differential relay, as the need to sensitively
detect an internal fault whilst stay stable during all normal and external fault conditions in conjunction with
CT saturation.

Modern numerical relays overcome this shortage by applying dual-slope, percentage-restraint
differential principle as in Fig.1, where the lines represent the trip characteristic with the differential current
measured equal to the restraint current. The first slope is usually set to accommodate CT measurement
errors, between 0.1 and 0.35, and is typically set to 0.3 when class 10P current transformers are applied for
a three winding transformer. The differential pick-up setting and the first slope have an immediate impact
on the sensitivity of a differential relay. However, stability of the relay is maintained by choice of second



slope, where a relatively high slope between 0.7 and 1.5 is recommended. This improves the performance
of the differential element under high through fault current conditions, yet it is not the “cure-all” solution
against CT saturation for external faults with heavy through fault current.

It is also recommended that the knee point Iz 2 should be set to be greater than the maximum load
current, usually between 1.5 - 4 times of the nominal current. As observed in Fig 1, as long as the
measured differential current exceeds the restraint current as given in equations (3) and (4), the differential
relay will operate and trip the associated breakers. In another words, the relay trajectory usually stays
under the lines during all normal, permissible or tolerable conditions, and under the second line when an
external fault occurs with large through fault current. The relay will trip if the relay trajectory does across the
lines and stay above. As observed from Fig.1, the higher the bias current, the more the restraint current is
available. The measured differential current must be greater than the restraint current as defined in
equations (3)-(4) in order to produce a trip decision.
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Fig.1 Dual Slope Differential Characteristic
restra int,x = ml “Lbias,x + Idiﬁ’ > (3)
restraint,x = mZ . Ibias,x - (mZ _ml) ' IR,m2 + Idlﬁ > (4)

Where,

| restraintx : restraint current for phase x, x:{ A, B, C}
| 4if 2 differential pick-up setting

| rRmo: keen point

m,: second slope

my: first slope



To analyze the performance of a differential relay during external fault conditions with CT
saturation, an equivalent out-feeding current is introduced in Fig.2. For simplicity, assuming Im and In are
scaled and compensated, they are the currents entering and leaving the transformer zone, an external fault
occurs on the adjacent feeder with nearby CT saturated. The secondary current waveform from the
saturated CT is distorted, cannot accurately transform the primary current, and only a percentage of & of
the primary current is transformed to the secondary as in equation (5). The virtual out-feeding current is
defined as the difference between the currents Im and In as in (6).

I =—0-1 5)

n m

O=(1-9)1, (6)

O=(1-90)I,

Fig. 2 External fault with CT saturation

Calculate the maximum out-feeding current with a given slope m,, where the relay is able to stay
stable during an external fault. Plot the maximum out-feeding current as in Fig.3 with various slope m, and
the following trip characteristic:

Idiff pick-up setto 0.2

knee point | g m2 setto 2.0

slope m; equals to 0.2

For a given slope m, of 0.7, it is observed that, the differential relay stays stable for an external
fault with a through current magnitude of 20 times of the nominal current, and a false differential current up
to 50% of the total through current, where the false differential current, for example, caused by CT
saturation, is represented as virtual outfeeding current. A little more unbalance, e.g. the outfeeding current
reaches 51% of the through current, will result in a false trip which might incidentally disconnect the power
transformer out of service.

An increased slope m, will provide more restraint to the differential element, therefore stabilize the
relay during external fault conditions. With a slope m, equal to 1.5, it is observed that the differential
element is able to withstand a maximum false differential current of 79.4%, the relay will still remain stable.
No trip occurs with my = 1.5, if CT saturation leading to 51% of false differential current.



Stability During External Faults
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Fig.3 Stability

Whilst stability is achieved with higher slope m,, sensitivity of the dual slope differential relay is
maintained by the pick-up threshold lg ., and the first slope m4, which effectively determines the restraint
current available at the time of fault. For dual slope with biasing by through current algorithm, the higher the
slope my, the more the restraint current, and the lower sensitivity for the relay to detect an internal fault.
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Fig. 4 Internal Fault With Through Load Current

Plot the maximum percentage of Through Load Current vs the bias current — percentage through
load current plane in Fig 5, where the top three curves (m=0.2, 0.25, 0.3) are with slope m; only, represent
the relay trip characteristic for bias current less than 2 times of the nominal current. All other curves in Fig.5
are with slope m; set to 0.2, pick-up threshold set to 0.2, represent the relay trip characteristic for bias
current higher than 2 times of the nominal current used for bias current.



It is observed, for the bias current within the range (0, | g m2), that the sensitivity of the differential
element increases when the bias current increases (the top three curves), but decreases when exceeds
this point as in Fig.5. This is rational as fault current increases, stability becomes the dominated issue,
sensitivity is of less concerns. It is required that the knee point Ig m» must set more than the maximum load
current to ensure best performance during internal and external fault conditions
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Fig. 5 Sensitivity

The sensitivity of the differential element can be further improved, if bias current is defined as half
of the vector subtraction of the currents entering and leaving the protected zone. For simplicity, assuming
the total current entering the protected zone is |4, and the total current leaving the zone is |,, the bias
current is defined as in equation (7).

Ibias:%"ll_lz ‘ @)

During normal and through fault conditions, the current (l;) entering the protected zone equals to
the current leaving the zone (l.), with very little differential current, and the bias current is effectively the
through current. For a fault inside the protected zone with source available from both ends, fault currents
now injected from both ends of the protection zone into the fault, the I, current direction is now reversed,
adding to the differential current, but subtracting from the bias current, with almost no restraint but
significantly increased differential current. This effectively improves the sensitivity of the differential relay,
whilst stability remains unchanged compared to as the through current bias algorithm.



3. CT Saturation and Detection

As analyzed in section 2, up to certain degree, stability for heavy through current with CT saturation
is achieved with a higher slope m,. The dual slope percentage restraint principle may fail to generate
sufficient restraint to stabilize the differential relay:

1. Low through fault current with large decaying DC component causing CT to saturate.
Relay operates with slope 1 restraint
2. Extremely high through fault condition with severe CT saturation
Relay trips on high slope.

There is a remote possibility that the false differential current generated by CT transient saturation
may result in unnecessary over tripping, which could jeopardize the security of the entire interconnected
power system leading to a widespread blackout.

3.1 CT Saturation Phenomena

A CT saturates when the measured current surges beyond the knee point of the magnetization
curve as depicted at point C as in Fig.6, where the permeability (i), ratio of the flux density (B) to the
magnetizing force (H), approaches zero, indicating a small transformer inductance (leakage inductance),
and a significantly increased magnetizing current, as the flux is forced to leave the high-permeability
transformer core to the relatively low-permeability material.
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Fig.6 magnetization curve

The degree of CT saturation depends on many factors, influenced by the types of CT cores, the
material used, and the primary, secondary time constants, as well as the remanence of the CT. In addition
to the above influence factors, the degree of CT saturation is subject to the magnitude of the fault current,
the presence of decaying DC component and its magnitude, and the over dimensioning factor of the CT for
a particular application. Assuming the CT used for cases studies is with a primary constant 50ms,
secondary constant 2.5s, and the system under evaluation with a frequency 60Hz.



Case 1: Influence of DC component

Fault inception at voltage zero creates the maximum DC component in the fault current. Simulating
the degree of DC component is achieved by controlling the point of switching onto fault. The CT under
evaluation is of low remanence type, with a small air gap and 10% remanence. The over-dimensioning
factor is 2.0.

CT Saturation Waveform
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Fig. 7 Fault Current with 80% DC component

As depicted in Fig.7, CT saturates shortly after fault inception, time to saturation occurs at 5.7ms,
and ends at 194.1ms. During the short time frame of 5.7ms, and also a short time after each zero crossing,
CT secondary current is able to follow the changes of the primary current, but is largely reduced when the
CT entered the point of saturation. The distortion begins at the first quarter cycle of the first cycle, affecting
almost the whole half cycle, and gradually reduces to zero at 194.1ms.

CT Saturation Waveform
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Fig. 8 Fault Current with 10% DC component
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Fig. 8 illustrated the primary and secondary CT current waveforms for a fault current with 10% DC
component. As the point of switching varied, time to saturation becomes 6.3ms for this case, and ends at
175ms. It is observed that the secondary current waveform is less distorted as shown in Fig.8. It is evident
that the higher the DC component, the earlier the CT enters into saturation, the larger distortion occurs on
the transformed secondary current waveform.

Case 2: Influence of Remanence

The remanence once established on a CT core, has a significant impact on the time to saturation.
A remanence on a CT will reduce the available margin for the flux to increase, and reduce the time to
saturation, if the remanence is in the direction as the flux. The time to saturation is significantly increased if
the remanence is in the opposite direction as the increasing flux. The amount of remanence available is
subject to the type of CTs in question. In general, an air gap in the core reduces the remanence. The
remanent flux will remain if CTs are without any air gaps, such as the closed grain oriented iron core CTs.

Three types CTs are available: the high remanence type, low remanence type, and the non
remanence type. Class P, TPS, TPX (IEC standard), and non gap class C, K (ANSVI/IEEE) are typical high
remanence type CTs. An established remanent flux could be up to 80% of the saturation flux, and might
remain for a significant long time, until it is demagnetized. A low remanence type CT is typically made with
small air gaps, to limit the remanence to about 10% of the saturation flux. A non remanence type CT has
relatively big air gaps. Therefore the level of remanent flux is negligible.

Fig.9 shows the current waveforms with a remanence of 20% of the saturation flux, time to
saturation occurs at 21.4ms. This time is significantly reduced to 3.6ms as in Fig 10, where the remanence
is 80% of the saturation flux, and CT over dimensioning factor is 2. A high over dimensioning factor will
effectively delay the time to saturation.

CT Saturation Waveform
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Fig. 9 CT with 20% remanence
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CT Saturation Waveform
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Fig. 10 CT with 80% remanence

3.2 CT Saturation Discriminator

As observed from Fig 7-10, CT secondary current appears distorted only after entered the point of
CT saturation at each cycle. Time to enter the point of CT saturation increases at each observed window (a
power cycle), as a consequence of the decaying DC component and fault current. It is also observed that
CT secondary waveform distortion never occurs immediately after zero crossing, it only appears after it has
entered the point of CT Saturation at each power cycle.

The false differential current generated by CT saturation follows the above observation. This
differential current does not appear immediately after zero crossing, but commence only after the CT has
entered the point of saturation. However, the differential current generated by a fault on the transformer
winding, will appear immediately after zero crossing. By monitoring the differential current and its
occurrence immediately after zero crossing, it is possible to discriminate a transformer fault and a fault
external to the protected transformer in conjunction with CT saturation. On the detection of a CT saturation,
a blocking signal will be generated. This signal can be programmed to prevent over tripping due to heavy
through fault current and severe CT saturation. The new CT saturation discriminator provides the
differential relay with true immunity to CT saturation, and is able to discriminate between internal and
external faults with CT saturation, therefore, ensures stability under any through fault conditions.

In case of extremely high differential current caused by heavy through fault current and CT
saturation, a high set instantaneous differential element can be used to disconnect the transformer from
service, if this is required. The pick-up setting of this high set instantaneous element should be set
sufficiently high to avoid any unnecessary trips. It will instantly trip the associated breakers, when
differential current exceeds the preset threshold, regardless CT saturation. The simplified CT Saturation
Discriminator flow chart is depicted in Fig. 11.

The new algorithm was successfully implemented in a transformer relay, with years of field proven
experience. A blocking signal is generated when CT saturation is detected due to a heavy through fault,
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and the phase differential element is effectively blocked, therefore no trips will occur from the relay. The
blocking signal can be programmed in the relay to provide supervision on overcurrent elements where
applicable, or the ground differential elements if required. Therefore, no over trips will occur from the
transformer relays.

Gtart: Zero Crossing DetectetD

4
T=0
CT Discriminator := 0
1diff Trigger := 0

!
4% Sampling & Filtering ‘47
!

‘ Calculation: Idiff, Ibias, Ires ‘

I

T=T# ‘

Idiff Trigger := 1 ‘

4

1diff Trigger =0 ?

No

CT Saturation Discriminator := 1
< End: Set Blocking Signal >

Fig. 11 CT Saturation Discriminator Flow Chart

This additional CT Saturation Discriminator ensures the transformer relays with superior stability
over low through fault conditions with large decaying DC component, as well heavy through fault
conditions. It also eliminates the need for high slope m, and oversized CTs for transformer protection. Time
to saturation will not be a strict limiting factor for CT selection, when CT saturation discriminator is applied.
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4. Current Distribution and Ground Differential Protection

The phase shift introduced in delta-wye connected transformers, creates an array of problems to
transformer protection. A single phase to ground fault on the wye winding, is seen as a double phase fault
on the delta side, with significantly reduced differential current seen by the overall differential protection.
This section analyses the fault current distribution on delta-wye connected transformers and the need for
ground differential or Restricted Earth Fault (REF) protection. Two bias strategies are discussed for the
ground differential (REF) protection. Measures to stabilize the ground differential (REF) relays are
reviewed.

4.1 Fault Current Distribution on Delta-wye transformers

Delta-wye connected power transformers are usually with on-load tap changers, which provide the
desirable phase shift necessary for angular compensation and voltage regulation in a power system, with
the neutral point of the star winding resistance/impedance grounded. The fault current generated by a
ground fault on the star winding, is proportional to the total number of turns involved in the fault loop. This
fault current, based on Faraday’s Induction Law, will induce a voltage on the healthy windings where the
fault current will circulate if a path exists. The phase shift due to the delta-wye connected star winding,
however, may result in a current redistribution on the delta winding, which effectively changes the way the
relay sees a fault including fault types, as well as the fault current magnitude.

Case 1: Single phase to ground fault current distribution

A single phase to ground fault on the wye connected secondary is seen as a phase to phase fault
on the delta primary, if the transformer is a delta-wye connected step-down transformer, with the star point
grounded via a limiting resistance as in Fig.12. To demonstrate this, assuming a single phase to ground
fault occurs on the transformer secondary, the fault is phase A to ground (A-G fault) on the secondary
winding b, with a distance of f (percentage of total turns) to the neutral point. Assuming N, and Ny, are the
total number of turns for primary and secondary windings corresponding to 100% of total turns, and the
breakers on the secondary winding are open when the fault occurs. For simplicity, assuming the A-G fault
current is one unit, and the fault current takes the ground path via the ground limiting resistance, star point,
and returns to the faulty phase A on secondary winding b. As the fault current does not flow through the
phase CTs, the fault is only seen by the residual CT on the secondary side. This fault current induces a
voltage on the CA winding of the delta primary, and a fault current circulates between the phase A and
phase C conductors. Consequently, the fault is seen as an A-C phase fault on the delta primary, and this
fault current is given by equation (8), where |y is the measured residual current on transformer secondary, |
a.max 1S the maximum single phase to ground fault current with the fault location right on the winding
terminal.

14
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Fig.12 Phase to Ground Fault Current Distribution on Delta-Wye Transformers

f-N
Y|= N : 'f.IG,max (8)

For delta-wye connected transformers, turns ratio between delta primary and wye secondary is V3.

Na_
Nb—JE 9)

Therefore, the differential current seen by the phase segregated overall differential protection in
phase A, as well in phase C, is given by (10), whilst the ground differential relay (REF) has a differential
current as the measured residual current, and is proportional to the fault distance as in (11).

1

=—-f*.1

Id = ‘I \/g G,max (10)

—Aa

Lo =ly|=f 15 a1

Plot the differential current seen by the ground differential relay (REF) and the overall differential
relay in terms of the fault location f as in Fig.13, it is observed that the ground differential relay or REF is
more sensitive than the overall differential protection. The differential current seen by the ground differential

relay or REF is proportional to the fault current (blue line), whilst the overall differential protection calculates
differential current as the red line in Fig 13.
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Fig.13 Differential Currents seen by Ground and Phase Differential Relays

The star winding protected by the overall differential protection is given in Table 1, where a dual
slope percentage restraint differential relay is applied. The first slope of the relay is setto 0.2, 0.3, 0.4
respectively, with differential pick-ups of 0.1, to 0.5. The typical setting for a delta-wye connected two
winding transformer is 0.2 for my and lg¢>, the overall phase differential relay can only protect 37.96% of

the star winding, that means ground faults on 62.04% of the star winding are not seen by the overall phase
differential relay.

Table 1: Percentage of winding protected by overall phase differential protection

lirr Pick-up m;=0.2 m;=0.3 my=0.4
I itts % of star winding protected % of star winding protected % of star winding protected
0.1 56.131 54.86 53.47
0.2 37.961 36.162 34.197
0.3 24.018 21.815 19.408
0.4 12.263 9.719 6.941
05 1.907 0 0

The overall phase differential relays cannot provide the desired protection against ground faults on

the star winding. To better protect delta-wye connected transformers, fast and sensitive ground differential
protection is required.
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Case 2: Phase to Phase Fault Current Distribution

Phase to phase faults will generate a large differential current in the overall phase differential
protection. As illustrated in Fig.14 of the fault current distribution, two units of the fault current are
measured from the CT located on the faulty phase A of delta primary side, whilst one unit each in the
phases B & C primary. The phase shift introduced by the delta-wye connection has effectively changed the
fault current distribution in the delta primary, and a phase-phase fault on the secondary star winding is
detected as a fault with a 2:1:1 fault current distribution on primary side.

Overall phase differential protection is very sensitive to see phase-phase faults on the secondary
star winding, therefore provides sensitive and selective protection against phase-to-phase faults on delta-
wye connected transformers.
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Fig.14 Phase to Phase Fault Current Distribution on Delta-Wye Transformers

As analyzed above, the differential current seen by Ground Differential Protection or Restricted
Earth Fault Protection (REF) is much more than the overall phase differential scheme for secondary ground
faults in delta-wye connected transformers. Due to this feature, as well the inherent selectivity and speed,
REF or ground differential protection is widely used in Europe and Asia and other continents in addition to
the overall differential protection scheme, to better protect the resistance/impedance grounded star
windings, as well the delta connected windings of power transformers, and is increasingly used in North
America to minimize the damage of ground faults on power transformers.
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4.2 Ground Differential Protection

Similar to phase differential protection, the ground differential element, or restricted earth fault
(REF) protection compares the calculated residual current from the phase CTs with the current measured
from a residual CT of a given winding, to determine an internal fault, with various biasing strategies. This
section presents two different biasing strategies, and exams their performance during inrush and heavy
through fault conditions.

Algorithm 1: Biasing with maximum phase current

The most commonly used ground differential or REF protection is the dual slope percentage
restraint differential principle. Whilst the differential current is defined as the vector summation of all
measured phases and residual currents, the biasing current usually includes the maximum phase current,
and is defined as half of the scalar sum of the maximum phase current and the measured residual current.

Lig = Ky Uy + I +1)+ K, Iy (12)
1
Ibias,G = E ’ (Kamp.N ’ Max(|IA ’ IB ’ IC|) + Kamp.Y ’ ‘IY‘) (13)

Where, ly is the measured residual current. K ,mpn is the amplitude matching factor or scaling
factor of the calculated residual current from the phase currents. Ky, v is the amplitude matching factor or
scaling factor of the measured residual current. Similar to the overall phase differential protection, the
operating characteristic is given in equations (14), (15).

Lig =my Lo + 1y > (14)

Ly =my 1y, 6 — (my=my) - Ly o + Ly 6 > 15)
laifr,c

Operating Area m2

Restraint Area

m1

laifr.c >
lbias,G

»
»

lbias,G,m2

Fig.15 Biasing with Maximum Phase Current
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As indicated in section 2 of sensitivity and stability, the differential pick-up and first slope of the
REF or ground differential element should be set as low as possible to achieve maximum sensitivity for
ground faults. It is a common practice to set the first slope to 0, and the differential pick-up as 10% of the
rated current just enough to count CT measurement error during normal operational conditions. The knee
point is usually set to the rated current, with the second slope to 1.5 to ensure maximum stability for
through fault conditions. With CT saturation discriminator available in transformer relays, this is no longer a
limiting factor, therefore, slope 2 can be set relatively low to be able to detect an internal fault sensitively.

The above algorithm, if not integrated with second harmonic restraint, or gap detection technique, a
time delay to trip then must be applied when protecting the star winding of a step—up wye-delta connected
transformer, as the magnetizing inrush current could cause the ground differential relay to operate, when
the transformer is energized from the low voltage star winding.

Algorithm 2: Biasing with phase currents summation

With the bias current defined as the vector summation of all three phase currents of the protected
star winding as in equation (17), the restraint current produced is entirely subject to the unbalance in the
phase currents as defined in equation (18), any unbalance in phase currents, no matter it is caused by
inrush or faults, or CT saturation, it will appear in the restraint current and multiplied by slope m4. The
ground differential element will not trip, if no current is measured from the residual CT.

A
RTiAe]

Operating Area

Restraint Area

laiff G >
7 |bias,G

»
»

Fig. 17 Biasing with phase current summation
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Lig =Ko Ly + Iz + 1)+ K,y Iy (16)
Tyasc = Koo |14 + 15 +1¢| (17)

Ires,G =m; -1, +Idlﬁ.’G > (18)
L 2 1,esc (19)

Trip occurs when differential current overcomes the restraint current. This requires current to be
measured from the residual CT. During inrush and phase CT saturation conditions, no trip should occur
from the ground differential or REF protection, as no current is measured from the residual CT. The
performance of this algorithm under CT saturation and inrush conditions are detailed as below:

Performance under CT saturation

Heavy through fault current may render the phase CTs to saturate, but only the unbalance fault
current will be seen by the residual CT. The heavy through fault current may effectively cause the phase
CTs to operate beyond the knee point of the B-H curve, with reduced output and distorted current
waveforms. However the residual CT may still operate on the linear portion of the B-H curve as only the
unbalance fault current is flowing through the neutral point.

The restraint current calculated is the vector summation of all three phase currents together. This
effectively includes the unbalance of fault current, and the unbalance of CT saturation current. The residual
current measured is the unbalanced fault current only. Assuming the residual CT is not saturated, and the
current measured from the residual CT is equivalent to the unbalanced fault current in a reversed direction,
the differential current calculated for a through fault is effectively the unbalanced current introduced by CT
saturation. This false differential current must exceed the differential pick-up threshold plus m, times of the
unbalance of phase currents, in order to produce a trip.

Kamp.N '(IA +IB +IC)+Kamp.Y 'IY 2 m, 'Kamp.N '(IA +IB +IC)+Idz_'ff.G > (20)
Phase CT saturation should not cause this ground differential (REF) element to operate for any

through fault conditions, if the slope m; is sufficient high, providing enough restraint to cancel the

unbalance of phase currents. Assuming m1=1.0, the ground differential element is with a security margin

greater than lgg> .

CT saturation discriminator, however, will provide additional security to the ground differential or
REF element with reduced m; slope and increasing sensitivity. This additional security measure will
supervise the ground differential or the REF element ride through external fault conditions safely. On the
detection of CT saturation due to heavy through current, tripping from ground differential or REF can be
inhibited.
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If there is a need to trip under severe CT saturation, a transformer relay should also be equipped
with a high set instantaneous ground differential (REF) element. This can be used to trip the associated
breakers when the false differential current exceeds the pre-set threshold, therefore prevent the
transformer from damage caused by excessive heating and overloading.

Performance with Magnetizing Inrush Current

The magnetizing inrush current will only appear on one side of the transformer windings when
energized. This current, measured by one side of the transformer phase CTs, is seen as a false differential
current by the overall phase differential relay, with most of the contents disappeared within the transformer
core as eddy current or excitation current.

The percentage of the third harmonic/zero sequence content of the inrush current is about 6-15%
of the fundamental component. This current is able to make the path to the ground via the star point, if a
path exists. This current therefore is seen by the residual CT depending on the system grounding.
However, the differential current calculated is the vector summation of unbalance of phase current and the
measured residual current, this third harmonic/zero sequence content therefore is cancelled and have no
contribution to the differential current during inrush or any through conditions. Taking into account the
current measured from the residual CT, with a slope m421.000, the ground differential element is with a
security margin greater than Iy g>. No false trips should occur.

Kamp.N'(1A+IB+1c)+K -1, Zml'KamplN'(IA+IB+IC)+IW.G> 201

amp.Y

The proposed biasing by summation of phase current algorithm is of inherent advantage over
inrush and CT saturation conditions, with superior performance and fast trip time. It is unlikely to be
affected by inrush current when a transformer is energized, or by heavy through fault current in conjunction
with CT saturation.

Additional measures such as inrush blocking by 2" harmonic content and CT saturation
discriminator are required, where ground differential or REF protection employs maximum phase current to
produce the bias current. The application of CT saturation discriminator permits lower slope m, for
improved sensitivity and stability, however accurate harmonic calculation (1 cycle) produces a small time
delay.
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5. Applications Example

This section gives an example applying the phase and ground differential relays as in section 2 and
4 to protect a station service transformer. The station is of black start-up capacity. The phase differential
relay is of triple slope percentage restraint characteristic, with the first slope fixed at 0 for easy
commissioning. The transformer nameplate and CT information as below:

32MVA, 18kV/4.16kV,

delta-wye 30°, star winding is resistance grounded.
CT Primary: 1200:5, class 10P

CT Secondary: 10000:5, class 10P

Residual CT: 2000:5, class 10P

(1) Phase Differential Protection
Set Reference Power S,s = 32MVA, calculate the reference current for the given windings a, b.

Primary winding a:

(prim)
. f
1o = —"—— =1026.4A
of .a (prim)
\/g ’ Vnom,a

Secondary winding b:
(prim)

1 — - 444124
ref b (prim)
\/g ’ Vm)[m,b
Set slope 1 m; =0.2, slope 2 m, = 0.7, pick-up | 4. =0.2 s, and knee point | g mo=41 e
Verify the amplitude matching factors, both are valid and within {0.5, 16} range.

L. 1200

k, .= —— = =1.169
" Ifﬂ”) 1026.4
I(prim)
iy = 2cre L 10000 5 555
" 1 4441.2

ref ,b
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CT saturation and inrush supervision are fixed logic as part of the phase differential protection.
Tripping from the differential element is only permitted if CT saturation discriminator and inrush restraint are
not triggered.

An additional high set instantaneous differential element is set to 111, The pick-up setting of a
high set element should be set sufficiently high to avoid false trip on inrush conditions when a transformer
is energized, or to permit trip from the differential element for an external fault with severe CT saturation.
The latter will trip regardless the operation of the CT saturation discriminator, if the differential current has
exceeded the pre-set threshold.

(2) Ground Differential (REF) Protection

Ground differential protection is required to protect the lower portion of the star winding. The
matching factor for the star end will be less than 0.5 if the same reference power of 32MVA is use.
Set St = 16MVA, calculate the reference current for the given star winding:

(prim) __ S:;;rim) — 16MVA
3yl 34 16kV

=2220.6A

Calculate the amplitude matching factors:

I(prim)
Koy =~ = 2099 _ 0,901
' Iﬁff”;”) 2220.6
I(prim)
koo tmcrw 10000 g

amp-N- g Cerim) 99906

ref ,N

The amplitude matching factors are both within {0.5, 16} range. Applied the two REF or ground
differential relays as low impedance approach:

Option (1) : Biasing by summation of phase currents

This is the best option for generator step-up transformer and station transformer protection. The
inherent advantage will ensure stability under all inrush conditions. The Ground Differential element should
not be affected by through fault with CT saturation as well.

Set: piCk'Up | diff,G> = 0.21 refs

slope my is fixed at 1.005.
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Option (2) : Biasing with maximum phase current

The ground differential (REF) element is with dual slope percentage restraint trip characteristic.
This algorithm is potentially affected by inrush current and through fault with CT saturation. Additional
supervision logic is required as in Fig. 18.

Set:  pick-up | girg> = 0.2 | o
slope my= 0.1, for winding ground faults.
Knee point | g ma.= 2.0 | ¢
Slope m,= 0.7, as CT saturation supervision logic applied.

The introduction of CT saturation discriminator allows lower slope m, with improved sensitivity and
stability. An additional 10ms pick-up delay is added to ensure co-ordination between the REF-2 element
and harmonic calculation.

041.016 REF 2
Trip signal

041.118 DIFF
Harm block 1 tngg,

D41.119 DIFF
Harm block 2 trigg.

041.120 DIFF
Harm block 3 trigg,

& L /030000 LOGIC _
\ Fct.assigrm, outp. 1

041.115 DIFF
Sat.discr. 1 trigg,

041.11a6 DIFF
Sat discr. 2 tigg,

D41.117 DIFF
Sat.discr. 3 trigg,

150 [0 ]

I
|
|
|
|-
|
I
Fig.18 inrush and CT saturation Supervision Logic
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6. Conclusions

This paper analyzed the sensitivity and stability of widely used dual slope percentage restraint
differential principle, and the need for ground differential or restricted earth fault (REF) protection for delta-
wye connected resistance/impedance grounded transformers. Two ground differential (REF) algorithms
were presented and examined. The impact of CT saturation on performance of phase and ground
differential relays has been reviewed. Influence factors such as DC component, remanence, over-
dimensioning factors on CT saturation have been examined. The paper also presented a new CT
saturation detection method that has been implemented in transformer relays. Finally, an application
example has been given to demonstrate the ground differential element is indeed more sensitive and
provides better protection to the resistance/impedance grounded star windings. The major points
addressed in the paper include:

1. The phase shift introduced in delta-wye connected transformers has significantly changed the fault
current distribution in the transformer. The overall phase differential protection is unable to see the
ground faults on the lower portion of the star winding.

2. Ground differential (REF) protection is more sensitive to see ground faults on the star winding of delta-
star connected resistance/impedance grounded transformers, therefore is required to better protect a
delta-wye connected transformer.

3. The sensitivity of a dual slope percentage restraint differential relay is determined by the pick-up setting
and the first slope, whilst the second slope handles the stability under through fault conditions.

4. Additional CT saturation detection logic is required for the dual slope percentage restraint differential
relays. There is a remote chance that CT saturation leading to overtripping during through fault
conditions may result in a widespread blackout.

5. The new CT Saturation Discriminator is able to provide additional CT saturation supervision logic to
secure the trips from the phase and ground differential relays.

6. The new Ground Differential (REF) protection algorithm presented in the paper offers superior stability
over inrush conditions, and is less affected by CT saturation.
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