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Power Differential Protection for Transformer
Based on Fault Component Network

Fang Peng , Member, IEEE, Houlei Gao , Jiakai Huang , Yifei Guo, Yiqing Liu , and Yongfeng Zhang

Abstract—Current differential protection has been widely used
as the primary protection of transformers. However, inrush cur-
rents during transformer energization can cause misoperation of
the protection when the second harmonic restraint algorithm fails.
This article proposes a power differential protection scheme based
on the fault component network (FCN), which is free from inrush
detection and computationally cheap. First, the fault component
differential power (FCDP), defined as the differential active power
of a transformer in the FCN, is analyzed under different conditions.
Second, a transformer protection scheme is presented based on the
FCDP and the traditional differential power. A removal algorithm
of decaying direct current (DDC) offset is developed to accurately
estimate the FCDP. The performance of the scheme is tested un-
der various conditions, including internal faults, external faults
and transformer energization. The simulations using PSCAD and
Real Time Digital Simulator (RTDS), experiments in the Electrical
Power Dynamic Laboratory (EPDL) and real recording data vali-
date that the proposed method can protect the transformer reliably.

Index Terms—Current differential protection, fault component,
magnetizing inrush, power differential protection, power
transformer.

I. INTRODUCTION

CURRENT differential protection is generally used as
the primary protection for transformers rated over

10 MVA [1], [2], [3]. Despite the good performance in discrim-
inating between internal faults and external faults, the current
differential protection may misoperate because of the magnetiz-
ing inrush [4], [5]. When a transformer is energized, the inrush
is generated due to the fact that the flux linkage of iron core
cannot abruptly change [6]. Second harmonic components are
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Fig. 1. Differential Current and Second Harmonic Component Recorded in
the Field.

widely used for detecting inrush and blocking the differential
relays [7], [8].

However, there may be a period of delay in protection oper-
ation due to second harmonic components of fault currents [9].
Particularly, the second harmonic components will increase if
the transformer is connected to a long transmission line with a
shunt reactor or series capacitor [10]. Thus, the relay may refuse
to trip during internal faults. On the other hand, the detection
of magnetizing inrush may fail, since the second harmonic
components significantly decrease due to the ultra-saturation
phenomenon, high-permeability material used in the transformer
core, and application of three-winding ultra high voltage (UHV)
autotransformer [11], [12]. Misoperations of transformer protec-
tion under inrush conditions have been reported [13]. As a result,
extensive outages and blackouts will occur.

The real-world recording data from a substation in North
China suggest that the second harmonic restraint method may
fail under some circumstances. In this event, a YNyn0d11-type
transformer (230/121/38.5 kV, 180/180/90 MVA) was under a
normal condition before deenergization. The load was 40–60%,
and it was deenergized due to the switchgear replacement.
Regarding the protection design, if the second harmonic content
of a single phase is above 15%, the differential protection of the
phase will be blocked. As shown in Fig. 1, when the transformer
is energized, the second harmonic component of the differential
current falls below 15% (black dashed line) after t = 0.24 s,
resulting in a false trip of the relay.

A number of artificial intelligence and signal processing
techniques have been leveraged to identify the magnetizing in-
rush [14], such as artificial neutral network [16], fuzzy logic [17],
wavelet transform [18], and mathematical morphology [10].
However, the neutral network and fuzzy logic techniques usually
require large training datasets and long computation time [19].
They are not physically interpretable, and the training data are
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usually generated by simulations which may not well replicate
the real fault characteristics of transfomers, leading to difficulties
in practical application. The wavelet-based methods are sensible
and effective, but they usually require a high sampling rate and
could also be influenced by high-frequency signals [20]. The
mathematical morphology-based methods are able to improve
the accuracy and speed of inrush identification, whereas the
difficulty in common threshold selection causes a few limita-
tions [4]. Besides, [21] proposes a magnetization hysteresis-
based protection algorithm with high reliability and efficiency.
Reference [22] uses the superimposed differential current and
extracts its positive and negative sequence components to dis-
criminate internal faults. Reference [23] proposes an inrush
identification method based on the ratio of absolute difference
to absolute sum of current magnitudes at both transformer sides.
Reference [24] proposes a setting-free algorithm using the sec-
ond central moment value of instantaneous differential currents.
However, the methods in [21], [22], [23], [24] are vulnerable
under three-phase fault conditions. Several estimation-based
methods are also proposed to predict the waveform during
inrush [4], [25], but they require the complete knowledge of
transformer parameters. Although techniques above provide
alternatives or improvements to existing method, there is still
a gap between theoretical research and practical deployment.
Moreover, several aforementioned techniques distinguish inrush
from faults based on the differential current, which is just the
inrush current during energization; consequently, they are not
immune against inrush in theory.

Owing to the nonlinear relationship between the voltage and
current of the transformer core, transformers cannot be well
characterized by current solely. Therefore, voltage can be intro-
duced to improve the performance of the transformer protection.
In [26], a power differential transformer protection is, for the first
time, provided on the basis of energy conservation law, where
the differential active power is calculated for fault detection [27].
The method can detect weak faults sensitively [28]. It is free
from influence of the inrush, since transformers will primarily
absorb the reactive power rather than the active power during
inrush. Meanwhile, the power differential protection princi-
ple has been applied to line protection [29], [34]. The power
differential protection methods based on the full steady-state
and fault components are studied, respectively. The former is
used to protect transmission lines in [29], [30], which presents
good performance in synchronization error cases and has high
sensitivity during high-impedance ground faults [31]. However,
the differential power based on the full steady-state component
may decrease to a very low level while a fault with small fault
impedance occurs at the terminal of the protected element in
that the voltage significantly drops, and the power cannot be
calculated accurately. Therefore, the traditional power differ-
ential protection cannot distinguish between internal faults and
external faults under such conditions.

The fault component can improve the sensitivity of the current
differential protection [32] and deal with the challenges caused
by low voltage, which has been applied to the power differential
protection of transmission lines in [27], [33], [34]. To improve
the fault identification speed, instantaneous differential power is

Fig. 2. Equivalent Prefault Network under the Normal Condition.

further studied in [27]. Nonetheless, its effectiveness under the
inrush condition remains an open question.

We propose a transformer protection scheme based on the en-
ergy conservation law and superposition principle in this paper.
Differential power in the fault component network (FCN) and
the full steady-state component network is utilized to develop
two complementary criteria. A large voltage drop at the end of
the transformer will not make the protection fail. Besides, the
proposed scheme is immune to inrush; thereby, the inrush detec-
tion is no longer needed. With application in relays considered,
the proposed algorithm is computationally cheap and therefore
easy-to-implement in practice. Simulations using PSCAD and
Real Time Digital Simulator (RTDS), experiments in the Elec-
trical Power Dynamic Laboratory (EPDL) and recording data
of an actual transformer demonstrate that the scheme is able to
protect the transformer reliably under various conditions.

The rest of this paper is organized as follows. In Section II,
the concept of fault component differential power (FCDP) is
introduced. Section III presents the FCDP-based transformer
protection scheme, including the main criterion, auxiliary cri-
terion and the removal algorithm for decaying direct current
(DDC) components. Section IV tests the proposed scheme un-
der internal fault, external fault, and transformer energization
conditions, followed by conclusions.

II. DIFFERENTIAL POWER IN FAULT COMPONENT NETWORK

The FCDP is first defined in this section based on the en-
ergy conservation law and superposition principle. Then, the
FCDPs under internal fault, external fault, and magnetizing
inrush conditions are analyzed using the FCN. The FCDPs
under different conditions are compared to develop the new
transformer protection scheme.

A. Definition of Fault Component Differential Power

When a fault occurs, voltages and currents across the network
will significantly change. The changes of voltages and currents
are caused by the fault voltage source superimposed at the
fault point. In accordance with the superposition principle, the
whole faulted network is comprised of the prefault network
and the FCN [35]. The prefault network and FCN containing a
single-phase two-winding transformer are shown in Figs. 2 and
3, respectively.Es1 andEs2 are the system equivalent voltages at
M terminal and N terminal;Rs1,Rs2,Ls1, andLs2 are the system
equivalent resistances and inductances at the two terminals; R1

and R2 are the winding resistances of primary and secondary
sides; Lσ1 and Lσ2 are the winding leakage inductances; RFe

and Lμ denote the iron core loss resistance and the magnetizing
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Fig. 3. Equivalent FCN During Internal Faults.

inductance. As shown in Fig. 2, a fault occurs at F1 which is
within the protection zone of the transformer relay. UF1 is the
prefault voltage at F1;Upre1 andUpre2 are the prefault voltages at
buses M and N; Ipre1 and Ipre2 are the prefault currents flowing
through CB1 and CB2, respectively. Uf is the superimposed
voltage source in the FCN; If is the current flowing through
the superimposed voltage source. ΔU1, ΔU2, ΔI1, and ΔI2
represent fault component voltages and currents.

The fault components can be calculated by,⎧⎪⎪⎨
⎪⎪⎩
ΔU1 = U fault1 −Upre1

ΔU2 = U fault2 −Upre2

ΔI1 = I fault1 − Ipre1

ΔI2 = I fault2 − Ipre2

(1)

where Ufault1 and Ufault2 are respectively voltages at buses M
and N under fault conditions. Ifault1 and Ifault2 are the currents
in the CB1 and CB2 under fault conditions, respectively.

For digital relays, the fault components of the nth voltage and
current samples can be calculated as,{

Δu(n) = u(n)− u(n− kN)
Δi(n) = i(n)− i(n− kN)

(2)

where k is a positive integer, andN is the number of the samples
during one cycle.

The differential active power in FCN is called FCDP, which
is the active power injected into the transformer from the ends.
It can be calculated as,

ΔP = ΔP1 +ΔP2

= Re(ΔU1 ·ΔI∗
1) + Re(ΔU2 ·ΔI∗

2)

= |ΔU1||ΔI1| cos(ϕu1 − ϕi1)

+ |ΔU2||ΔI2| cos(ϕu2 − ϕi2) (3)

where ΔP1 and ΔP2 are the power flowing into the primary and
secondary sides of the transformer in the FCN; ϕu1 and ϕi1 are
the phase angles of ΔU1 and ΔI1; ϕu2 and ϕi2 are the phase
angles of ΔU2 and ΔI2, respectively.

Note that under normal conditions, there is no fault compo-
nent voltage source; currents and voltages at both sides of the
transformer will not change, implying that ΔP = 0.

B. Internal Faults

As shown in Fig. 3, the fault component voltage source is
superimposed between buses M and N during internal faults.
The voltages at the two buses in the FCN are expressed as{

ΔU1 = −ΔI1(RS1 + jXS1)
ΔU2 = −ΔI2(RS2 + jXS2).

(4)

Fig. 4. Equivalent FCN During External Faults.

Therefore, the FCDP is given by

ΔP = −|ΔI1|2RS1 − |ΔI2|2RS2. (5)

It can be concluded that the FCDP during internal faults is
negative and equal to the active power absorbed by the system
resistance in the FCN.

The fault voltage source can deliver active power to both
ends of the transformer, while the winding resistances absorb
the active power. Since the magnetizing impedance is large, the
magnetizing branch can be ignored. As a result, the FCDP can
also be expressed as

ΔP = −|ΔI2|2(R1 +R2)− Re(Uf · I∗
f ). (6)

Given that the winding resistance is small, the active power
flowing through the transformer is also small. In contrast, the
active power delivered from the fault voltage source is much
larger. Therefore, the negative polarity of the FCDP can be
confirmed.

C. External Faults

As shown in Fig. 4, an external fault occurs at F2 where a
fault component voltage source is superimposed. Ignoring the
magnetizing branch of the transformer, the currents flowing
through CB1 and CB2 are

ΔI1 = −ΔI2 =
ΔU1 −ΔU2

(R1 +R2) + j(Xσ1 +Xσ2)
. (7)

Then, the FCDP can be expressed as

ΔP = Re(ΔU1 ·ΔI∗
1 +ΔU2 ·ΔI∗

2)

= Re(ΔU1 −ΔU2) ·ΔI∗
1

= Re{ΔI1 ·ΔI∗
1[(R1 +R2) + j(Xσ1 +Xσ2)]}

= |ΔI1|2(R1 +R2). (8)

It can be observed from (8) that the FCDP is the active power
absorbed by the winding resistances. The FCDP during the
external fault is positive; hence, it has an opposite polarity to the
FCDP during the internal fault. In general, the winding resistance
is much smaller than the system resistance. This indicates that
the FCDP during external faults is much smaller than that during
internal faults.

D. Magnetizing Inrush

Magnetizing inrush is generated when an unloaded trans-
former is switched on, which can be treated as a current source
superimposed at the magnetizing branch (see Fig. 5).
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Fig. 5. Equivalent FCN During Magnetizing Inrush.

When inrush occurs, the inductance in the circuit changes
nonlinearly, while the superposition principle is applied in the
linear system. Thus, the FCDP during inrush is calculated using
the definition as per (3) rather than (5). A temporary voltage drop
will occur during the inrush. Since the transformer is unloaded,
the FCDP only consists of the power at the primary terminal,
i.e.,

ΔP = Re(ΔU1 ·ΔI∗
1) = α|UN1| · β|IN1| · cos(ϕu1 − ϕi1),

(9)
where α is the proportion of the decreased voltage to the rated
phase voltage UN1; β is the proportion of the increased current
to the rated phase current IN1. ϕu1 − ϕi1 is close to 180◦ − δ,
where δ is the phase angle of the system impedance.

Since the current increases and the voltage decreases, the
FCDP during inrush is negative. However, the FCDP is not as
large as that during the internal fault. The voltage decrease is
the key for distinguishing between the internal fault and inrush.
The maximum voltage decrease ratio α of a transformer during
inrush can be calculated as

αinrush
max = XS/(XS + 2.5XT), (10)

where XS is the system reactance, and XT is the transformer
leakage reactance [36]. In comparison, α during internals fault
(αfault) can be calculated according to Fig. 3. When the fault
locates at the end of the secondary side, the voltage drop
can be calculated as follows. Uf is at the right side of the
transformer. Before the fault occurs, the voltage across the
system impedance and the transformer impedance can be ig-
nored, i.e.,Uf ≈ UN .αfault = ΔU/Uf = XS/(XS +XT) can
be obtained. It is clearly seen that the maximum voltage drop
at the primary side caused by the inrush current is less than the
voltage drop during faults. If the fault locates at the terminal of
the primary side, the statement will also be true. In addition, a
larger voltage drop due to inrush will occur in a weaker system
while the inrush current is much smaller. This motivates us to
distinguish between internal faults and magnetizing inrush by
setting a threshold of the FCDP.

III. PROPOSED PROTECTION SCHEME BASED ON THE FAULT

COMPONENT NETWORK

In this section, a transformer protection scheme is proposed on
the basis of the FCN. The scheme consists of the main criterion
(FCDP-based criterion) and auxiliary criterion.

A. FCDP-Based Criterion

As analyzed in Section II, internal faults can be identified by
the polarity and value of FCDP. Under normal and external fault

conditions, the FCDP is positive and very small, since it is the
active power absorbed by the transformer, i.e., the power con-
sumed by winding resistance. Under internal fault conditions,
the FCDP is negative and large, since the active power delivered
from the fault component voltage source is large. Accordingly,
the FCDP-based criterion for detecting internal faults is given
by, {

ΔP =
∑
j∈J

∑
i∈I

Re(ΔU ij ·ΔI∗
ij) < 0

|ΔP | > Pfset.
(11)

The set I := {1, 2, 3} represents the primary, secondary, and
tertiary (if any) side of the transformer, respectively. The set
J := {A,B,C} represents the phase.

The threshold Pfset is set to prevent the protection from
misoperation due to the inrush current. Its value of each phase
is set as (12), and the sum of the three-phase values is used in
(11).

Pfsetj =

⎧⎨
⎩

Krel1XS

XS + 2.5XT
|UN1| · |ΔI1| cosϕd

0

ΔP < 0
ΔP > 0

,

(12)
where ϕd = ϕu1 − ϕi1. Krel is the coefficient of reliability and
taken as 1∼1.5, empirically. Furthermore, the maximum inrush
current is limited by the transformer capacity which can be 4∼8
times of the rated current. Meanwhile,ϕd is approximately equal
to 180◦ − δ. As such, the maximum threshold is

Pmax
fsetj =

Krel1βmaxXS

XS + 2.5XT
|UN1| · |ΔI1| cos δ. (13)

βmax of different transformer capacities is accessible in refer-
ences [37]. If the transformer parameters change, the threshold
value will be recalculated.

As presented in (13), the calculation of Pfset depends on
the acquisition of system reactance and winding reactance. If
the system reactance cannot be obtained accurately, the esti-
mated maximum system impedance magnitude and minimum
impedance angle at the corresponding voltage level can be used
to calculate the maximum threshold. For a system with a certain
voltage level, the system impedance varies within a fixed range.
Taking the power grids of Shandong Province as an example, the
equivalent impedance of 110 kV, 220 kV, and 500 kV systems
varies within 4 Ω–35 Ω, 4 Ω–25 Ω, and 4 Ω–15 Ω, respectively.
On the other hand, the transformer reactance may change with
the aging of the transformer due primarily to winding deforma-
tion. The short-circuit impedance of the transformer is tested
periodically to evaluate its performance [38]. The offline test
value above can be used to determine the threshold in the main
criterion, for the aging transformer. Although the difference
between the actual value and offline test value may cause errors
in estimation of the maximum voltage decrease, a larger Krel1

can be taken under this condition. Furthermore, the system
impedance and transformer reactance can be obtained accurately
in real time [39], [40], with the development and application of
online monitoring technology for transformers, which will help
resolve the problems.
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Fig. 6. FCN under Energization with an Internal Fault condition.

B. Protected Area of the FCDP-Based Criterion for Windings

If the internal fault does not occur at the terminal, αinrush
max <

αfault may not be true. Thus, the protected area of the FCDP-
based criterion for the windings should be discussed.

If a metallic fault occurs at the k percentage of the primary
windings, the simplified circuit can be presented as Fig. 6, where
Uf ≈ kUN . Then, it follows that

αfault =
kXS

XS +
(1− k)

2
XT

. (14)

Based on (10) and (14), αinrush
max < αfault will not be true if

k is low. Considering the typical ranges of the winding reac-
tance (20–40 Ω) and system reactance (4–40 Ω), if k < 25%,
αinrush
max > αfault, and consequently the protection may fail. In

other words, 75% of the windings can be protected by the
main criterion when the metallic winding-to-ground fault occurs
during energization.

Energization with the secondary winding breaker open is the
most challenging condition for the main criterion, but in fact,
transformers are in service for most of the time. When the fault
occurs, the voltage and current at the terminal of the secondary
winding will also change. They can contribute a lot to the FCDP,
especially if the secondary winding is connected to the load only.

C. Auxiliary Criterion

The threshold of Pfset in the main criterion results in low
protection sensitivity under the high fault impedance condition.
The same thing happens to a turn-to-turn fault with a small
short-circuit turn ratio. To increase the protection sensitivity,
an auxiliary criterion is proposed using conventional differential
active power Pd (based on the full steady-state component). The
fault impedance is mainly resistive. Differential power flowing
into the transformer is:

Psum =
∑
j

∑
i

(|Iij |2 ·Ri) +
∑
j

(∑
i

(|Iij |2) ·Rf

)
.

(15)
In comparison, the magnetizing branch works as an induc-

tance during inrush. Therefore, the transformer mainly con-
sumes active power rather than reactive power during faults,
and it mainly absorbs reactive power during inrush. Thus, the
differential power can be used to distinguish inrush from internal
faults. The auxiliary criterion is given as:

Pd =
∑
j

∑
i

(Re(U ij · I∗
ij)− |Iij |2 ·Ri) > Pset. (16)

Note that the auxiliary criterion is also based on the energy
conservation law. In (16), the active power consumed by the
winding resistance is subtracted to calculate the active power
consumed by the fault resistance. The Pset is used to prevent
the influence of the measuring error and calculation error during
inrush or external faults. The threshold can be set as 0.08∼0.1
p.u., typically. Furthermore, when the voltage drops greatly,
a large calculation error in Pd may occur. Thus, the auxiliary
criterion is used only if the voltage drop ratio of each phase is
less than the threshold Uset, and it works one cycle later after the
protection starts up. Uset is taken as Krel1Krel2α

inrush
max , where

Krel2 is 1.5∼2. When the voltage drop is small, the conventional
differential power can reflect internal faults sensitively.

D. Removal of the DDC Offset

Accurate calculation of the differential power depends on the
accurate estimation of the fundamental components. The DFT
filter can remove the constant direct current (DC) component and
harmonics. However, the DDC component could not be filtered
out, and it can lead to oscillations in the magnitude and phase
angle of the fundamental component.

Furthermore, the FCDP value is calculated using the phase
angle difference between ΔU and ΔI , namely the system
impedance angle δ. It is usually close to 90◦ [41] and thus, a
small error in the phase angle will lead to a large error in the
power value.

To remove the DDC component, a differential filter is uti-
lized for the DFT. The full current signal including the DDC
component is

x(t) = X0e
−t/τ +

∞∑
k=1

Xmk sin(kωt+ ϕk). (17)

Assume the DDC component is constant in a very short
instant, i.e., it can be removed by two sampled values of x.
Then, a new variable is given as

y(n) = x(n)− x(n−M)

=
∞∑

k=1

Xmk{sin(kωTsn+ϕk)−sin[kωTs(n−M)+ϕk]}

(18)

where M � 1 is the step size; Ts is the sampling interval.
Define the fundamental component of y(t) as y1(t) =

Ym1 sin(ωt+ θ1). Ym1 and θ1 can be calculated by the DFT
algorithm. Then, the magnitude and phase angle of x1 are

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
Xm1 =

Ym1

2 sin
ωTsM

2

ϕ1 = θ1 − π

2
+

ωTsM

2
.

(19)

As a result, the DDC component can be removed, and more
accurate fundamental phasor can be captured.
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Fig. 7. Logical Block Diagram of the FCDP-Based Scheme.

Fig. 8. Flowchart of the FCDP-based Scheme.

E. Proposed Scheme

Fig. 7 shows the logical block diagram of the proposed
scheme. The main criterion uses the fault components of voltages
and currents, while the auxiliary criterion uses the full steady-
state components. The action of the main criterion depends on
the polarity and value of the FCDP, while the trip of the auxiliary
criterion depends on the voltage drop and power value consumed
by the transformer. A large voltage drop is more favorable
for the main criterion, while a relatively low voltage drop is
more favorable for the auxiliary criterion. The two criteria can
complement each other under different conditions. There is an
intersection between the protection areas of the two criteria.

Fig. 8 shows the flowchart of the proposed protection scheme.
The FCDP-based algorithm is triggered when a sudden change in
currents is detected. Then, the variations of voltage and current
are calculated. If the transformer is a Yd11 transformer, new
voltages and currents are calculated by Y-Δ transformation.

Fig. 9. Simulation Model.

TABLE I
PARAMETERS OF THE SIMULATION MODEL

Traditional DFT is used to obtain the voltage phasor, and the
differential DFT is used to obtain the current phasor. Then, ΔP
and Pd are calculated, and (11) or (16) is judged. Note that
the differential DFT algorithm is only applied to the current
signal, since there is no DDC component in the voltage signal,
and this algorithm will amplify high-frequency components. To
reduce the influence of high-frequency components and other
interferences on the power value, the trip signal will be sent only
when the criterion is satisfied for half a cycle. The half-cycle
delay can help improve the reliability of the protection. In
addition, the voltage for calculation can be obtain from the
voltage transformer (VT) of the bus.

IV. PERFORMANCE EVALUATION

The proposed scheme is tested under internal fault, external
fault, and transformer energization conditions in this section.
The system model including a transformer is developed under
PSCAD/EMTDC and RTDS environment. Here, RTDS is uti-
lized to simulate turn-to-turn faults and turn-to-ground faults.
Experimental tests are performed in the EPDL for further in-
vestigation. Recording data of an actual power transformer are
also used to validate the performance during inrush. Resultant
voltages and currents are loaded into Matlab to implement the
protection algorithm.

A. Internal Faults

Fig. 9 shows the simulation model constructed in PSCAD.
US and ZS represents the equivalent model of the power system
connected with the transformer. The transformer parameters
listed in Table I can be conveniently obtained by the transformer
nameplate, which can be used to calculated the threshold of the
proposed scheme. The winding leakage reactance can be calcu-
lated approximately as (20). The system frequency is 50 Hz, and
the sampling rate is 4000 Hz. For a 120 MVA transformer, the
maximum inrush current is five times of the rated current, i.e.,
βmax = 5 [37]. The system impedance is taken as 20Ω and δ is
85◦. The X/R ratio ρ is 11.4. XT is calculated based on the rated
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Fig. 10. FCDP During Internal Phase A-to-ground faults.

Fig. 11. Traditional Differential Power During Phase A-to-ground Faults.

impedance. Therefore, αinrush
max is 0.17 and Pmax

fset is 3.46 MW
(0.0288 p.u.) for each phase as per (12) and (13) when Krel is
1.1.

XT = xT · ZN = xT
U2

1N

SN
. (20)

The proposed scheme is then validated under an internal fault
condition. The faults occur at t = 0.3 s and last for 0.5 s. The
waveforms of ΔP during AG faults at F1 are shown in Fig. 10.
Power values under Rf = 0 Ω and 10 Ω conditions exceed the
threshold (represented by the dashed line) at t = 0.30375 s and
t = 0.30425 s, respectively. The internal faults can be detected
successfully. The performance of traditional power differential
protection is also tested for comparison. The whole components
of voltages and currents are utilized instead of fault components.
As shown in Fig. 11, the traditional differential power is as low
as 0 MW after t = 0.32 s under the condition of Rf = 0 Ω, in
which case the internal fault fails to be detected.

Different types of faults at F1 and F2 are simulated for further
evaluation of the proposed scheme. Tables II and III list the
FCDPs of each phase and the sum during the faults at F1
and F2, respectively. Transformation of Y−Δ is applied in the
voltage and current forΔPj .Δtop represents the time from fault
occurrence to the instant that the FCDP exceeds the threshold.
When a single-phase-to-ground fault occurs at the delta side of
the transformer, the fault current fails to flow through the circuit
loop. Thus, the AG fault is not simulated.

It can be seen from the tables that internal faults can be
successfully detected in 1/2 cycle after the fault occurs in above
cases. In addition, the differential power values calculated by
the conventional power differential method are also listed. The
method fails when Rf = 0 Ω, while the FCDP-based method
works effectively. The reason is that the voltages decrease to
zero, and thus the differential power values cannot be estimated

TABLE II
SIMULATION RESULTS DURING INTERNAL FAULTS AT F1

TABLE III
SIMULATION RESULTS DURING INTERNAL FAULTS AT F2

TABLE IV
COMPARISON OF THE TRADITIONAL POWER AND THE FCDP DURING A

THREE-PHASE FAULT AT F1

accurately. In comparison, the large variation of the voltage will
lead to a large FCDP. Table IV lists the voltage and power based
on the full steady-state component and fault component during
a three-phase fault at F1, which clearly presents that the voltage
drop causes a small value of P1 and a large value of ΔP1.

The conventional power differential method can be a com-
plement of the FCDP-based method and improve protection
sensitivity when faults with high fault impedance or turn-to-
turn faults occur, especially at the low-voltage delta windings.
Turn-to-turn faults and turn-to-ground faults are simulated by
RTDS, where a precise transformer winding model with internal
faults is included. The parameters are the same as those of the
PSCAD model. The simulation results are listed in Tables V and
VI. The short-circuit location represents the distance from the
neutral point to the fault location. The FCDP-based method can
identify most of the faults correctly, except the 5% turn-to-turn
faults, while sensitivity of the auxiliary criterion is high. The
voltage drop under this condition is low, and thus the proposed
scheme can detect the fault reliably.



PENG et al.: POWER DIFFERENTIAL PROTECTION FOR TRANSFORMER BASED ON FAULT COMPONENT NETWORK 2471

TABLE V
SIMULATION RESULTS DURING TURN-TO-TURN FAULTS

TABLE VI
SIMULATION RESULTS DURING TURN-TO-GROUND FAULTS

TABLE VII
SIMULATION RESULTS DURING EXTERNAL FAULTS AT THE BUS (F3) AND THE

TRANSMISSION LINE (F4)

B. External Faults

For external faults at the bus (F3) and the transmission
line (F4), the proposed scheme is also examined. As given in
Table VII, the FCDPs are positive during external faults. (11)
and (16) are not satisfied. Since the voltage variation is large
during severe faults, the FCDP is calculated accurately and will
not cause false trips. Fig. 12 shows the waveforms of FCDPs
under AG faults at F3. It can be concluded that the proposed
scheme is reliable during external faults.

The performance of the traditional power differential pro-
tection is also evaluated without the ΔU < Uset criterion. Pd

during internal and external faults is listed in Tables II, III, and
VII in red and bold, which is always at a very low level and
makes the fault detection difficult. During external faults, it may
be larger than that during internal faults; thus, the traditional

Fig. 12. FCDP During Phase A-to-ground Faults at F3.

Fig. 13. FCDP During Energization Inrush.

power differential protection cannot distinguish internal faults
from external faults under the metallic fault conditions. It should
be noted that the power values are negative during the F1 fault
since the power consumed by the transformer cannot be obtained
correctly due to the low voltage. In theory, they should be
positive. Further, if the voltage at the bus drops greatly under
faults with low impedance and other conditions, the reliability
of the traditional power differential protection will be low.
The ΔU < Uset criterion enables that the auxiliary criterion is
only used when the voltage drop is low, which can ensure the
reliability of the protection.

C. Energization

Unloaded transformer energization cases are studied in this
part. The transformer is energized with no fault at t= 0.3 s. The
FCDP and Pfset are both negative and will reach the maximum
absolute value at the instant of maximum inrush. Different
system impedance and X/R ratio conditions are simulated in
the energization cases, as shown in Fig. 13. The X/R ratio varies
from 2.7 to 19.1 when the system impedance angle varies from
70◦ to 87◦. The FCDP vaules shown in the figure are the ones
whose magnitudes are the largest during inrush. Dashed lines
in the figure represent the Pfset values. The protection will not
operate falsely, since the FCDP does not exceed the threshold
value. The system impedance magnitude and X/R ratio are
critical factors that affect the threshold of FCDP. The inrush
current decreases as the impedance increases and the X/R ratio
decreases, while the voltage drops more greatly. The FCDP has
the largest magnitude when ZS = 50 Ω and ρ = 2.7. Accurate
magnitude and angle of the system impedance can help better



2472 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 38, NO. 4, AUGUST 2023

Fig. 14. FCDP During Sympathetic Inrush and Recovery Inrush.

detect faults by the main criterion. If there is none, the estimated
maximum magnitude and minimum angle have to be used, which
decreases the sensitivity of the main criterion due to a largePfset.
The different iron losses from 0.005 p.u. to 0.025 p.u. are used for
the energized transformer in the cases as well, whereas the iron
loss has little influence on the FCDP. There is little increment in
the FCDP as the iron loss increases. The rationale behind this
is that the iron loss is relevant to frequency, area of hysteresis
loop, and flux density of the alternate flux, and the variation of
the iron loss can hardly affect the inrush and the voltage drop.

Sympathetic inrush and recovery inrush cases under different
impedances are simulated. The dashed line is the threshold of the
main criterion. The largest FCDP magnitude is shown in Fig. 14.
Compared with the energization inrush, the sympathetic inrush is
less under the same condition. The voltage drop during inrush is
caused by the parallel energizing transformer, and the influence
of the maximum FCDP during inrush has been avoided by the
threshold, thus the protection will not misoperate. The figure
also shows that the recovery inrush will not cause false trips
of the protection. The FCDPs are below the Pfset for the same
reason. It should be noted that the protection starts up once the
external fault occurs, and the voltages and currents under normal
condition are recorded and used to calculate Upre and Ipre.

Energization with an internal fault is simulated to compare
with the inrush case. When the transformer is energized with
the internal fault, the voltage and current of the secondary
side are both zeros and thus ΔP2 is zero, which is the most
unfavorable condition for the main criterion. To compare the
voltage drop and FCDP with the same benchmark, the two
conditions are simulated at the same current increment level.
The simulation results are listed in Table VIII. The fault type
is the Phase A-to-ground fault at the primary side. The high
inrush currents are obtained by setting high residual flux and
low knee voltage; the data in the table are all the maximum
magnitude during energization. The same fault current ΔI is
simulated by setting high fault impedance. As seen in Table VIII,
when the currents during faults are equal to the maximum inrush
current, the voltage drop caused by the former is larger than that
caused by the latter. The protection will not operate falsely. It
should also be noted that the sensitivity decreases as the system
impedance increases. The performance of the proposed method
is also verified under the energization with turn faults condition,
as listed in the Tables IX and X. αinrush

max is 0.16 p.u. The FCDP
can work effectively when the short-circuit point varies from

TABLE VIII
PERFORMANCE COMPARISON BETWEEN THE INRUSH AND ENERGIZATION WITH

INTERNAL FAULTS CONDITIONS

TABLE IX
SIMULATION RESULTS UNDER ENERGIZATION WITH TURN-TO-GROUND

FAULTS CONDITION

TABLE X
SIMULATION RESULTS UNDER ENERGIZATION WITH TURN-TO-TURN FAULTS

CONDITION

10% to 50% of the windings during turn-to-ground faults, and
the short-circuit ratio varies from 15% to 40% of the windings
during turn-to-turn faults.

Here, the proposed main criterion is compared to the con-
ventional current differential protection. Considering the sec-
ond harmonic restraint method may fail to identify inrush, a
threshold for the the current differential protection is set to
mitigate the effect of inrush. Thus, Iset = KrelβmaxIN. Assume
Krel = 1.2 and βmax = 5. Iset is 6 p.u. It is obvious that the
current differential protection cannot work under the conditions
in Table VIII. The current differential protection provides less
complementarity than the FCDP-based criterion for the auxiliary
protection. The red ΔIA in Tables IX and X show that the
current differential protection is unable to identify the faults
in the corresponding situations. It should be noted that Pd is
also too low to work when k = 40%, which means only the
FCDP-based criterion can identify the fault.
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TABLE XI
SIMULATION RESULTS UNDER DIFFERENT RESIDUAL FLUX CONDITIONS

Fig. 15. Second Harmonic Content During Ultra-Saturation.

D. Ultra-Saturation Phenomenon

When a transformer is energized with a large amount of
residual flux, the iron core is driven into deep saturation. The
flux density is above the knee point of the B-H curve for
large portions of each cycle, which makes the second harmonic
content low [11]. Different residual flux conditions in Phase A
are simulated in this section to verify the performance of the
proposed method during ultra-saturation. ZS is set as 5 Ω for
long-lasting low second harmonic content. The knee voltage is
set as 1.12 to drive the transformer into deep saturation more
easily. The simulation results are listed in Table XI, which
presents the values for the largest inrush currents. Fig. 15 shows
the second harmonic contents of the I1A and IdA while the
residual flux is 0.8 p.u. IdA is the differential current of Phase A.
The transformer experiences ultra-saturation during inrush, and
the second harmonic content are below 15% after t = 0.32s.
It can be seen from the figure that the Y-Δ transformation
also contributes to the low second harmonic content. The main
criterion works well under this condition, since the voltage drops
will not exceed αinrush

max . The auxiliary criterion will also not
misoperate due to the low differential power. In addition, if
the transformer is energized on load, the proposed method may
misoperate. The reason is that the ΔP of the secondary side
during energization is not taken into consideration. Thus, the
main criterion should be blocked. This is one limitation of the
proposed scheme. However, energization of the transformer on
load seldom happens in practice.

E. CT Saturation and Coupling Capacitor Voltage
Transformer (CCVT) Measurement Errors

Internal faults with CT saturation are simulated in this section.
Taking the Phase A-to-ground fault as an instance, currents in

Fig. 16. Current of the Primary Side in Phase A During the Phase A-to-ground
Fault.

Fig. 17. FCDP During the Phase A-to-ground Fault with CT Saturation.

Fig. 18. Current of the Primary Side in Phase A During Inrush.

Fig. 19. FCDP During Inrush.

the transformer’s primary side are shown in Fig. 16, and the
FCDP is shown in Fig. 17. Although abnormal change of the
data due to CT saturation causes errors in calculating the fault
components of currents, the FCDP still exceeds the threshold
during the CT saturation. The FCDP keeps reliable as in the
non-saturation case.

In comparison, CT saturation during inrush due to large and
long-lasting DC component is simulated, by setting the residual
flux in the CT as 0.65 p.u. Currents in the transformer’s primary
side are shown in Fig. 18, and the FCDP is shown in Fig. 19.
Although the FCDP contains errors due to CT Saturation, Pfset
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Fig. 20. CCVT Transients during Metallic Faults.

also varies as the error changes. What makes a decision for the
FCDP-based criterion is the voltage drop. The CT saturation
has less influence on the FCDP-based criterion unless Pfset is
limited to Pmax

fset . The system impedance angle is used in (13),
which will not change with the phase angle errors caused by CT
saturation. To prevent the possible misoperation, a large Krel1

should be set for large inrush with CT saturation.
The voltage can be measured by the voltage transformer

(VT) of the bus. If the scheme is used for a transformer whose
main protection and backup protection are separated in different
devices and thus the voltage data are not collected, the secondary
cable or optical fiber should be installed between the VT and pro-
tection device. The VT can be a potential transformer (PT) or a
coupling capacitor voltage transformer (CCVT). The latter may
cause transients when large voltage drop occurs. The magnitude
and phase angle errors will generate and affect the performance
of the power differential protection. The CCVT transient during
metallic phase-A-to-ground faults at F3 is shown in Fig. 20.
The error is as large as 25% of the nominal voltage. If large
transients occur during external faults, the proposed method may
misoperate.

To solve the problem, two measures can be taken, including
using CCVT with high sum of stack capacitances and pre-
filtering the voltages using a filter designed specially to cope with
CCVT transients. The higher the sum of the stack capacitances,
the lower the magnitude of the transients [42]. However, the first
measure will cause increased investment. At the same time, the
trip time for the main criterion should be adjusted to one cycle
later, which will slow down the speed of protection. Pre-filtering
the voltages is a better choice. Modern microprocessor-based
relays often incorporate techniques to deal with CCVT tran-
sients. For example, [43] provides a two-stage filter, with the
ability of noise suppression and dynamic memory. By using
a specially designed filter, less than 0.6% (of the nominal)
transient errors due to the CCVT transients will be introduced.
Then, the proposed method can work effectively.

F. Experiment in the EPDL

The test system constructed in the EPDL is shown in Fig. 21,
and the test field is shown in Fig. 22. The tested transformer
(step-down transformer) is connected to a no-load line. The volt-
age rating of the transformer is 1030 V/800 V/220 V. The system
impedance is 8Ω∠80◦. αinrush

max = 0.31. Cases conducted in the

Fig. 21. Test System in the EPDL.

Fig. 22. Test Field in the EPDL.

TABLE XII
TEST RESULTS DURING INTERNAL FAULTS IN THE EPDL

EPDL include magnetizing inrush and faults at the secondary
and tertiary windings.

Table XII describes the FCDPs and conventional differential
powers. As presented in the table, the main criterion can rec-
ognize internal faults with or without inrush correctly, except
a turn-to-turn fault with small short-circuit ratio. Neverthe-
less, sensitivity of the auxiliary criterion is high during the
turn-to-turn fault. The proposed method can protect the tested
transformer reliably during internal faults.

In addition, multiple tests of energization without faults are
conducted. When RMS value of the inrush is 5.2 A, maximum
absolute value of the FCDP is 23.25 W, which is much less than
the threshold. This means the proposed method can distinguish
internal faults from inrush reliably.
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Fig. 23. Currents of the Transformer Primary Side Recorded in the Field.

Fig. 24. FCDP Calculated by Actual Recording Data.

TABLE XIII
COMPARATIVE ASSESSMENT OF THE PROPOSED METHOD

G. Actual Recording Data

Recording data of the actual power transformer protection
device, which have been mentioned in Section I, are utilized
to verify the reliability of the proposed method under ener-
gization. The power transformer is a YNyn0d11 transformer.
The rated voltage and rated capacity are 230/121/38.5 kV and
180/180/90 MVA, respectively. The leakage reactance between
the primary and secondary winding is 0.12 p.u, which is used to
calculate Pfset. Sampling rate of the recording data is 1200 Hz.
The differential current and second harmonic content has been
shown in Fig. 1. Currents flowing through the primary side of
the transformer are shown in Fig. 23. The calculated FCDP
is positive, as shown in Fig. 24. Thus, the protection will not
operate while the current differential protection operates in a
false way. The actual inrush data can verify the reliability of the
proposed method under energization.

H. Comparative Assessment

Performance assessment is carried out by comparing the
proposed method with several existing methods. Table XIII lists
the comparative study results with wavelet transform (WT) [18],
superimposed differential current (SDC) [22], second central

moment (SCM) [24] and generalized delayed signal cancelation
(GDSC) [44]. SDC-based and SCM-based method cannot detect
the three-phase faults. The WT-based and GDSC-based methods
can detect different types of fault but require a high sampling
rate. The proposed method can detect different types of faults
with a low sampling rate, and its computation burden is low.
24 samples per cycle or 80 samples per cycle is commonly
used in the practical protection device, which can meet the
power calculation requirement. Thus, the proposed method is
easy-to-implement in practice.

V. CONCLUSION

This article gives a whole energy perspective on the trans-
former and makes a new exploration on the power differential
protection. A transformer protection scheme based on the FCN is
proposed. The scheme focuses on the active power flowing to the
transformer in the FCN, called FCDP. The polarity and magni-
tude of the FCDP is the key factor in internal fault identification.
The FCDP is negative and large during internal faults, while it is
positive or small during external faults and magnetizing inrush.
Meanwhile, the negative effect of the DDC components can
be significantly reduced using the differential DFT algorithm.
In addition, the differential power based on the whole voltage
and current components is used in the auxiliary criterion to
improve sensitivity of the protection scheme under weak fault
conditions. Simulations, experiments, and real-world recording
data demonstrate the proposed scheme can distinguish internal
faults from other conditions correctly. Furthermore, the scheme
is not influenced by the magnetizing inrush during energization
and voltage drop during faults. With little computation burden,
the proposed scheme can protect the transformer reliably and is
easy-to-implement in practice.

The proposed scheme has several limitations. The CCVT
transients may lead to misoperation of the protection during
external faults. Specially designed filter should be used to solve
the problem. Meantime, if the transformer is energized on load
in a few cases, the protection should be blocked to prevent the
false trip. Besides, the maximum system impedance magnitude
and the minimum impedance angle should be estimated for
calculating Pfset where not available. This may decrease the
sensitivity of the main criterion; nevertheless, the auxiliary
criterion will work with high sensitivity under weak fault con-
ditions. Additionally, due to the good performance under weak
fault conditions, a better way of realizing the traditional power
differential protection will be explored in the future work.
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