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Abstract: Through the analysis of the recovery inrush current generated by the external fault removal
of the converter transformer, it is pointed out that the zero-sequence current caused by the recovery
inrush may result in the saturation of the neutral current transformer (CT), whose measurement
distortion contributes to the mis-operation of zero-sequence differential current protection. In this
paper, a new scheme of zero-sequence differential current protection based on waveform correlation
is proposed. By analyzing the characteristics of zero-sequence current under internal fault, external
fault and external fault removal, the waveform correlation of the zero-sequence current measured
at the terminal of the transformer and the zero-sequence current measured at the neutral point
of the transformer is used for identification. The polarity of the CT is selected to guarantee the
zero-sequence currents at the terminal and neutral point of the transformer exhibit a “ride through”
characteristic under external fault, then the waveform similarity is high, and the correlation coefficient
is positive. On the other hand, when internal fault occurs, zero-sequence current waveforms on
both sides differ from each other largely, and the correlation coefficient is negative. Through a large
number of simulations verified by PSCAD/EMTDC, this criterion can accurately identify internal and
external faults, exempt from effects of the recovery inrush. Moreover, it presents certain ability for
CT anti-saturation.

Keywords: converter transformer; zero-sequence differential current protection; correlation analysis;
CT saturation

1. Introduction

In the ultra/extra high voltage direct current transmission system (UHVDC/EHVDC), it is essential
to guarantee the safe and stable operation of converter transformers, which play the important role of
connecting alternating and direct current systems. Transformer longitudinal differential protection has
always been valued and is the first choice for transformer main protection. However, the longitudinal
differential protection has the problem of insufficient sensitivity in response to grounding fault and may
be slowed down by the second harmonic braking. The zero-sequence differential current protection
can overcome these shortcomings; therefore, it is necessary to install zero-sequence differential
current protection for the converter transformer [1,2]. In the UHVDC/EHVDC project, in addition to
installing the differential protection as the main protection for the converter transformer, zero-sequence
differential current protection is also installed at the terminal of the Y side as one of the important
protections for the converter transformer [3]. The zero-sequence differential current protection detects
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the internal grounding faults of the converter transformer by means of the difference between the
zero-sequence currents at the terminal and the neutral point as the operating current. Zero-sequence
differential current protection has strong resistance to inrush current and high accuracy [3], it is required
to be reliable, locked under non-internal faults. However, due to the saturation characteristic of the
transformer core, during the external fault and the voltage recovery after the external fault is removed,
large fault current or recovery inrush current flows through the winding side and the neutral point of
the transformer. Because of the differences between the current transform (CT) model parameters of
the two sides in the zero-sequence differential current protection, there may be a phenomenon of CT
saturation on one side influenced by the non-periodic component with large fault current, generating a
false differential current which leads to the mis-operation of the protection. There have been many
mis-operations caused by the recovery inrush current relating to the fault removal in recent years [4,5].

At present, little research pays attention to the operating characteristics of the zero-sequence
differential current protection for the converter transformer, they mainly focused on conventional
transformers in alternating current (AC) systems [1,6]. On the basis of the zero-sequence differential
current protection for conventional AC transformers, some scholars have come up with some improved
measures. A new scheme of zero-sequence differential current protection with variable characteristics
was put forward to solve the shortcomings of single action in conventional protection in References [7,8]
and proposed to solve the sensitivity problem of the zero-sequence differential current protection
by optimizing the proportional criterion. Reference [2] raised the idea to improve the reliability
and sensitivity of the protection by zero-sequence current automatic compensation. Reference [9]
analyzed and pointed out that the removal of the external faults of the converter transformer may
bring about the transient saturation of the CT caused by recovery inrush, which brings the risk of
mis-operation to the transformer zero-sequence differential current protection, thus affecting the safe
operation of the DC transmission project. In Reference [10], Hausdorff’s distance algorithm is used as
an auxiliary criterion for zero-sequence differential current protection of the converter transformer,
which can resist recovery inrush current well. However, it fails to analyze the situation that external
faults persist and internal faults cause CT saturation, probably leading to misjudgment. As for the
mis-operation problem exposed in zero-sequence differential current protection for conventional AC
systems, considering that the AC and DC field lines of ultra-high voltage converter station are complex
and the electromagnetic environment is more sophisticated, it can be inferred that the zero-sequence
differential current protection for ultra-high voltage converter transformers faces the same or even
higher mis-operation risk. Therefore, it is necessary to analyze the influence of recovery inrush current
caused by fault removal on zero-sequence differential current protection, and put forward appropriate
schemes to improve the reliability of zero-sequence differential current protection and avoid the
occurrence of mis-operation.

In this paper, a zero-sequence differential current protection criterion based on the waveform
correlation principle is proposed, with adaptive braking characteristic referring to the waveform
correlation information of the zero-sequence currents at the terminal and the neutral point of the
transformer. The new criterion can effectively solve the problem of the false differential current caused
by external fault and its removal accompanied by CT saturation on one side, also can operate reliably
in case of internal fault. It is not affected by the recovery inrush current, and has certain ability of
CT anti-saturation. The proposed protection criterion will improve the reliability of zero-sequence
differential current protection, power systems computer aided design/ electromagnetic transients
including the DC (PSCAD/EMTDC) simulation experiment verifies the validity of the new criterion.

2. Principle of Zero-Sequence Differential Current Protection for Converter Transformer

The composition of the zero-sequence differential current protection of the converter transformer
is shown in Figure 1. Zero-sequence differential current protection detects the internal grounding fault
of the transformer through the difference between the zero-sequence currents at the terminal and the
neutral point of the transformer. The phasor sum of terminal currents is three times the zero-sequence
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current, which is called terminal zero-sequence current 3
.
Iself0. The current at the neutral point is

also three times the zero-sequence current, which is called neutral point zero-sequence current 3
.
In0.

Positive directions of currents on both sides are shown in Figure 1. Under normal working conditions,
due to the three-phase symmetry of the system, three times zero-sequence current flow through
the neutral point 3

.
In0= 0. The sum of three-phase current flowing into the protection equipment is

3
.
Iself0 =

.
IA +

.
IB +

.
IC = 0, then 3

.
Iself0 = 3

.
In0 = 0. When there is an internal fault in the system (Fault

F1 in Figure 1), zero-sequence differential current is large enough to make the protection take action
reliably. When external fault occurs in the system (Fault F2 in Figure 1), although 3

.
Iself0 and 3

.
In0 are no

longer equal to zero,
∣∣∣∣3 .

Iself0

∣∣∣∣ = ∣∣∣∣3 .
In0

∣∣∣∣ is still true and the zero-sequence differential current protection
will not operate. The operation criterion for zero-sequence differential current protection is:

Iop > Iop.0. , (1)

In Equation (1), Iop =
∣∣∣∣3 .

Iself0 − 3
.
In0

∣∣∣∣, where Iop.0 is the operating current of the zero-sequence
differential current protection for the transformer. Generally, it is set as 0.3 times the rated current of
the grounding winding of the converter, that is Iop.0= 0.3 p.u.
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Figure 1. Schematic wiring diagram of zero-sequence differential current protection for the
converter transformer.

3. Impact of Recovery Inrush Current on the Zero-sequence Differential Current Protection

3.1. The Mechanism of Recovery Inrush Current of Fault on the Converter Transformer

For a general single-phase transformer, a T-type equivalent circuit can be used to simulate its
transient mathematical model [11]. The T-type equivalent circuit of the transformer is shown in
Figure 2.

Energies 2020, 13, x FOR PEER REVIEW 3 of 15 

 

sequence current 3Iሶn0. Positive directions of currents on both sides are shown in Figure 1. Under 
normal working conditions, due to the three-phase symmetry of the system, three times zero-
sequence current flow through the neutral point 3Iሶn0 = 0. The sum of three-phase current flowing into 
the protection equipment is 3Iሶself0 = Iሶ A + IሶB + IሶC = 0, then 3Iሶself0 = 3Iሶn0 = 0. When there is an internal 
fault in the system (Fault F1 in Figure 1), zero-sequence differential current is large enough to make 
the protection take action reliably. When external fault occurs in the system (Fault F2 in Figure 1), 
although 3Iሶself0  and 3Iሶn0  are no longer equal to zero, ห3Iሶself0ห = ห3Iሶn0ห  is still true and the zero-
sequence differential current protection will not operate. The operation criterion for zero-sequence 
differential current protection is: 

Iop>Iop.0, (1)

In Equation (1), Iop = ห3Iሶself0 - 3Iሶn0ห , where Iop.0 is the operating current of the zero-sequence 
differential current protection for the transformer. Generally, it is set as 0.3 times the rated current of 
the grounding winding of the converter, that is Iop.0 = 0.3 p.u. 

Zero-sequence 
differential 

delay

3Iself0

3In0

A1

B1

C1

A2

B2

C2

F2 F1
XTA1

XTB1

XTC1

XTA2

XTB2

XTC2

 
Figure 1. Schematic wiring diagram of zero-sequence differential current protection for the converter 
transformer. 

3. Impact of Recovery Inrush Current on the Zero-sequence Differential Current Protection 

3.1. The Mechanism of Recovery Inrush Current of Fault on the Converter Transformer 

For a general single-phase transformer, a T-type equivalent circuit can be used to simulate its 
transient mathematical model [11]. The T-type equivalent circuit of the transformer is shown in 
Figure 2. 

+
u
-

R1 L1 R2 L2

Rm

Lm

RL

LL

i1 i2

im +
 
um

-

 
Figure 2. Transformer T-type equivalent circuit. 

In Figure 2, R1 and L1 represent the resistance and leakage inductance of the primary side, R2 and 
L2 represent the resistance and leakage inductance of the secondary side, Rm and Lm represent the 
excitation resistance and excitation inductance of the excitation branch, RL and LL represent the load 
resistance and load inductance, u represents the terminal voltage of the transformer, um is the 
excitation voltage; i1, i2 and im are the primary side current, secondary side current and excitation 
current respectively. 

According to the transformer mathematical model, the relationship between the excitation 
potential um and terminal voltage u is: 

Figure 2. Transformer T-type equivalent circuit.

In Figure 2, R1 and L1 represent the resistance and leakage inductance of the primary side, R2

and L2 represent the resistance and leakage inductance of the secondary side, Rm and Lm represent
the excitation resistance and excitation inductance of the excitation branch, RL and LL represent the
load resistance and load inductance, u represents the terminal voltage of the transformer, um is the
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excitation voltage; i1, i2 and im are the primary side current, secondary side current and excitation
current respectively.

According to the transformer mathematical model, the relationship between the excitation
potential um and terminal voltage u is:

u = R1i1 + (R2+RL)i2+L1
di1
dt

+(L 2+LL)
di2
dt

, (2)

um= u − R1i1 − L1
di1
dt

, (3)

Let the source potential be u(t) =
√

2U cos(ωt + θ). Under normal operation, the resistance and
inductance of the primary side of the transformer are so small compared with the secondary side that it
can be ignored. At this time, the potential um of the excitation branch and the source can be considered
as equal. Then the core flux of the transformer is:

ψ(t) = ψmsin(ωt + θ), (4)

whereψm =
√

2U
ω . Let the transformer external fault occurs at t = 0, secondary resistance and inductance

suddenly change to R2k and L2k. Excitation current becomes small and can be ignored as well. Let

m =
|R2k+jX2k|

|Rk+jXk|
represent the severity of the external fault, Rk= R1+R2k, Xk = X1+X2k= ω(L 1+L2k).

Neglecting the influence of the primary side impedance, the potential of the excitation branch can be
expressed as:

mu(t) ≈ mu =
√

2mU cos(ωt + θ), (5)

When the fault occurs, the core flux of the transformer will not change instantaneously. According
to the Equation (4) and ψ(0 _) = ψ(0+

)
, the core flux of the transformer can be written as:

ψ(t) = mψmsin(ωt + θ) + (1 − m)ψmsin θ, (6)

If we suppose the fault is removed at t = τ, secondary resistance and inductance immediately
changes to R′2 and L′2. When the fault cutting voltage is restored, primary impedance is small with
respect to the secondary side, which means it can also be ignored. In this circumstance, the excitation
branch potential um can be considered as approximately equal to the source potential u again. Regarding
Equation (4) and ψ(0_) = ψ(0+), the magnetic flux of the transformer core is:

ψ(t) ≈ ψmsin(ωt + θ) +ψ1,p, t > τ, (7)

The equation ψ1,p= (1 − m)ψm(sin θ− sin(τω+ θ)) is called transformer bias, which causes the
recovery inrush. In addition, the cutting angle and recovery angle also have a great impact on the
amplitude of the magnetic bias, thus affects the severity of the recovery inrush current.

Figure 3 shows the flux change of the converter’s Y-type winding under external fault removal;
the fault occurs at 1.0 s. The blue, red, and yellow lines in the figure represent the three-phase flux
curves of phase A, B and C, respectively. It can be seen that the three-phase flux is affected by different
cutting angles, they all have saturation phenomenon with different degrees. As a result, there will be
an inrush in the process. Figure 4 shows the excitation current of the transformer, the blue, red and
yellow lines represent the three-phase excitation current curves of phase A, B and C, respectively. It is
apparent that in the voltage recovery process after fault removal, inrush occurs in all three phases and
the inrush characteristics of each phase are different.
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In order to analyze the mechanism of the distortion in zero-sequence current measurement at 
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3.2. Effect of CT Saturation Caused by Recovery Inrush in Zero-Sequence Differential Current Protection

Because most of the converter transformers are composed of three independent single-phase
transformers, the three-phase magnetic circuit will not affect each other in the process of fault and
fault removal. When it comes to a three-phase group transformer, the phase angles between three phase
voltages vary by 120◦. Even if the fault occurs at the same time, the fault angles and cutting angles of each
phase are different. According to the analysis of magnetic linkage in Section 3.1, saturation degree of the
three-phase iron cores are not consistent, so that corresponding inrush current characteristics of each
phase are different. The amplitude of zero-sequence current obviously increased after the superposition
of three phase currents, accompanied by the appearance of a DC component and high-order harmonic.

Figure 5 shows the change of the zero-sequence current at the neutral point when external fault
occurs and after it has been removed. The fault occurs during 1.00–1.05 s. There is also a small
zero-sequence current in normal operation mode. In this case, zero-sequence current at the neutral
point is symmetric with respect to time axis, having no effect on the transfer characteristics of CT.
However, when the fault is removed, the amplitude of zero-sequence current rises up significantly.
In the meantime, an asymmetric biasing phenomenon of positive and negative halves is generated,
which may contribute to CT saturation and interfere with its normal transmission.
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Figure 5. Zero-sequence current waveform at the neutral point under external fault.

In order to analyze the mechanism of the distortion in zero-sequence current measurement at the
neutral point, it is necessary to study the transfer characteristic of CT. In this paper, the J-A transformer
model in PSCAD/EMTDC is adopted for analysis. In the J-A transformer model, parameters are mainly
used to simulate different excitation curve trajectories, the expression for excitation current im relating
to the saturation of the transformer is [12]:



Energies 2020, 13, 1814 6 of 14

dim
dt

=
l
[
R(i2 − im) + Lσ

di2
dt

]
µ0N2A

(
1 + dM

dH

)
+ lLσ

, (8)

In Equation (8), l is the equivalent flux length of the transformer core; im is the excitation current of
the transformer; i2 is the secondary current of the transformer; R is the load on the secondary (including
the line loss on the winding), and Lσ is the leakage inductance of the winding; µ0 is the magnetic
permeability under vacuum; A is the equivalent cross-sectional area of the CT core; N is the number of
turns of CT secondary winding; M is magnetization and H is the magnetic field intensity.

Due to the fact that three-phase currents of the converter are symmetric under normal operation,
zero-sequence current is very small, and the anti-saturation ability of the CT at the neutral point is
generally inferior to CT at the terminal. When there is an aperiodic component in the zero-sequence
current, the remanence accumulation of the core may cause CT flux bias, which may further lead
to CT saturation [13]. For zero-sequence differential current protection, it has high sensitivity but is
not equipped with second harmonic braking. The transmission error caused by CT saturation at the
neutral point may bring the risk of mis-operation.

Figure 6 shows the magnetic induction intensity of CT core at the neutral point before and after
the fault. It is shown that after fault removal, the remanence accumulation of the iron core leads to
the bias of CT flux, which seriously affects the normal transmission of CT and thus influences the
operational reliability of zero-sequence differential current protection.
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4. A New Principle of Zero-Sequence Differential Current Protection Based on Waveform
Correlation Analysis

4.1. The Basic Principle of Waveform Correlation

Correlation analysis is mainly used to study the degree of similarity or dependence between two
signals, so as to achieve the detection, identification and extraction of signals [14]. Assuming that the
two zero-sequence current sequences in a certain period of time are x(n) and y(n), rab is defined as the
correlation coefficient of x(n) and y(n):

rab =

∑k
n=0 cov(x, y)∑k

n=0

√
Var(x)Var(y)

, (9)

In Equation (9), cov(x,y) is the covariance of x(n) and y(n), Var(x) and Var(y) are the variances
of x(n) and y(n). According to Schwartz’s inequality [14], the correlation coefficient of two signals
|rab| ≤ 1. rab can reflect the correlation degree of amplitudes and phases angle between two current
signals: the larger the rab is, the more similar the two waveforms are. When the amplitudes of two
current signals are proportional with the same phase, the correlation coefficient rab= 1, which is a
strong positive correlation. When the amplitudes are proportional while their phases are opposite,
the correlation coefficient rab= –1, which means a strong negative correlation. When their amplitudes
are not proportional, –1 < rab < 1, representing a weak relation.
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Figures 7 and 8 show the waveforms of zero-sequent currents x(n) and y(n) under external
(excluding CT saturation) and internal fault (excluding CT saturation). x(n) is zero-sequence current at
the terminal of the transformer and y(n) is zero-sequence current at the neutral point of the transformer.
Learning from these two figures, under normal circumstances, x(n) and y(n) are periodic functions
with a period of 2π. When there is an external fault, the amplitudes of x(n) and y(n) waveforms
are proportional and have the same phase, so that the correlation coefficient rab is 1. When internal
fault occurs, the amplitudes of x(n) and y(n) waveforms are proportional but the phases are opposite,
the correlation coefficient rab is −1. Therefore, the magnitude of correlation degree can clearly
distinguish internal and external fault of the zero-sequence differential current protection.Energies 2020, 13, x FOR PEER REVIEW 7 of 15 
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4.2. A New Criterion for Zero-Sequence Differential Current Protection Based on Waveform Correlation Analysis

According to the analysis in Section 4.1, correlation analysis plays a role of amplifying the
difference between signals, specifically the difference between the waveforms of two signals. To be
exact, the larger the correlation coefficient is, the stronger the correlation is, vice versa. Based on
the UHVDC transmission model, the sampling values 3

.
Iself0 and 3

.
In0 on both sides of the converter

zero-sequence differential current protection are used to construct the following two current discrete
signals [15]: {

x(n)= 3iself0(nT)
y(n)= 3in0(nT)

, (10)

In Equation (10), x(n) and y(n) are virtual current signals; 3
.
Iself0 is the sampling value of

zero-sequence current at the terminal; 3
.
In0 is the sampling value of zero-sequence current at neutral

point; T is the sampling interval.
After obtaining the discrete signals of currents on both sides, the correlation coefficient rab

is calculated according to Equation (9). When external fault occurs, the waveform amplitudes of
zero-sequence currents on both sides of the protection are exactly the same and the difference of phase
angles is nearly 0. It is a strong positive correlation and the correlation coefficient is 1. When the
internal fault occurs, the waveforms of zero-sequence currents on both sides have little similarity and
the difference of phase angles is close to 180◦, which is a strong negative correlation and the correlation
coefficient is close to −1. In order to distinguish internal and external faults, action threshold is set
rab. set= Rset. The improved criterion for zero-sequence differential current protection is shown in
Equation (11):
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{
Iop > Iop.0

rab(iself0, in0) < rab. set= Rset
, (11)

In the equation, rab. set is the action threshold of correlation coefficient and its action value Rset is
given with respect to the verification of actual parameters of ±800 kV UHVDC transmission model.
rab(iself0, in0) is the correlation coefficient of zero-sequence currents on the two sides. Moreover,

Iop =
∣∣∣∣3 .

Iself0 − 3
.
In0

∣∣∣∣, Iop.0 is the operating current of the converter zero-sequence differential current
protection, whose value is 0.3 times the rated current of the converter grounding winding [16,17],
expressed as Iop.0= 0.3 p.u.

5. The Simulation Analysis

Converter transformer T1 on the rectification side in the ±800 kV UHVDC transmission model
was taken as the study object, as shown in Figure 9. Zero-sequence differential current protection
measures iself0 and in0 on the Y0 winding side of converter. Relevant parameters of the simulation
model are listed in Table 1 [18–20].
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Table 1. Simulation model parameters.

Parameters Value

Rated Capacity (MW) 760
Rated Ratio (kV) 525/170

Connection Method Y0/Y
Positive Sequence Linkage (p.u.) 0.18

Hollow Reactance (p.u.) 0.2
Saturation Point (p.u.) 1.25

Excitation Current (p.u.) 1%

Validity of the new criterion in different typical fault scenarios is verified by analyzing the ±800 kV
UHVDC transmission model. For convenience of analysis, the neutral point CT uses a J-A model with
a good saturation characteristic in PSCAD [21–25]. The total simulation duration is set to be 2.0 s
and the current sampling rate is set to be 4 kHz. The window length of the identification criterion is
selected as 20 ms. The calculation sequence of the correlation coefficient rab is obtained through the
passage of the time window.

5.1. External Fault of Converter Transformer (Excluding CT Saturation)

The established PSCAD/EMTDC model is used to simulate the situation of external fault of the
converter transformer (excluding CT saturation). When the phase A external fault occurs at t = 1 s,
the waveforms of iself0 and in0 are detected by zero-sequence differential current protection as shown in
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Figure 10, noting that the blue line is iself0 and the red dotted line is in0. In Figure 11, the blue line is the
calculation sequence of rab and the dotted line is the calculation value of rab under normal conditions.
Since zero-sequence current is very small under normal conditions, zero-sequence differential current
protection will not operate. The “1” here is false and does not refer to external fault.
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Figure 10. iself0 and in0 waveforms under external fault (excluding CT saturation).
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Figure 11. rab calculation sequence under external fault (excluding CT saturation).

It can be seen from Figures 10 and 11 that when external fault occurs (excluding CT saturation),
waveforms of two zero-sequence currents almost coincide completely with the same phase, which
is strong positive correlation and is judged as an external fault. During the duration of the fault,
the two current waveforms are consistent in general, as good as no difference in amplitude and phase.
The amplitude of the zero-sequence differential current is close to 0, which is far lower than the action
value of protection, so the protection can block reliably.

During the duration of the external fault, large zero-sequence current may give rise to the
saturation of neutral point CT. The deterioration of CT transmission characteristic will result in a large
zero-sequence differential current, leading to the mis-operation of traditional zero-sequence differential
current protection. Such kind of working condition is verified below.

5.2. External Fault of Converter Transformer (Taking CT Saturation into Account)

When the phase A external fault occurs at t = 1 s with CT saturation, the zero-sequence differential
current protection detects the waveforms of iself0 and in0 as shown in Figure 12. The meaning of each
waveform and variable is the same as in Section 5.1.
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Figure 12. Waveforms under external fault (taking CT saturation into account): (a) iself0 and in0;
(b) zero-sequence differential current.

In regard to Figure 12a, the neutral point CT is saturated and in0 transmission is deformed after
saturation. Here, zero-sequence current waveforms of two sides are weakly positively correlated.
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Figure 12b shows the waveform of zero-sequence differential current with CT saturation. Its amplitude is
close to 0.49 p.u., which is larger than the action current 0.3 p.u., so traditional zero-sequence differential
current protection will mis-operate. Using the criterion proposed in this paper, the calculation result
of correlation coefficient sequence rab for iself0 and in0 is shown in Figure 13. The minimum value of
rab is 0.96.
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is saturated, there will be false differential current in differential current protection with maximum 
amplitude being 0.51 p.u., which is higher than the protection action value. If no locking criterion is 
added, the zero-sequence differential protection will mis-operate. According to the criterion 
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In addition to the protection mis-operation caused by CT saturation during the external fault,
according to the analysis in Section 3.2, neutral point CT accumulates a certain remanence during the
external fault. After it is removed, the CT is affected by the recovery inrush current. The cumulative
effect of remanence will cause the saturation of CT. Furthermore, the false differential current is
generated after the removal of external fault, bringing about the mis-operation of the traditional
zero-sequence differential current protection. Therefore, the reliability of the new criterion for
zero-sequence differential current protection under such condition is verified below.

5.3. Recovery Inrush Current (Taking CT Saturation into Account)

Phase-A external grounding fault occurs at t = 1 s and is removed after 0.05 s. The waveforms of
iself0 and in0 detected by zero-sequence differential current protection are shown in Figure 14a.
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Figure 14. Waveforms under recovery inrush current (taking CT saturation into account): (a) iself0 and
in0; (b) zero-sequence differential current.

Considering the scenario when the recovery inrush current is more serious, three-phase flux of the
converter transformer is seriously asymmetric. CT at the neutral point is affected by the recovery inrush
current. As its magnetic bias accumulates continuously, CT gets saturated as a result. Zero-sequence
current is distorted after transmission and there is a little deviation in phase. False differential current is
also generated. Figure 14b shows the waveform of zero-sequence differential current on condition that
CT is saturated under recovery inrush current. Two waveforms are weakly positive correlated. It can be
learned that after the fault is removed, since the CT at the neutral point is saturated, there will be false
differential current in differential current protection with maximum amplitude being 0.51 p.u., which is
higher than the protection action value. If no locking criterion is added, the zero-sequence differential
protection will mis-operate. According to the criterion proposed in this paper, the calculation result
of correlation coefficient sequence of iself0 and in0 is shown in Figure 15, and the minimum value of
rab is 0.57.



Energies 2020, 13, 1814 11 of 14Energies 2020, 13, x FOR PEER REVIEW 11 of 15 

 

0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
0

0.2

0.4

0.6

0.8

1

1.2

r a
b /

p.
u.

time/s  

Figure 15. rab calculation sequence under recovery inrush current (taking CT saturation into account). 

5.4. Internal Fault of Converter Transformer (Excluding CT Saturation) 

The single-phase grounding fault occurs at t = 1 s. The waveforms of iself0 and in0 detected by zero-
sequence differential protection are shown in Figure 16a. 

0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3
-10

-5

0

5

10

15

z
er
o
-
s
eq

u
e
nc

e
 

c
ur

r
e
nt

 /k
A

time/s

3In0
3Isel f0

 
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3

-1.5
-1

-0.5

0
0.5

1
1.5

2

di
ffe

re
nt

ia
l c

ur
re

nt
 

/p
.u

.

time/s  
(a) (b) 

Figure 16. Waveforms under internal fault (excluding CT saturation): (a) iself0 and in0; (b) zero sequence 
differential current. 
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difference between amplitudes increases significantly, which is much higher than the protection 
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The zero-sequence current changes at the moment when the fault occurs. Currents on both sides 
are almost the same before the fault occurs, rab = 1. However, the phase of zero-sequence current on 
the fault side is reversed, causing rab changes to −1 within one cycle, which can accurately identify 
internal fault and external fault. 
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5.4. Internal Fault of Converter Transformer (Excluding CT Saturation)

The single-phase grounding fault occurs at t = 1 s. The waveforms of iself0 and in0 detected by
zero-sequence differential protection are shown in Figure 16a.
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The zero-sequence current changes at the moment when the fault occurs. Currents on both sides 
are almost the same before the fault occurs, rab = 1. However, the phase of zero-sequence current on 
the fault side is reversed, causing rab changes to −1 within one cycle, which can accurately identify 
internal fault and external fault. 
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Figure 16. Waveforms under internal fault (excluding CT saturation): (a) iself0 and in0; (b) zero sequence
differential current.

It can be seen that after the waveforms of the internal fault tend to be stable without CT saturation,
the phases of iself0 and in0 are opposite. The differential current is shown in Figure 16b. The difference
between amplitudes increases significantly, which is much higher than the protection action value.
Calculating the correlation coefficient of zero-sequence currents on both sides, the calculation sequence
of rab is shown in Figure 17. The amplitudes of two current waveforms are proportional and the phases
are opposite, which is strongly opposite correlation. The minimum value of rab is −1.
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The zero-sequence current changes at the moment when the fault occurs. Currents on both sides 
are almost the same before the fault occurs, rab = 1. However, the phase of zero-sequence current on 
the fault side is reversed, causing rab changes to −1 within one cycle, which can accurately identify 
internal fault and external fault. 

5.5. Internal Fault of Converter Transformer (Taking CT Saturation into Account) 

Figure 17. rab calculation sequence under internal fault (excluding CT saturation).

The zero-sequence current changes at the moment when the fault occurs. Currents on both sides
are almost the same before the fault occurs, rab = 1. However, the phase of zero-sequence current on
the fault side is reversed, causing rab changes to −1 within one cycle, which can accurately identify
internal fault and external fault.

5.5. Internal Fault of Converter Transformer (Taking CT Saturation into Account)

The phase-A internal grounding fault occurs at t = 1 s with CT saturation. The waveforms of iself0

and in0 detected by zero-sequence differential current protection are shown in Figure 18a, and the
waveform of differential current is shown in Figure 18b.
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fault with CT saturation. The amplitudes of two waveforms are proportional and the phases are 
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which can identify internal faults and external faults precisely. 
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Table 2 shows the simulation results under different fault conditions, based on the analysis in 
sections 5.1 to 5.5, the correlation coefficient of recovery inrush current with CT saturation is the 
smallest, at exactly 0.57. Namely, the critical correlation coefficient rabd = 0.57. Considering the 
practical engineering need and the inconsistency of CT transfer characteristics in each case, the 
critical correlation coefficient can be appropriately reduced to improve the reliability of the 
criterion, so that the operation threshold Rset is set as 0.4. The identification criterion for zero-
sequence differential current protection based on waveform correlation analysis is expressed by 
Equation (12), where the variables have the same meanings as Equation (11). ൜ Iop > Iop.0

rab(iself0,in0) < rab. set = 0.4
, (12) 

Therefore, after the protection is started, if Equation (12) is satisfied, it will be judged as an 
internal fault. On the contrary, the fault is judged as an external fault and the protection is locked 
reliably. Verification results are presented in the fourth column of Table 2. The results show that 
present zero-sequence differential current protection has a certain risk of mis-operation, while the 
zero-sequence differential current protection strategy based on waveform correlation analysis 
proposed in this paper has a strong CT anti-saturation capability. It can also operate correctly when 
CT saturation is caused by recovery inrush current. 

Figure 18. Waveforms under internal fault (taking CT saturation into account): (a) iself0 and in0;
(b) zero-sequence differential current.

It can be seen that when CT is already saturated, amplitude difference still increases apparently, to
much higher than action value. Figure 19 shows the calculation sequence of rab under internal fault
with CT saturation. The amplitudes of two waveforms are proportional and the phases are opposite,
rab changes to −1 within one cycle after the fault occurs. The minimum value of rab is −1, which can
identify internal faults and external faults precisely.
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Table 2 shows the simulation results under different fault conditions, based on the analysis in
Section 5.1 to Section 5.5, the correlation coefficient of recovery inrush current with CT saturation is
the smallest, at exactly 0.57. Namely, the critical correlation coefficient rabd= 0.57. Considering the
practical engineering need and the inconsistency of CT transfer characteristics in each case, the critical
correlation coefficient can be appropriately reduced to improve the reliability of the criterion, so that
the operation threshold Rset is set as 0.4. The identification criterion for zero-sequence differential
current protection based on waveform correlation analysis is expressed by Equation (12), where the
variables have the same meanings as Equation (11).{

Iop > Iop.0

rab(iself0, in0) < rab. set= 0.4
, (12)

Therefore, after the protection is started, if Equation (12) is satisfied, it will be judged as an
internal fault. On the contrary, the fault is judged as an external fault and the protection is locked
reliably. Verification results are presented in the fourth column of Table 2. The results show that present
zero-sequence differential current protection has a certain risk of mis-operation, while the zero-sequence
differential current protection strategy based on waveform correlation analysis proposed in this paper
has a strong CT anti-saturation capability. It can also operate correctly when CT saturation is caused
by recovery inrush current.
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Table 2. Simulation verification results under different fault conditions.

Fault Type

Traditional Zero-Sequence
Differential Protection

Criterion

New Criterion of Zero-Sequence
Differential Protection Based on

Waveform Correlation

Amplitude of
Differential

Current (p.u.)

Action
Situation

Minimum Value of
Correlation Coefficient

rab.min (p.u.)

Action
Situation

Internal Fault

Metallic grounding without CT saturation 1.6
√

−1
√

Grounding through a 10Ω transition resistor
without CT saturation 1.1

√
−1

√

Grounding through a 100Ω transition resistor
without CT saturation 0.62

√
−1

√

Metallic grounding with CT saturation 1.15
√

−1
√

External Fault
Metallic grounding without CT saturation 0 × 1 ×

Metallic grounding with CT saturation 0.49 * 0.96 ×

Recovery
Inrush Current

External fault removal without CT saturation 0 × 0.99 ×

External fault removal with CT saturation 0.51 * 0.57 ×

Note:
√

represents protection action, × represents protection does not action, * represents the protection mis-operate.

6. Conclusions

Zero-sequence differential current protection is an important protection method for the converter
transformer to deal with winding grounding faults, but present zero-sequence differential current
protection has the risk of mis-operation in the case of recovery inrush current with CT saturation,
when external fault persists and is removed. In this paper, by analyzing the amplitude and phase
characteristics of zero-sequence currents on both sides of zero-sequence differential current protection,
combined with correlation analysis that can magnify the difference between signals, the new criterion
for zero-sequence differential current protection of the converter transformer based on correlation
analysis is proposed. The simulation results are verified based on the HVDC transmission model.
The results show that the traditional zero-sequence differential current protection may mis-operate
under external fault persistence and removal accompanied by CT saturation. The proposed new
criterion for zero-sequence differential current protection based on waveform correlation can be
locked reliably. It can operate sensitively in all kinds of internal fault conditions. It has strong CT
anti-saturation ability, as well as the reliable ability of identification even when external fault removal
causes recovery inrush current with CT saturation.
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