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Abstract——The development of low-carbon energy systems 
and renewable energy sources (RESs) are critical to solving the 
energy crisis around the world. However, renewable energy gen‐
eration control strategies lead to fault characteristics such as 
fault current amplitude limitation and phase angle distortion. 
Focusing on large-scale renewable energy transmission lines, 
the sensitivity of traditional current differential protection and 
distance protection may be reduced, and there is even the risk 
of maloperation. Therefore, a suitable transmission line model 
is established, which considers the distributed capacitance. Af‐
terward, a novel dynamic state estimation based protection 
(DSEBP) for large-scale renewable energy transmission lines is 
proposed. The proposed DSEBP adopts instantaneous measure‐
ments and additional protection criteria to ensure the quick ac‐
tion and reliability. Finally, faults are identified by checking the 
matching degree between the actual measurements and the es‐
tablished transmission line model. The performance of the pro‐
posed DSEBP is verified through PSCAD/EMTDC and real-
time digital simulator (RTDS) hardware-in-loop tests. The re‐
sults demonstrate that the proposed DSEBP can identify vari‐
ous types of faults quickly and reliably. Meanwhile, the pro‐
posed DSEBP has a better capability to withstand fault resis‐
tance and disturbance.

Index Terms——Dynamic state estimation, protection, fault 
identification, renewable energy, transmission line, real-time dig‐
ital simulator (RTDS), hardware-in-loop test.

I. INTRODUCTION

RENEWABLE energy generation is being developed 
globally to reduce carbon emissions. In 2022, there are 

over 75 GW of wind power generation and over 190 GW of 
photovoltaic power generation installed worldwide [1], [2]. 
The new power system will be dominated by renewable ener‐
gy in the future, and its rotational inertia will be greatly re‐

duced, which will significantly reduce the ability to with‐
stand fault shocks [3]. The operation speed of protection will 
be more important. However, the existing AC protection 
mainly relies on the power frequency phasor to identify 
faults [4], and the operation speed is limited by the length of 
window of the Fourier algorithm. Moreover, the fault charac‐
teristics of renewable energy generation are different from 
those of conventional power generation, and they will affect 
the performance of protection [5], [6]. Therefore, it is neces‐
sary to study the new method of transmission line protection 
using instantaneous measurements. But how to withstand the 
effect of distributed capacitance for instantaneous measure‐
ment protection is a big challenge.

At present, a majority of renewable energy generation 
plants are directly connected to the power system composed 
of traditional synchronous generators, and the renewable en‐
ergy generation plant shows weak-infeed characteristics [7]. 
In the actual project, as the measured impedance is difficult to 
calculate accurately, the zone I distance protection on the re‐
newable energy generation plant side is withdrawn from opera‐
tion [8]. Positive-sequence impedance and negative-sequence 
impedance of renewable energy generation become no longer 
equal when a fault occurs, so there is a risk of misjudgment 
of protection [9]. Because of the phase angle distortion char‐
acteristic, the restrain coefficient of the traditional current 
differential protection may be lower than the set value, and 
the sensitivity decreases [10]. It is difficult for traditional pro‐
tection methods to ensure rapid and reliable fault identification 
for large-scale renewable energy transmission lines.

For the problems of traditional protections, the existing re‐
search can be divided into two categories [11], [12]: ① per‐
formance improvements based on traditional protection meth‐
ods, and ② new protection methods based on fault transient 
information. In [13], the proposed protection method uses 
the time-domain zone II distance protection as a directional 
discriminating element. However, the measured impedance is 
calculated by equating the transmission line to the R-L pa‐
rameter model and ignoring the line distribution capacitance, 
which is only applicable to short transmission lines. In [14], 
the pilot protection uses the current amplitude ratio to com‐
pensate for the shortcomings of current differential protec‐
tion. However, this protection method is not applicable to re‐
gions with a high proportion of renewable energy sources 
(RESs). The improved Euclidean distance based pilot protec‐
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tion is proposed in [15], which identifies faults by calculat‐
ing the Euclidean distance of the current value. But this 
method is still influenced by the fault characteristics of re‐
newable energy generation.

Because of the limited performance of traditional pilot pro‐
tection, researchers began to study new protection methods 
for fault transient characteristics. In [16], a pilot protection 
based on a two-port network model is proposed. This meth‐
od calculates the network parameters online and compares 
them with the protection settings for fault identification. 
However, this method may be influenced by noise distur‐
bance. Fast protection on the basis of the ratio of traveling 
wave energy is proposed in [17], which adds frequency infor‐
mation to amplify the effect of high-frequency components. 
However, traveling wave protection has a dead zone when 
the voltage is zero, and it is difficult to be applied to renew‐
able energy transmission lines. In [18], the transient current 
similarity based protection is proposed, which is not influ‐
enced by the fault characteristics of renewable energy gener‐
ation. However, it is also affected by distributed capacitance.

In summary, the existing protection fails to solve the prob‐
lem of limited performance due to changes in the fault char‐
acteristics of renewable energy generation. Dynamic state es‐
timation methods provide a new idea for the protection of 
large-scale renewable energy transmission lines [19]. In [20], 
the dynamic state estimation method is first applied from the 
field of power systems to the protection of AC transmission 
lines. However, the existing dynamic state estimation based 
protection (DSEBP) of AC transmission lines is computed in 
the phase domain, leading to high computational complexity. 
In [21], the dynamic state estimation method is used for flex‐
ible DC protection. However, it is difficult to tolerate the ef‐
fects of transformer disconnection. Meanwhile, fault phase 
selection methods are important for the protection of high-
voltage AC (HVAC) transmission lines, but none of the 
above protection considers fault phase selection.

A novel DSEBP for large-scale renewable energy transmis‐
sion lines is proposed in this paper. Firstly, a suitable model of 
renewable energy transmission lines is established. Mean‐
while, the distributed capacitance of the transmission line is 
considered. Afterward, the system measurement equations are 
established, and the state variables are calculated by dynamic 
state estimation. Finally, faults are identified by checking the 
matching degree between the actual measurements and the es‐
tablished transmission line model. The hardware-in-loop test 
results verify the performance of the proposed DSEBP. The 
key contributions of this paper are as follows.

1) The idea of dynamic state estimation is incorporated in‐
to the protection method, and the faults are identified by 
checking the matching degree between the transmission line 
and the established model. Therefore, the proposed DSEBP 
is not affected by interference outside the protected line, and 
the reliability is improved.

2) The reliability of the proposed DSEBP is improved by 
constructing the main and additional measurement equations. 
The proposed DSEBP can operate normally when the trans‐
mission line potential transformer (PT) or current transformer 
(CT) is disconnected.

3) The residual characteristics in the proposed DSEBP are 

used for fault phase selection, which does not require addi‐
tional new criteria and enhances the engineering practicality.

II. RENEWABLE ENERGY TRANSMISSION LINE MODEL

A suitable model of renewable energy transmission line is 
the key point of the proposed DSEBP. The relationship 
among line length, model accuracy, and computational com‐
plexity needs to be considered.

The centralized parameter model does not consider the 
electromagnetic wave transmission process of the line. It has 
low computational complexity and is suitable for the study 
of low-voltage distribution networks. However, it does not 
consider the distributed capacitance of the line, which will 
cause large calculation errors when being used in long-dis‐
tance transmission lines.

Frequency-dependent parameter model combines the pa‐
rameter distribution and frequency-dependent characteristics 
and fits the line characteristic impedance and attenuation 
constants with reasonable rational equations. In existing 
transmission line models, the frequency-dependent parameter 
model is the most precise. However, it is more suitable for 
long-distance DC transmission scenarios and takes up too 
many computational resources.

Bergeron model is an approximate lossy transmission line 
model under the condition of satisfying engineering needs. Its 
accuracy is not so high as the frequency-dependent parameter 
model. However, the Bergeron model has relatively suitable 
computational complexity, and the AC transmission line has a 
fixed main frequency, which is more suitable for the study of 
large-scale renewable energy transmission lines. Therefore, 
the following analyses are based on the Bergeron model.

Mutually coupled phase voltage, current, and transmission 
line parameters are converted to the independent mode domain 
(0-1-2 modes) by the Karenbauer transformation matrix S.
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The Bergeron model of transmission line is shown in Fig. 
1, where l is the length of the line; R0 is the resistance of 
the line; and L0 and C0 are the inductance and capacitance 
per unit length, respectively. And subsequent analyses are in‐
dicated in the mode domain if not otherwise specified.

The instantaneous measurements (ik (t), im (t), uk (t), um (t)) 
are used, where i and u are the voltage and current, respective‐
ly; and subscripts k and m represent the k side and m side, re‐
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Fig. 1.　Bergeron model of transmission line.
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spectively. The model of large-scale renewable energy trans‐
mission lines based on the Bergeron model is then given as:
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where τ = l L0C0  is the traveling wave propagation time; Z =

L0 /C0 + lR0 /4; and h = ( L0 /C0 - lR0 /4)/( L0 /C0 + lR0 /4).

III. PROPOSED DSEBP

Faults are identified by determining whether the actual 
measurements match the established transmission line mod‐
el. If the measurements satisfy the physical laws of the estab‐
lished transmission line model, the protected transmission 
line is healthy. On the contrary, if the protected transmission 
line has an internal fault, the measurements will no longer 
match the established transmission line model.

A. System Measurement Equation

Combined with the established transmission line model, the 
system measurement equation containing the measurements, 
state variables, and history values is established. Measure‐
ments include voltage and current values (uk (t), um (t), ik (t), 
im (t)), state variables (represented by subscript v) include volt‐
age and current values (uvk (t), uvm (t), ivk (t), ivm (t)), and histo‐
ry values include voltage and current values before time τ 
(uk (t - τ), um (t - τ), ik (t - τ), im (t - τ), uvm (t - τ), ivm (t - τ)). The 
system measurement equations can be established as:
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zadd (t)= f (xadd (t)t)=Hadd xadd (t)+Cadd (t) (4)

where z(t) is the column vector of  measurements; x(t) is the 
column vector of state variables; H is a Jacobian matrix; 
C(t) is the column vector of history values; f is a function 
that incorporates x(t) and t; and subscripts main and add rep‐
resent the main and additional measurement equations, re‐
spectively. By combining the main equation (3) with the ad‐
ditional equation (4), the dependability of the protection is 
improved.

B. Protection Algorithm

The idea of dynamic state estimation is incorporated into 
the protection by determining if the actual measurements can 
match the established transmission line model. The specific 
implementation method is weighted least squares.

min J = (z(t)- f (x(t)t))TW (z(t)- f (x(t)t))= r(t)TWr(t) (5)

where W = diag{1/σ 2
1 1/σ 2

2 ...1/σ 2
num } is the weight matrix, σ is 

the standard deviation, and num is the number of measure‐
ments.

When line parameters are known, f (x(t)t) is a linear func‐
tion and the Jacobi matrix is a constant matrix. Therefore, 
the optimal estimated state variables are obtained:

x̂(t)= (H TWH)-1 H TW (z(t)-C(t)) (6)

The estimated measurements ẑ(t) and the sum of the 
square of the normalized residuals ζ can be calculated as:

ẑ(t)= h(x̂(t)t)=Hx̂(t)+C(t) (7)

r(t)= ẑ(t)- z(t) (8)

ζ =∑
i = 1

num( )ẑ i (t)- z i (t)
σi

2

(9)

where r(t) is the residual of measurements.

C. Criteria of Proposed DSEBP

The deviation between actual and estimated measurements 
is defined as the residual r. And ζ can be applied to identify 
whether an internal fault occurs.

If no internal fault occurs, the measurements match the es‐
tablished transmission line model and ζ satisfies the chi-
square distribution χ2 (K). However, if an internal fault oc‐
curs, the measurements will no longer match the established 
transmission line model, and ζ does not meet the chi-square 
distribution. Therefore, ζ can be employed to determine 
whether the line is healthy.

The degree of freedom F indicates the redundancy of the 
system measurement equation. And P(F) is the confidence 
level, indicating the probability of the goodness of fit:

P(F)= 1 -P[ζ ³ χ 2
γ (F)]= 1 - ∫

χ 2
γ

¥

f (χ2 )dχ2
(10)

where P[ζ ³ χ 2
γ (F)] is the probability of chi-square distribu‐

tion given ζ ³ χ 2
γ (F) with F degrees of freedom; and γ is the 

probability that χ2 (F) is larger than the threshold χ 2
γ (F).

According to (10), if P(F) is low, it indicates that the mea‐
surements do not match the established transmission line 
model and ζ does not meet the chi-square distribution. There‐
fore, an internal fault occurs. On the contrary, if P(F) is 
high, it indicates that the transmission line is healthy.

The main and additional protection criteria are included in 
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the protection criterion to enhance reliability. The protection is‐
sues the trip signal Trip(t) when ζ satisfies the criterion.

Tripmain (t)=
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Tripope (t)= {1    Tripmain (t)= 1Ù Tripadd (t)= 1

0    else
(13)

where χ 2
α (F) is the threshold for ζ; and Tdelay is a user-defined 

trip delay. Equations (11) and (12) are the main and additional 
protection criteria, respectively, and Tripope(t) means that the 
relay sends a trip signal.

In this paper, χ 2
γ (F) is set to be 6.63. When ζ is greater than 

6.63, it is known that there is 99% probability that an internal 
fault occurs on the protected line by consulting the chi-square 
distribution table. However, it does not indicate that there is 
1% probability of protection misoperation, because the protec‐
tion criterion contains a user-defined trip delay. When ζ re‐
mains larger than χ 2

γ (F) for the trip delay, the protection relay 
will issue the trip signal. Combining the reliability and sensi‐
tivity of the proposed DSEBP, the reset time Tset is set to be 2 
ms, the trip delay Tdelay is set to be 5, and the standard devia‐
tion of measurements is set to be 0.02 p.u..

D. Protection Method Implementation

AC transmission line protection device with the voltage lev‐
el of 220 kV and above needs to be equipped with a fault 
phase selection function. If the single-phase-to-ground fault 
happens, the fault phase should be selected properly. Mean‐
while, the single-phase circuit breaker needs to be tripped. But 
if the phase-to-phase fault (AB), phase-to-phase-to-ground 
fault (AB-G), or three-phase fault occurs, the three-phase cir‐
cuit breaker needs to be tripped. Therefore, an accurate and 
effective method of fault phase selection is particularly im‐
portant. The proposed DSEBP in this paper has a natural 
fault phase selection function and does not require additional 
criteria.

From the above analyses, the measurements are converted 
to the mode domain by Karenbauer transformation. The 0-
mode component contains the measurement information of the 
three phases, the 1-mode component contains the measure‐
ment information of A-B two phases, and the 2-mode compo‐
nent contains the measurement information of A-C two phases.

When an internal single-line-to-ground (A-G) fault occurs 
on the protected transmission line, the fault component of 
phase A is decomposed into 1-mode, 2-mode, and 0-mode 

by the Karenbauer transformation, which will result in a larg‐
er residual for all three modes. But B-phase and C-phase are 
in normal operation, which does not lead to a larger residual.

Therefore, when an internal A-G fault occurs on the pro‐
tected transmission line, the residuals of 1-, 2-, and 0-modes 
maintain almost the same value of growth. Similarly, when 
an internal B-G fault occurs on the protected transmission 
line, the residuals of 1-mode and 0-mode maintain almost 
the same value of growth, while the residuals of 2-mode do 
not increase. When an internal C-G fault occurs on the pro‐
tected transmission line, the residuals of 2-mode and 0-mode 
maintain almost the same value of growth, while the residu‐
als of 1-mode do not increase. Therefore, the fault phase se‐
lection criteria are shown in (14)-(16), respectively.
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where ζ1, ζ2, and ζ0 are the sums of the square of the normal‐
ized residuals of 1-, 2-, and 0-modes, respectively; and the lim‐
its εup, εlow, and εsp are set to be 1.5, 0.5, and 0.01, respectively, 
by combining model accuracy and measurement error.

As can be observed from the above equations, when ζ 
meets (14), (15), or (16), it means an internal A-G, B-G, or 
C-G fault occurs, respectively. If ζ does not meet the above 
equations, the three-phase circuit breaker is tripped. The 
flowchart of the proposed DSEBP is shown in Fig. 2.

Start

Issue trip signal

Update historical 
values, t=t+1

N

N

Read measurement and calculate x̂
ˆ

Calculate estimated measurements z  and residual σˆ

Y

Y
Select fault phase 

x=(HTWH)-1HTW(z�C)

Smain(t)=1 and
Sadd(t)=1?

Tripmain(t)=1 and
Tripadd(t)=1?

End

Fig. 2.　Flowchart of proposed DSEBP.
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IV. ANALYSIS OF INFLUENCING FACTORS

A. Fault Resistance and Distributed Capacitance

The proposed DSEBP is based on comparing the matching 
degree between actual measurements and the established trans‐
mission line model to identify faults. Therefore, even if inter‐
nal faults occur on the protected transmission line with high 
fault resistance, the physical laws of the actual transmission 
line will change fundamentally, and the actual measurements 
will not match the established transmission model. Theoretical‐
ly, the proposed DSEBP can withstand high fault resistance.

The Bergeron model established in Section III considers 
the transmission characteristics of the traveling wave, which 
incorporates the effect of the distributed capacitance of trans‐
mission lines. Therefore, the proposed DSEBP will not be af‐
fected by the distributed capacitance of transmission line.

B. Noise Disturbance

Affected by the electromagnetic radiation of the power 
equipment in the power system, there must be a noise signal 
in the transmission line. Therefore, when there is a noise sig‐
nal in the measurement, the main factor affecting the protec‐
tion performance is the magnitude of the noise. Under nor‐
mal operating conditions, noise disturbance will cause in‐
crease in residuals. But ζ that is much smaller than the thresh‐
old does not affect the performance of the proposed DSEBP.

C. PT/CT Disconnection

The proposed DSEBP utilizes additional equations to en‐
hance the reliability and eliminate the effect of disconnected 
transformers on the pilot protection.

As shown in (3), the measurements do not include the volt‐
age measurement value on the m side. Therefore, the dynamic 
state estimation results on the k side are not affected when the 
PT on the m side of the line is disconnected. Similarly, as 
shown in (4), the measurements do not include the current 
measurement value on the m side. And the dynamic state es‐
timation results on the k side are not affected when the line 
CT on the m side is disconnected.

In combination with the protection criteria, the protection 
device is only allowed to issue a trip signal if both the main 
and additional criteria are satisfied. Therefore, considering 
the dynamic state estimation results of (3) and (4) together, 
the proposed DSEBP can still operate normally when the 
transformer is disconnected.

D. Protection Operation Time

The protection operation time mainly consists of: ① fault 
propagation time, ② optical fiber communication time, ③ 
protection start-up time, ④ calculation time of protection al‐
gorithm, and ⑤ delay of relay contact action.

Fault propagation time includes the time taken for the 
fault traveling wave to propagate from the fault point to the 
installation point of protection device when the fault occurs.

For optical fiber communication time, theoretically, sig‐
nals are transmitted in optical fiber at 200 km/ms. Mean‐
while, the protection algorithm needs sampling values from 
both sides of the line.

For the calculation time of the protection algorithm, the fast‐
est time that can be known by the protection criterion is 1 ms. 
Section V considers only the calculation time of the protection 
algorithm.

For protection start-up time and delay of the relay contact 
action, comprehensive consideration is given in Section VI.

E. Fault Characteristic of Renewable Energy Generation

There is a fundamental difference in fault characteristics be‐
tween traditional synchronous power generation and renew‐
able energy generation. However, the proposed DSEBP focus‐
es on the physical laws of the established transmission line 
model itself. In other words, it can be understood as decou‐
pling the protected line from an external system. If an internal 
fault happens, the physical laws of the actual transmission line 
will be broken, and proposed DSEBP will issue the trip signal 
quickly and reliably. Therefore, the proposed DSEBP is not af‐
fected by fault characteristics and control strategies of RESs.

V. SIMULATION AND ANALYSIS 

The large-scale renewable energy transmission system 
shown in Fig. 3 is constructed by PSCAD/EMTDC. The re‐
newable energy power plant is a full-power inverter station, 
whose rated capacity is 450 MW. The main parameters are 
shown in Table AI of Appendix A.

A. Accuracy of Established Transmission Line Model

In order to verify the accuracy of the established transmis‐
sion line model, the PSCAD simulation results are taken in‐
to the dynamic state estimation algorithm for calculation. 
The accuracy of the established transmission line model is ver‐
ified by comparing the error between the measurements and 
the estimated value. The comparison results are shown in 
Fig. 4.

As can be observed in Fig. 4, the measurements are con‐
sistent with the estimated value, and the relative error is less 
than 1%. The established transmission line model can calcu‐
late the current and voltage values accurately. Therefore, the 
established transmission line model is accurate.

B. Performance of Various Fault Locations and Types

According to Fig. 3, the fault locations are set as K1-K5, 
where K1 and K5 are located on the outside of the bus on 
the k side (renewable energy generation plant side) and the 
bus on the m side (grid side). The other three fault points 
K2-K4 are set to be 0%, 50%, and 100% of the transmission 
line from the bus on the k side. Various types of faults are 
simulated to verify the performance of the proposed DSEBP, 
including A-G, BC, BC-G, and ABC faults.

35 kV

220 kV
m side

K1 K2 K3

k side

Renewable energy
 power plant
 

Grid

Transmission line

K4

220 kV

K5

Fig. 3.　Large-scale renewable energy transmission system.
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The simulation results at different fault locations are 
shown in Fig. 5. In Fig. 5(a), before an internal fault occurs, 
the estimated current wave is consistent with the measured cur‐
rent wave, and ζ is nearly zero. However, there are remarkable 
differences between the estimated and measured current 
waves during the internal fault. Referring to the criterion and 
fault phase selection criterion of the proposed DSEBP, ζ ex‐
ceeds χ 2

γ (F) and meets the protection criterion. Therefore, 
the proposed DSEBP sends out the trip signal correctly.

In Fig. 5(b), the estimated current wave is consistent with 
the measured current wave before an external fault occurs. 
During the external fault, the estimated and measured cur‐
rent waves remain consistent. According to the logic of the 
proposed DSEBP, ζ is much less than χ 2

γ (F). And the pro‐
posed DSEBP can correctly identify the external fault and 
will not misoperate.

The performance of the proposed DSEBP under different 
fault locations and fault types is shown in Table I. It shows 
that the proposed DSEBP can quickly identify internal faults 
and will not misoperate when an external fault occurs.

C. Performance Influenced by Fault Resistance

To test the performance of the proposed DSEBP under dif‐
ferent fault resistances, internal faults with different fault 
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Fig. 5.　Simulation results at different fault locations. (a) Current under A-
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TABLE I
PERFORMANCE OF PROPOSED DSEBP UNDER DIFFERENT FAULT LOCATIONS 

AND FAULT TYPES

Fault location

K1

K2

K3

K4

K5

Fault type

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

Behavior of protection

k side

1.2 ms, trip A

1.0 ms, trip ABC

1.0 ms, trip ABC

1.0 ms, trip ABC

1.4 ms, trip A

1.0 ms, trip ABC

1.0 ms, trip ABC

1.0 ms, trip ABC

1.4 ms, trip A

1.2 ms, trip ABC

1.2 ms, trip ABC

1.2 ms, trip ABC

m side

1.2 ms, trip A

1.4 ms, trip ABC

1.2 ms, trip ABC

1.2 ms, trip ABC

1.4 ms, trip A

1.0 ms, trip ABC

1.0 ms, trip ABC

1.0 ms, trip ABC

1.4 ms, trip A

1.0 ms, trip ABC

1.0 ms, trip ABC

1.0 ms, trip ABC
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types are set. The simulation results are shown in Table II. It 
shows that the proposed DSEBP can identify internal faults 
with 200 Ω fault resistance sensitively and rapidly.

D. Performance Influenced by Noise Disturbance

The capability of the proposed DSEBP affected by noise 
disturbance is also tested. The 25 dB noise is added to mea‐
surement data to verify the protection performance. As 
shown in Fig. 6, for the A-G fault at K1, the simulation re‐
sult is given.

The estimated and measured current wave remains basical‐
ly the same trend before and during the external fault. Mean‐
while, the measured current becomes unsmooth due to noise 
disturbance. According to the protection logic, ζ is much less 
than χ 2

γ (F), and the proposed DSEBP will not misoperate un‐
der the 25 dB noise disturbance.

E. Performance Influenced by Transformer Disconnection

To verify the capability of the proposed DSEBP to with‐
stand transformer disconnection, the PT of phase A and CT 
on k side are disconnected at 2.5 s and the A-G fault at K3 
occurs at 3 s.

In Fig. 7(a) and (c), the estimated current on m side in the 
main criterion remains the same as the measured current be‐
fore the fault occurs. Although the additional protection crite‐
rion is affected by the PT disconnection when the fault oc‐
curs, the main criterion is not affected by the PT disconnec‐
tion. Therefore, the PT disconnection does not influence the 
proposed DSEBP to identify the fault accurately.

In Fig. 7(b) and (d), the estimated current on m side in the 
main criterion presents a large deviation from the measured 
current because of the influence of the CT disconnection on k 
side. Although the main protection criterion is affected by 
the CT disconnection, the additional criterion is not affected 
by the CT disconnection. Therefore, the CT disconnection 
does not influence the proposed DSEBP to identify the fault 
accurately.

F. Performance Influenced by Synchronization Error

For double-ended protection methods, the synchronization 
error might affect the correct fault identification. As shown 
in Fig. 8, the 200 μs synchronization error is added to the A-
G fault at K1, and the simulation results are obtained.

Due to the synchronization error, there are some devia‐
tions between the estimated and measured current waves 
when the external fault occurs. However, the trend and am‐
plitude of the current wave remain consistent. Meanwhile, ζ 
is much less than χ 2

γ (F), and the proposed DSEBP will not 
misoperate.

TABLE II
SIMULATION RESULTS UNDER DIFFERENT FAULT TYPES

Fault 
location

K2

K3

K4

Fault type

A-G, 200 Ω

BC, 200 Ω

BC-G, 200 Ω

ABC, 200 Ω

A-G, 200 Ω

BC, 200 Ω

BC-G, 200 Ω

ABC, 200 Ω

A-G, 200 Ω

BC, 200 Ω

BC-G, 200 Ω

ABC, 200 Ω

Behavior of protection

k side

1.8 ms, trip A

1.4 ms, trip ABC

1.6 ms, trip ABC

1.0 ms, trip ABC

2.0 ms, trip A

1.0 ms, trip ABC

1.2 ms, trip ABC

1.0 ms, trip ABC

2.0 ms, trip A

1.2 ms, trip ABC

1.4 ms, trip ABC

1.2 ms, trip ABC

m side

1.8 ms, trip A

1.6 ms, trip ABC

1.8 ms, trip ABC

1.2 ms, trip ABC

2.0 ms, trip A

1.0 ms, trip ABC

1.2 ms, trip ABC

1.0 ms, trip ABC

2.0 ms, trip A

1.0 ms, trip ABC

1.2 ms, trip ABC

1.0 ms, trip ABC
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Fig. 6.　Simulation results for protection performance influenced by noise 
disturbance. (a) Current. (b) Residuals.

2.995
3.000

3.005
3.010

3.015
3.020

-3
-2
-1

1
0

2

4
5
6
7

3

Measured
Estimated

Fault occurs

Cu
rre

nt
 (k

A
)

Time (ms)
(a)

-2
-1
0
1
2

4
3

Measured
Estimated

Fault occurs

Cu
rre

nt
 (k

A
)

Time (ms)
(b)

Time (ms)
(d)

2.995
3.000

3.005
3.010

3.015
3.020

1

Pr
ot

ec
tio

n
 lo

gi
c

0

1

Tr
ip

ad
d

 lo
gi

c

0

1

Tr
ip

m
ai

n
 lo

gi
c

0 1 2 3 4

CT disconnection
Fault 
occurs

1

Pr
ot

ec
tio

n
 lo

gi
c

0

1

Tr
ip

ad
d

 lo
gi

c

0

1
Tr
ip

m
ai

n
 lo

gi
c

0 1 2 3 4
Time (ms)

(c)

PT disconnection

5
6
7

Fault 
occurs

Fig. 7.　Simulation results for protection performance influenced by discon‐
nection. (a) Current under PT disconnection. (b) Current under CT discon‐
nection. (c) Logics under PT disconnection. (d) Logics under CT disconnec‐
tion.

1194



LI et al.: DYNAMIC STATE ESTIMATION BASED PROTECTION FOR LARGE-SCALE RENEWABLE ENERGY TRANSMISSION LINES

G. Performance Influenced by Lightning Interference

To verify the ability of the proposed DSEBP to withstand 
lightning interference, the standard lightning wave (1.2/50 μs) 
is used to simulate the healthy line. Lightning interference hap‐
pens at 0 ms, and the simulation results are shown in Fig. 9.

Before the lightning interference occurs, ζ is nearly zero. 
When it occurs, ζ increases rapidly but is much less than 
χ 2
γ (F). According to the protection logic, the proposed DSEBP 

can ignore the lightning interference correctly.

H. Comparison Between Traditional Current Differential 
Protection (TCDP), Traditional Phase Comparison Protec‐
tion (TPCP), and Proposed DSEBP

In order to compare the performances of TCDP, TPCP, 
and the proposed DSEBP, the BC-G fault with fault resis‐
tances of 0.01 Ω and 200 Ω occurs at K3. The correspond‐
ing comparison results are given in Fig. 10.

In Fig. 10(a) and (b), when the BC-G fault occurs, the 
TCDP identifies the internal fault correctly. But if the BC-G 
fault with fault resistance of 200 Ω occurs, the TCDP cannot 
identify it, and the restrain coefficients of B and C phases are 
lower than the TCDP set value. The sensitivity of TCDP de‐
creases. In Fig. 10(c) and (d), when the BC-G fault with 
fault resistance of 200 Ω occurs, the phase difference be‐
tween B and C phases on both sides of the line is lower 
than the TPCP set value. And the TPCP cannot accurately 
identify the internal fault.

In Fig. 10(e) and (f), the estimated current wave is consis‐
tent with the measurement before an internal fault occurs. 
However, the estimated and measured current waves show 
significant differences when the internal fault occurs. Based 
on the criterion and fault phase selection criterion of the pro‐
posed DSEBP, ζ exceeds χ 2

γ (F) and satisfies the protection 
algorithm. Therefore, the trip signal is issued correctly.

VI. HARDWARE-IN-LOOP EXPERIMENTAL VALIDATION 

In order to verify the performance of the proposed 
DSEBP, the relevant experiments are carried out in a real-
time digital simulator (RTDS) hardware-in-loop test system. 
Unlike traditional offline simulation software, it can embed 
the protection algorithms and control strategies into the hard‐
ware so that the performance of protection prototype in real 
environments can be tested.

As shown in Fig. 11, the experimental platform is built, and 
the proposed DSEBP is implemented by the protection proto‐
type device. The sending side employs the renewable energy 
generation plant, and the receiving side employs the traditional 
AC system. The rated capacity of the renewable energy genera‐
tion plant is 100 MW. The rated voltage and the length of the 
protected line are 220 kV and 30 km, respectively.
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The RTDS hardware-in-loop simulation results under the 
internal A-G fault at K3, internal ABC-G fault at K3, and ex‐

ternal A-G fault at K5 (outside of the renewable energy gen‐
eration plant side) are shown in Fig. 12. In Fig. 12(a) and 
(d), significant differences between the estimated and mea‐
sured current waves during the internal fault, and the protec‐
tion prototype device issues a trip signal correctly. In Fig. 
12(c), before and during the external fault, the trend of the 
estimated and measured current waves remain basically con‐
sistent. The protection prototype device will not misoperate.

The RTDS hardware-in-loop test indicates that the perfor‐
mance of proposed DSEBP is consistent with the simula‐
tions. Meanwhile, the trip signals of the protection prototype 
device show that the proposed DSEBP can identify the fault 
correctly and quickly, which is applicable to large-scale re‐
newable energy transmission lines.

At the same time, the RTDS hardware-in-loop test results of 
the proposed DSEBP are listed in Table III, with a good fault 
identification performance. Under different types of faults, the 
protection prototype can operate within 13 ms.

VII. CONCLUSION 

Renewable energy generation control strategies lead to the 
decrease of sensitivity of traditional protection methods. 
Therefore, a novel DSEBP for large-scale renewable energy 
transmission lines is proposed in this paper. Simulation re‐
sults and RTDS hardware-in-loop test results verify the feasi‐
bility of the proposed DSEBP. Conclusions are as follows.

1) The proposed DSEBP focuses on the physical laws of 
the established transmission line model, which decouples the 
protected line from the external system. In other words, the 
renewable energy generation control strategies will not affect 

the proposed DSEBP, and the reliability will be improved.
2) The proposed DSEBP can select the fault phase using the 

residual characteristics of dynamic state estimation without ad‐
ditional criteria, which facilitates engineering applications.

3) The proposed DSEBP can operate within 2 ms (calcula‐
tion time of the protection algorithm) when internal faults oc‐
cur, and can operate normally with fault resistance of 200 Ω. 
In addition, it has high reliability to withstand 25 dB noise 
disturbance and 200 μs synchronization error. Meanwhile, it 
utilizes redundant measurements and additional equations to 
eliminate the effects of transformer disconnection.
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Fig. 11.　RTDS hardware-in-loop test system.
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TABLE III
RTDS HARDWARE-IN-LOOP TEST RESULTS OF PROPOSED DSEBP

Fault location

K1

K2

K3

K4

K5

Fault type

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

A-G

BC

BC-G

ABC

Behavior of protection

k side

11.6 ms, trip A

11.6 ms, trip ABC

12 ms, trip ABC

12.8 ms, trip ABC

10.8 ms, trip A

10.6 ms, trip ABC

12.6 ms, trip ABC

10 ms, trip ABC

11 ms, trip A

11 ms, trip ABC

12.2 ms, trip ABC

11.6 ms, trip ABC

m side

11.4 ms, trip A

11.2 ms, trip ABC

11.2 ms, trip ABC

11.8 ms, trip ABC

12.8 ms, trip A

11.2 ms, trip ABC

12 ms, trip ABC

12 ms, trip ABC

11.6 ms, trip A

12.8 ms, trip ABC

12.4 ms, trip ABC

11 ms, trip ABC

TABLE AI
MAIN PARAMETERS OF SIMULATION MODEL

Model

Transmission 
line

Full-power in‐
verter station

Parameter

Rated voltage

Length of transmission line

Sampling frequency

Number of units

Sigle unit capacity

Rated voltage and frequency

Proportional and integral constants of 
current loop

Proportional and integral constants of 
voltage loop

Value

220 kV

100 km

5 kHz

90

5 MW

0.69 kV, 50 Hz

25, 0.01

0.5, 0.02
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