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Abstract——In flexible DC grids, the rapid rise of fault current 
requires that the line protection must complete the fault identifi‐
cation within a few milliseconds. Dynamic state estimation 
based protection (DSEBP) provides a new idea for flexible DC 
line protection with good performance. However, the operating 
frequency in the DC grid is 0 Hz. When the DC grid is operat‐
ing normally, it is difficult to identify the line parameters online 
to improve the performance of the protection method. This pa‐
per proposes a method to identify the frequency-dependent pa‐
rameters of flexible DC grids based on the characteristic signal 
injection of half-bridge modular multilevel converter (HB-
MMC). The characteristic signal is extracted by the Prony algo‐
rithm to calculate the line parameter under different frequen‐
cies. Afterwards, the number and position of residues and poles 
of frequency-dependent parameters are determined using the 
vector fitting method. Finally, an improved DSEBP is proposed. 
The simulation shows that the frequency-dependent parameters 
obtained by the proposed parameter identification method can 
be used in the improved DSEBP normally, and the identified pa‐
rameters have better precision.

Index Terms——Parameter identification, modular multilevel 
converter (MMC), state estimation, protection, flexible DC grid.

I. INTRODUCTION 

FLEXIBLE DC grid offers some advantages, including 
the absence of commutation failure, the ability to pro‐

vide island power supply, and convenience for networking. 
These advantages have led to the widespread application of 
the flexible DC grid in power delivery and asynchronous net‐
work interconnection [1]-[3]. However, the weakness of pow‐
er electronics to withstand overcurrent is contradictory with 

the rapid rise of fault current. Improper handling of a single 
fault may even affect the normal operation of the whole DC 
grid. Hence, the effective implementation of transmission 
line protection in flexible DC grids plays a vital role in en‐
suring the secure operation of the power system.

In the current flexible DC grid projects, the main protec‐
tion methods usually consist of the voltage derivative-based 
protection method and traveling wave protection method [4]. 
The backup protection method usually involves the under-
voltage protection method and current differential protection 
method [5]. Nevertheless, it should be noted that the effica‐
cy of the main protection methods is impacted by fault resis‐
tance. The operation speed of the current differential protec‐
tion is affected by the distribution capacitance, and the selec‐
tivity of the under-voltage protection needs to be improved. 
Therefore, it is a big challenge to coordinate operation speed 
and sensitivity of the protection [6], [7].

To improve the protection performance, the dynamic state 
estimation method is used for flexible DC protection [8]. Dy‐
namic state estimation based protection (DSEBP) considers 
the frequency-dependent parameter characteristics to weaken 
the effect of transient processes and improve the protection 
reliability. The DSEBP provides a new idea to solve the in‐
herent contradiction in the coordination of protection meth‐
ods. But the precise frequency-dependent parameters are dif‐
ficult to obtain. Therefore, it is very important to obtain ac‐
curate parameters of flexible DC transmission lines to en‐
hance the practicality of DSEBP.

Parameter identification methods can be divided into of‐
fline measurement methods and online measurement calcula‐
tion methods [9]. The principle of the offline measurement 
method changes the wiring of the line according to different 
identified parameters. Subsequently, the relevant identified 
parameters are calculated by the measured voltage, current, 
and other basic quantities [10]. The offline measurement 
method is practical and easy to operate, but it needs to build 
an independent measurement circuit or use an additional 
power supply at the test site, which leads to many operation‐
al steps, obvious errors, and other shortcomings. In [11], the 
open-circuit impedance and short-circuit impedance of the 
transmission line are measured offline and calculated by Tay‐
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lor series expansion. Thereafter, the relationship between dis‐
tributed conductance and distributed impedance is estab‐
lished and the relevant parameters are solved. The primary 
disadvantage of offline measurement is that the transmission 
line must be converted to the state of outage maintenance, 
which disrupts the normal operation of the system.

Currently, the majority of researchers are engaged in the 
study of online parameter identification methods. The classi‐
cal theory method, based on Carson formula, is used to cal‐
culate the line parameters through geometrical and structural 
configurations of the towers, conductors, and ground wires 
[12]. However, the accuracy of this method cannot meet the 
engineering requirements, as the calculation process depends 
on various simplifications. The ongoing developments in pha‐
sor measurement unit (PMU) technology and improvements 
in supervisory control and data acquisition (SCADA) sys‐
tems facilitate further advances in line parameter identifica‐
tion [13]-[15]. In [16], a nonlinear network parameter identi‐
fication method based on a hybrid measurement system com‐
bining wide-area measurement system (WAMS) and SCADA 
is proposed. Its principle is relatively simple, yet the line 
model employs an equivalent model, which results in a 
slight lack of accuracy. In [17], an online parameter estima‐
tion method based on measured PMU data is proposed for 
transmission lines. The accurate formula for calculating 
equivalent parameters of transmission lines is derived based 
on a uniform transmission line equation. In addition to PMU 
measurement, some researchers propose the use of fault re‐
cords from the protection relays for parameter identification 
[18]. However, the current method of transmission line pa‐
rameter identification focuses mainly on AC lines, whereas 
the research on DC line parameter identification is notably 
scarce. The main reason is that the operating frequency in 
the DC grid is 0 Hz, which makes it difficult to identify pa‐
rameters in a steady state.

Fault identification based on the characteristic signal injec‐
tion in DC grids is one of the research highlights [19], [20]. 
It uses the controllable characteristics of modular multilevel 
converters (MMCs) to adjust the input quantity of submod‐
ules by changing the control strategy. Then, the generated 
characteristic signal of the specific frequency is injected into 
the transmission line. According to the principles of travel‐
ing wave reflection, the faults can be identified.

To solve the above issues, a frequency-dependent parame‐
ter identification method based on characteristic signal injec‐
tion of half-bridge modular multilevel converter (HB-MMC) 
is proposed. First, by controlling the HB-MMC, the specific 
frequency signal is injected into the line, enabling the accu‐
rate calculation of the frequency-dependent parameter. After‐
ward, the residues and poles of the frequency-dependent pa‐
rameter can be obtained by the vector fitting method. Final‐
ly, the performance of DSEBP is improved based on the 
available residues and poles. The key contributions are as 
follows.

1) The redundant submodules of HB-MMC are used for 
characteristic signal injection, which solves the difficulty in 
parameter identification caused by the operating frequency 
of 0 Hz in the DC grid.

2) The proposed parameter identification method offers a 
precise calculation of frequency-dependent parameters, there‐
by enhancing the accuracy of parameter identification.

3) The utilization of the available residues and poles asso‐
ciated with the frequency-dependent parameter contributes to 
the development of the improved DSEBP. This improved 
method is deemed to be more practical and reliable in its ap‐
plication.

II. CHARACTERISTIC SIGNAL INJECTION OF HB-MMC 

A. Topology and Control Principles of HB-MMC

The topology of HB-MMC is shown in Fig. 1. The config‐
uration comprises six bridge arms, wherein the upper and 
lower bridge arms are subsumed into a phase unit. Each 
bridge arm consists of multiple half-bridge submodules (HB‐
SMs), characterized by identical structural composition, con‐
nected in series with the bridge inductance denoted as Llarm. 
HBSM consists of two insulated gate bipolar transistors (IG‐
BTs) T1 and T2, capacitor C0, and two anti-shunt diodes D1 
and D2.

HBSM has three operating statuses and can output two 
voltage levels Uc and 0. In Fig. 1, idc is the DC current; Udc 
is the DC voltage; ipφ and inφ (φ= abc) are the three-phase 
currents in the upper and lower bridge arms, respectively; 
and ugφ and igφ are the three-phase voltage and current on 
the AC side of the converter, respectively.

Figure 2 shows the traditional control strategy for the HB-
MMC during normal system operation, where PI stands for 
proportional-integral; PLL stands for phase-locked loop; 
NLM stands for nearest level modulation; θ is the phase an‐
gle of ugφ; P is the active power; Pref is the reference value 
of the active power; Udcref is the reference value of the DC 
voltage; Q is the reactive power; Qref is the reference value 
of the reactive power; Id is the d-axis current; Iq is the q-axis 
current; Ud is the d-axis voltage; Uq is the q-axis voltage; 
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Fig. 1.　Topology of HB-MMC.
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udiffφ is the differential mode voltage; udcn is the rated value 
of the DC voltage; uref is the voltage reference for the bridge 

arm; urefpφ is the voltage reference for the upper bridge arm; 
and urefnφ is the voltage reference for the lower bridge arm.

The HB-MMC employs a traditional double closed-loop 
vector control strategy, wherein half of the submodule capac‐
itors are engaged to sustain the DC voltage. The outer-loop 
control strategy involves the regulation of active power and 
reactive power, while the inner-loop control strategy focuses 
on current control.

B. Principle of Characteristic Signal Generation

Without considering the redundant submodules of the con‐
verter station, the relationship among the series number of 
bridge arm submodules N, the DC voltage Udc, and the rated 
capacitance voltage UcN can be expressed as:

N =Udc /UcN (1)

In the design of MMC, the operating condition with modu‐
lation factor Km = 1 should be considered. At this time, the 
voltage variation range of the upper and lower bridge arms 
is 0-Udc, and in consequence, the number of submodules in‐
serted by each bridge arm is 0-N. In this case, the additional 
submodules in series outside the N submodules are the re‐
dundant submodules that are considered in the design, and 
the number is Nde. However, in the actual operation of 
MMC, the modulation factor Km is less than 1, and the maxi‐
mum number of submodules to be invested by each bridge 
arm Nop can be expressed as:

Nop =
1 +Km

2
N (2)

According to the above analysis, when the modulation fac‐
tor Km<1, the bridge arm submodules will not be fully uti‐
lized. At any given time, at least N -Nop submodules are in 
the bypass state, which are called operational redundant sub‐
modules ΔNop. Therefore, when MMC is in normal opera‐
tion, the total number of redundant submodules Nre is ex‐
pressed as:

Nre =Nde +DNop (3)

In the field of engineering, the most commonly employed 
MMC modulation strategies are those based on NLM, which 
allows for the theoretical control of the voltage difference be‐
tween the MMC output voltage and the modulation wave 
within ±Udc/2. The reference value of DC voltage is defined 

as Udcref, then the number of submodules to be incorporated 
into the upper and lower bridge arms at time t can be ex‐
pressed as:
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(4)

where round(x) is the function to take the integer closest to 
x; and u*

vφ is the reference sinusoidal modulated voltage.
In this paper, the injection of characteristic signals is 

achieved through the control of input and the removal of re‐
dundant submodules. In other words, Nop is employed to 
modify the number and state of equivalent HBSM inputs. 
For the same phase, if the input submodules are simultane‐
ously increased or decreased for both the upper and lower 
bridge arms, the reference potential of the AC-side voltage 
will remain unchanged. Therefore, the AC side of the MMC 
will not be affected.

The additional control strategy of signal injection is 
shown in Fig. 3. The moment at which the characteristic sig‐
nal is injected serves as the initial moment, and the number 
of additional submodules NDφ (t) that need to be invested by 
each bridge arm at moment t is calculated.

In Fig. 3, fa is the frequency of the characteristic signal; 
1/fa is the time of one period of the characteristic signal; TD 
is the initial moment when the characteristic signal is at a 
high level; TS is the initial moment when the characteristic 
signal is at a low level; n is the intermediate variable which 
is related to the duration of characteristic signal; and ΔN is 
the number of additional submodules that are invested by 
each bridge arm.

The square wave is injected as the characteristic signal. 
When the injected characteristic signal is at a high level, the 
upper and lower bridge arms of the MMC will input ΔN ad‐
ditional submodules. When the injected characteristic signal 
is at a low level, the upper and lower bridge arms of the 
MMC will remove ΔN additional submodules. Afterwards, 
the number of additional submodules ΔN is added to the 
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number of normal operating submodules to be put into opera‐
tion during the process of generating injected signals.

C. Selection of Characteristic Signals

In actual projects, it is typical for the bridge arms of con‐
verters to contain redundant submodules. For instance, the 
Nan’ao three-terminal flexible DC project in China compris‐
es 134 + 13 (redundant) submodules in the bridge arm of the 
Sucheng converter station and 200 + 20 (redundant) submod‐
ules in the bridge arm of the Jinniu and Qing’ao converter 
stations. The ±500kV Zhangbei flexible DC grid project in 
China comprises 264 + 20 (redundant) submodules in the 
bridge arm. Therefore, when HB-MMC is in normal opera‐
tion, the number of redundant submodules can be employed 
for characteristic signal injection.

However, the selection of the characteristic signal necessi‐
tates consideration of a variety of factors, including the sub‐
module switching control period, the limitations of practical 
engineering, and the duration of characteristic signal injec‐
tion.

The choice of the injected characteristic signal frequency 
should accurately reflect the alterations in both the line char‐
acteristic impedance and attenuation function. Additionally, 
it is crucial for the characteristic signal frequency to be less 
than the sampling frequency of the protection system, which 
is inherently constrained by the switching speed of the sub‐
modules. In practical applications of high-voltage direct cur‐
rent (HVDC) projects, the typical sampling frequency ranges 
from 10 to 50 kHz, with a control cycle of approximately 
100 μs. For instance, considering a sampling frequency of 
10 kHz, the protection can correctly distinguish frequencies 
up to 5000 Hz according to the Shannon sampling theorem.

The amplitude of the injected characteristic signal is con‐
strained by the number of redundant submodules. Many fac‐
tors should be considered, such as the performance of the 
voltage/current transformer, the potential impact on the pow‐
er system, and the overcurrent tolerance capability of power 

electronics. Consequently, the amplitude of the injected char‐
acteristic signal is constrained by rigorous limitations. How‐
ever, it is worth noting that a larger amplitude of the inject‐
ed characteristic signal can enhance the effectiveness of sig‐
nal extraction. For power grids operating at 35 kV and 
above, the permissible voltage deviation range is typically 
set at 10% of the rated voltage. Additionally, the redundant 
submodules in the bridge arm usually account for 10% to 
20% of the total. In this study, the amplitude of the injected 
characteristic signal is chosen to be 5% of the rated DC volt‐
age.

For the duration of characteristic signal injection, the accu‐
racy of signal extraction should be considered. First, if the 
duration of the characteristic signal injection is less than one 
period, the accuracy of the signal extraction is reduced. Sec‐
ond, during the first few periods of characteristic signal in‐
jection, some small disturbances may occur due to the 
switching of the control strategy. It is possible to await the 
stabilization of the injected characteristic signal before the 
signal extraction. Therefore, the duration is set to be ten peri‐
ods of the characteristic signal.

D. Extraction of Characteristic Signal

Various methods can be employed for the extraction of 
amplitude and phase information from characteristic signals, 
such as wavelet transform, fast Fourier transform (FFT), and 
Prony algorithm. It is important to note that while the wave‐
let transform is adept at capturing the time-varying character‐
istics of a signal, it is unable to provide accurate phase infor‐
mation. The FFT reduces the computational complexity by 
minimizing multiplication and addition operations. However, 
its accuracy is constrained by the factors such as the chosen 
data window and the presence of DC attenuation compo‐
nents. The Prony algorithm offers the ability to describe tran‐
sient characteristics of a signal, encompassing amplitude, 
phase, and frequency information.

The Prony algorithm is adopted in this study to extract the 
amplitude and phase of characteristic signals based on the 
measurement data obtained from both ends of the transmis‐
sion line. The mathematical model is expressed as:

y(t)=∑
i = 1

q

Aie
αit cos(2πfit + θi ) (5)

where y(t) is the actual measured signal; Ai is the amplitude; 
αi is the attenuation factor; fi is the frequency; θi is the 
phase; and q is number of orders. The calculation amount of 
the Prony algorithm will increase exponentially when the or‐
der is high. In order to address this issue, the measured data 
are pre-filtered using a 4th-order Butterworth band-pass filter. 
This filtering process serves to simplify the computational 
workload and also eliminates any interference caused by 
noise.

According to the extraction length of the injected charac‐
teristic signal, the estimation accuracy and calculation com‐
plexity should be considered. It is recommended that the ex‐
tracted data length be at least one period to avoid errors in 
the estimation result. However, it is not advisable to extend 
this length excessively, as this will increase the complexity 
of the calculation and consequently the computational speed. 
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Therefore, the extraction length is set to be three periods of 
the characteristic signal.

III. IDENTIFICATION METHOD OF FREQUENCY-DEPENDENT 
PARAMETERS IN FLEXIBLE DC GRIDS 

A. Calculation of Characteristic Impedance and Attenuation 
Function

The traditional method for identifying transmission line pa‐
rameters in AC grids encounters challenges when applied to 
DC grids due to the operating frequency in the DC grid be‐
ing 0 Hz. In this subsection, a novel method for identifying 
frequency-dependent parameters of flexible DC lines is pro‐
posed, which considers the distributed capacitance of the 
transmission line. This method effectively avoids the interfer‐
ence caused by high-frequency signals, enabling accurate 
identification of frequency-dependent parameters.

The mathematical model of the transmission line with dis‐
tributed parameters can be expressed as:
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Zc (s)= (R0 + sL0 )/(G0 + sC0 ) (7)

γ(s)= (R0 + sL0 )(G0 + sC0 ) (8)

where U(0,s) and I(0,s) are the voltage and current at the be‐
ginning of a transmission line, respectively; U(l,s) and I(l,s) 
are the voltage and current at the end of a transmission line, 
respectively; l is the length of a transmission line; Zc(s) is 
the characteristic impedance; γ(s) is the propagation func‐
tion; and R0, L0, G0, and C0 are the resistance, inductance, 
conductance, and capacitance per unit length, respectively.

Equation (6) can be rewritten as:
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According to (6) and (9), we can obtain:

U(0s)-U(ls)= (U(ls)-U(0s))cosh(γ(s)l)+
Zc sinh(γ(s)l)(I(ls)+ I(0s)) (10)

I(0s)- I(ls)= (I(ls)- I(0s))cosh(γ(s)l)+
U(ls)+U(0s)

Zc (s)
sinh(γ(s)l) (11)

U(0s)+U(ls)
I(ls)
I(0s)

= (U(ls)+U(0s)
I(ls)
I(0s) )cosh(γ(s)l)

(12)

By analyzing (10)-(12), the characteristic impedance, prop‐
agation function, and attenuation function A(s) at a certain 
frequency can be calculated as:

Zc (s)=
(U(0s)+U(ls))(U(0s)-U(ls))

(I(0s)+ I(ls))(I(0s)- I(ls))
(13)

γ(s)=
1
l

arcosh ( U(0s)I(0s)+U(ls)I(ls)
U(ls)I(0s)+U(0s)I(ls) ) (14)

A(s)= e-γ(s)l (15)

Since the transmission line and the earth will produce the 
high-frequency skin effect under the influence of alternating 
electromagnetic fields, the distribution parameters of the 
transmission line will change with frequency. As a result, the 
characteristic impedance and propagation constant become 
frequency-dependent parameters.

It is a network synthesis problem to chose a linear net‐
work that has the frequency characteristics of Zc(s). Zc(s) can 
be expressed by the RLC element in the form of the sum of 
partial fractions to express the characteristic impedance. In 
the complex frequency domain, a characteristic impedance 
function can be expressed as:

Zc (s)=H
(s + z1 )(s + z2 )(s + zj )

(s + p1 )(s + p2 )(s + pj )
(16)

where zj and pj are the zeros and the poles of the characteris‐
tic impedance, respectively; j is the number of the zeros and 
the poles; and H = L0 /C0  is the value of the characteristic 
impedance when the frequency is infinite. Equation (16) can 
be written as a sum of partial fractions:

Zc (s)= k0 +
k1

s + p1

+ +
kj

s + pj
(17)

where kj is the residue; and k0 = lim
s®¥

Zc (s)=H is a constant. 

The constant k0 directly corresponds to a fixed resistance Rs0, 
while the remaining terms represent complex frequency-do‐
main functions of the parallel resistance-capacitance loop. 
Then, the ith circuit can be expressed as:
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1
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sCsi
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RsiCsi

(18)

where Rsi and Csi (i = 12j) are the resistors and capaci‐
tors of each item in the component fraction, respectively.
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The characteristic impedance can be represented as an 
equivalent network by using resistors and capacitors that can 
satisfy the boundary conditions of the characteristic imped‐
ance:

1) At low frequencies, the capacitor branch is approxi‐
mately open-circuit, and the characteristic impedance is rep‐
resented by a series of resistors.

2) At high frequencies, the capacitor branch is approxi‐
mately short-circuit, and the characteristic impedance is Rs0.

ì
í
î

ïï
ïï

Zc (0)=Rs0 +Rs1 +Rs2 + +Rsj

Zc (s) | s®¥ =Rs0

(20)

From the above analysis, the characteristic impedance val‐
ue presents a monotonically decreasing trend with the in‐
crease in frequency. Therefore, the characteristic impedance 
at different frequencies is calculated by injecting characteris‐

1827



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 6, November 2024

tic signals of different frequencies several times, and the 
characteristic impedance in the full frequency domain is fit‐
ted by the linear interpolation method. The analytical meth‐
od for the propagation constant is the same as that for the 
characteristic impedance.

B. Pole and Residue Identification of Frequency-dependent 
Parameters by Vector Fitting Method

Through the calculation in the previous subsection, we 
can obtain the amplitude-frequency characteristic curve of 
characteristic impedance and attenuation function. For un‐
known coefficients, (16) is a nonlinear equation, which 
makes the problem more complex. The vector fitting method 
is considered an effective technique for fitting data. By locat‐
ing poles to make them become known, (17) is linearized, 
and then the unknown quantity can be easily calculated by 
the least squares method.

The approximate formula for the rational function is:

f (s)»∑
i = 1

j ci

s - ai

+ d + sh (21)

where ci and ai are the residues and the poles of the rational 
function, respectively; and d and h are the parameters. The 
poles and residues in the context of the vector fitting method 
are either real or complex conjugates, while the parameters d 
and h are of real values.

In (21), a set of initial poles āi is specified, and the func‐
tion f (s) is multiplied by an unknown function σ(s).
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ú∑
i = 1

j ci

s - āi

+ d + sh

∑
i = 1

j c͂i

s - āi

+ 1

(22)

where c͂i is the residue of the function σ(s); and ci, c͂i, d, and 
h are unknown.

In (22), the rational approximation for σ(s) shares the 
same poles as the approximation for σ(s) f (s). It is worth not‐
ing that the uncertainty in the solution for σ(s) has been elim‐
inated due to the approximation of σ(s) being approximately 
equal to 1 at high frequencies. By multiplying the second 
row in (22) with f (s), we obtain the relationship as:

∑
i = 1

j ci

s - āi

+ d + sh » (∑i = 1

j c͂i

s - āi

+ 1) f (s) (23)

Formula (23) is linear, which can be rewritten as:

(∑i = 1

j ci

s - āi

+ d + sh) - (∑i = 1

j c͂i

s - āi ) f (s)» f (s) (24)

When (24) is rewritten for multiple frequency points, it 
leads to a linear problem:

Ax = b (25)

A =
é

ë

ê
êê
ê 1

s - a1

1
s - a2


1

s - aj

    1    s    
-f (s)
s - a1

-f (s)
s - a2


-f (s)
s - aj

ù

û

ú
úú
ú

(26)

x = [c1c2cj    d    h    c͂1 c͂2c͂j ]
T

(27)

b = f (s) (28)

Equation (25) can be solved as a least squares problem. In 
order to make the result converge, we need to take the result‐
ing new poles as the initial poles and repeat the calculation.

IV. IMPROVED DSEBP 

The DSEBP utilizes the concept of model matching to 
identify faults through the comparison between measure‐
ments and estimated states [8]. The key aspect of this meth‐
od lies in the development of a dynamic model that accounts 
for the frequency-dependent characteristic of transmission 
line parameters. However, acquiring the frequency-dependent 
parameters of transmission lines proves to be challenging in 
actual projects. Therefore, the improved DSEBP is proposed, 
which establishes a new dynamic model using the poles and 
residues calculated in Section III to improve the engineering 
practicability. Meanwhile, considering that the ground-mode 
component passes through the earth and its loop parameters 
are affected by complex factors such as earth resistivity, on‐
ly the transmission line-mode parameters are used for the 
subsequent fault identification.

The relationship among the forward wave F(s), the back‐
ward wave B(s), the voltage measurements V(s), and the cur‐
rent measurements I(s) can be expressed as:

ì
í
î

Fw (s)=Vw (s)+ Zc (s)Iw (s)

Bw (s)=Vw (s)- Zc (s)Iw (s)
(29)

ì
í
î

Bk (s)=A(s)Fm (s)

Bm (s)=A(s)Fk (s)
(30)

Vk (s)- Zc (s)Ik (s)=A(s)Fm (s) (31)

where w = km, which represent the names of both ends of 
the transmission line.

From (31), we can observe that the accurate characteristic 
impedance and attenuation function are the key to the subse‐
quent calculations. The characteristic impedance amplitude 
exhibits a rapid decrease in the low-frequency range, fol‐
lowed by a relatively stable behavior in the high-frequency 
range. While the attenuation function varies very little in the 
frequency range considered in this study. Therefore, by mak‐
ing A(s) approximately equal to 1, (31) will change as:

Vk (s)- Zc (s)Ik (s)=Vm (s)+ Zc (s)Im (s) (32)

To convert (32) from the frequency domain to the time do‐
main, the recursive convolution theorem is employed. The 
improved dynamic model of the DC line in the time domain 
can be obtained as:

Vk (t)=Vm (t)+ Ikz (t)+ Imz (t)+ Ik (t)Rs0 + Im (t)Rs0 =Vm (t)+
g1 Ikz (t -Dt)+ c1 Ik (t)+ q1 Ik (t -Dt)+ g1 Imz (t -Dt)+
c1 Im (t)+ q1 Im (t -Dt)+ Ik (t)Rs0 + Im (t)Rs0 (33)

where g1, c1, and q1 are the constants that can be calculated 
by recursive convolution theorem; and Ikz (t) and Imz (t) are 
the intermediate state variables.

Combined with the improved DC line model, the system 
measurement equation containing the measurements, state 
variables, and historical values is established.

The measurements can be divided into two categories: ac‐
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tual measurements and virtual measurements. Actual mea‐
surements include the voltage and current values Vk (t), 
Vm (t), Ik (t), and Im (t). Virtual measurements represent a phys‐
ical law that must be satisfied. Note that the value of the vir‐
tual measurement (zero) is known with certainty.

The state variables include the voltage state variables 
Vvk (t) and Vvm (t), current state variable Ivm (t), and interme‐
diate state variables Ikz (t) and Imz (t). The historical values in‐
clude the voltage and current values before time Dt Ik (t -Dt), 
Im (t -Dt), Ikz (t -Dt), and Imz (t -Dt). The system measurement 
equations can be established as:

ì

í

î

ï

ï

ï
ïï
ï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

Ik (t)=
Vk (t)-Vm (t)- Ikz (t)- Imz (t)- Im (t)Rs0

Rs0

0 = Ikz (t)- g1 Ikz (t -Dt)- c1 Ik (t)- q1 Ik (t -Dt)

0 = Imz (t)- g1 Imz (t -Dt)- c1 Im (t)- q1 Im (t -Dt)

Im (t)= Ivm (t)

Vk (t)=Vvk (t)

Vm (t)=Vvm (t)

Þ

z(t)= f (x(t)t)+ er (t)=Hx(t)+C(t)+ er (t) (34)

where z(t) is the column vector of measurements; x(t) is the 
column vector of state variables; f (x(t)t) is the function re‐
lated to the state variables; er(t) is the column vector of mea‐
surement error; H is a Jacobian matrix; and C(t) is the col‐
umn vector of historical values.

The concept of dynamic state estimation is integrated into 
the protection relay by determining if the measurements can 
match the established model. The specific implementation 
method is weighted least squares.

min J = (z(t)- f (x(t)t))TW (z(t)- f (x(t)t)) (35)

where W = diag{1/σ 2
1 1/σ 2

2 1/σ 2
num } is a weight matrix, and 

σi is the standard deviation, and num is the number of mea‐
surements.

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

x̂(t)= (H TWH)-1 H TW (z(t)-C(t)) (36)

The column vector of the estimated measurements ẑ(t) and 
the sum of square of the normalized residuals ζ can be calcu‐
lated as (37) and (38). And ζ is applied to identify whether 
an internal fault occurs.

ẑ(t)= f (x̂(t)t)=Hx̂(t)+C(t) (37)

ζ =∑
i = 1

num( )ẑ i (t)- z i (t)
σi

2

(38)

where z i is the ith measurement; and ẑ i is the ith estimated 
measurement.

The deviation between measurements and estimated mea‐
surements is defined as the residual r, which is expressed as:

r(t)= ẑ(t)- z(t) (39)

If there are no internal faults, the measurements match the 
established model and satisfy the chi-square distribution. 
However, during internal faults, the measurements will no 

longer match the established model, and ζ will not meet the 
chi-square distribution. Therefore, ζ can be employed to de‐
termine whether the line is healthy. The protection criterion 
of improved DSEBP Trip(t) is:

Trip(t)=
ì
í
î

ïïïï

ïïïï

1    ∫
t - Tset

t

S(τ)dτ ³ Tdelay &&Slope_k(t)< 0

0    otherwise
(40)

S(t)=
ì
í
î

ïï

ïï

1    ζ ³ χ 2
γ (F)

0    ζ < χ 2
γ (F)

(41)

Slope_k(t)=
In (t)- In (t - 10)

În (t)- În (t - 10)
(42)

where Tset is the reset time; χ 2
γ (F) is the threshold for ζ; Tdelay 

is the trip delay; În (t) is the estimated value of In (t); and 
Slope_k(t) is the ratio of the slope of In (t) and În (t) from 
time t - 10 to time t.

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 a 99% probability that an 
internal fault occurs on the protected line by consulting the 
chi-square distribution table. Nevertheless, the aforemen‐
tioned probability does not indicate that there is a 1% 
chance that the protection will malfunction. This is because 
the protection criterion contains a user-defined trip delay. 
When ζ remains greater than the χ 2

γ (F) for Tdelay, the protec‐
tion relay will issue a trip signal.

Meanwhile, Slope_k indicates the ratio of the slope of esti‐
mated measurements to the slope of actual measurements. 
When the external fault occurs, the estimated measurements 
are basically consistent with the actual measurements, and 
Slope_k is greater than 0. But when the internal fault occurs, 
there is a notable discrepancy between the estimated mea‐
surements and the actual measurements, and Slope_k is less 
than 0.

Therefore, by combining ζ and Slope_k, the improved 
DSEBP can identify the faults correctly. Considering the reli‐
ability and sensitivity, the reset time Tset is set to be 1 ms, 
and the trip delay Tdelay is set to be 5. The standard deviation 
of actual measurements and virtual measurements are as‐
signed values of 0.02 p.u. and 0.001 p.u., respectively. The 
flow chart of the proposed improved DSEBP is shown in 
Fig. 4, which can be divided into four key steps.

Step 1: determine whether the line parameters need to be 
calculated. If the protection method does not require line pa‐
rameter identification, it can proceed directly to Step 3. How‐
ever, if the protection method is used for the first time, the 
line parameters must be calculated.

Alternatively, the protection method needs to update the 
line parameters to improve the protection performance, and 
then online identification of the line parameters is also re‐
quired.

The control strategy of HB-MMC is changed from the 
conventional control strategy to the characteristic signal in‐
jection control strategy. Afterwards, the characteristic signals 
are injected by controlling the addition and removal of addi‐
tional submodules ΔN. And the amplitude and phase of the 
characteristic signals are extracted by the Prony method.
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Step 2: using the amplitude and phase of the characteristic 
signals at different frequencies, the corresponding characteris‐
tic impedance Zc(s) and attenuation function A(s) can be cal‐
culated according to (13) - (15). Subsequently, the poles and 
residues of the frequency-dependent parameters can be calcu‐
lated by the vector fitting method.

Step 3: the system measurement equation (34) can be es‐
tablished based on the characteristic impedance, attenuation 

function, measurements, state variables, and historical val‐
ues. And the weighted least squares method is utilized to cal‐
culate the optimal estimated state variables x̂(t), the estimat‐
ed measurements ẑ(t), and the normalized residuals ζ.

Step 4: by combining the ζ and Slope_k in the protection 
criterion, the improved DSEBP can identify the faults cor‐
rectly.

V. SIMULATION AND ANALYSIS 

The ±500 kV four-terminal flexible DC transmission sys‐
tem shown in Fig. 5 is constructed by PSCAD/EMTDC.

 

MMC2

MMC3 MMC4

MMC1
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f 1 (0%) f 3 (100%)

f 4 (0%)

Line I

f 2 (50%)

Line II
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Im
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+
�

+
�

+
�

+
�

Fig. 5.　Four-terminal flexible DC transmission system.

The characteristic signal is injected into the flexible DC 
system through MMC1. The green squares are the location 

of the protection devices. The protection sampling rate is set 
to be 10 kHz. The main parameters of the simulation model 
are shown in Table I.

A. Identification Accuracy Analysis of Line Parameters

1)　Length of Line I is 200 km
To verify the accuracy of the parameter identification 

method proposed in this paper, the line parameters are calcu‐

Start
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Extract the amplitude and phase of 
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Identify the poles and residues of
frequency-dependent parameters by

vector fitting method  

Calculate the characteristic 
impedance Zc(s) and attenuation

constant A(s) by (13)-(15)     

Establish the system measurement
equation by (34)   
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ˆ
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∫
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t
S(τ)dτ³Tdelay?

Fig. 4.　Flow chart of proposed method.

TABLE I
MAIN PARAMETERS OF SIMULATION MODEL

Model

Transmission
line

HB-MMC

Parameter

Length of line I (MMC1-MMC2)

Length of line II (MMC1-MMC3)

Length of line III (MMC2-MMC4)

Length of line IV (MMC3-MMC4)

Number of units

Bridge inductance

Submodule capacitance

Rated capacity

Value

200 km

50 km

190 km

220 km

200

100 mH

10 mF

1500 MVA
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lated for line I. The parameter identification results of the 
line characteristic impedance amplitudes and phase angles at 
different frequencies are shown in Table II and Table III.

It can be observed that the parameter identification meth‐
od proposed in this paper exhibits excellent accuracy in the 
calculation of the line characteristic impedance amplitudes 
and phase angles across a wide range of frequencies, from 
low to high. The relative error can be controlled to within 
1% for both the calculation of line characteristic impedance 
amplitudes and phase angles.
2)　Length of Line I is 1000 km

As shown in Tables II and III, the calculation of the line 
characteristic impedance amplitudes and phase angles exhib‐
its high accuracy with a length of transmission line of 200 
km. It is essential to ascertain whether the proposed parame‐
ter identification method is applicable to transmission lines 
of greater length.

From (7), it can be observed that the line characteristic im‐
pedance is only related to the line parameters. Therefore, the 
length of the transmission line does not affect the line char‐
acteristic impedance magnitudes and phase angles.

In order to verify the accuracy of the aforementioned anal‐
ysis, the line parameters are identified with the length of line 
I set to be 1000 km. The parameter identification results of 
the line characteristic impedance amplitudes and phase an‐
gles at different frequencies are shown in Tables IV and V.

As evidenced by Tables IV and V, with an increased 
length of transmission line, the proposed parameter identifi‐
cation method also exhibits excellent accuracy in the calcula‐
tion of the line characteristic impedance amplitudes and 
phase angles across a wide range of frequencies as well. Fur‐
thermore, it can be verified that the length of the transmis‐
sion line does not affect the line characteristic impedance 
magnitudes and phase angles.

B. Identification Accuracy Analysis of Poles and Residues

The identification results of poles and residues of the line 
characteristic impedance are shown in Table VI. There are 
some differences between the fitted values of poles and resi‐
dues and the accurate values. This is because the fitted val‐
ues of poles and residues only consider the line characteris‐
tic impedance under 5000 Hz. However, the accurate values 
of poles and residues in PSCAD consider the line character‐
istic impedance under 100000 Hz.

The fitted results of the line characteristic impedance am‐
plitudes and phase angles are shown in Fig. 6. The ampli‐
tude-frequency curve and phase angle-frequency curve are 
basically consistent with the accurate curves in PSCAD. The 
relative errors of the parameters with different frequency 
bands are less than 1%, which demonstrates that the pro‐
posed parameter identification method has good fitting accu‐
racy.

TABLE IV
PARAMETER IDENTIFICATION RESULTS OF LINE CHARACTERISTIC 

IMPEDANCE AMPLITUDES WHEN LENGTH OF TRANSMISSION 
LINE IS 1000 KM

Frequency (Hz)

1

10

100

1000

4000

Accurate value (Ω)

337.845

225.456

219.172

216.241

216.194

Fitted value (Ω)

338.847

225.416

219.224

216.219

216.135

Relative error (%)

<1

<1

<1

<1

<1

TABLE V
PARAMETER IDENTIFICATION RESULTS OF LINE CHARACTERISTIC 

IMPEDANCE PHASE ANGLES WHEN LENGTH OF TRANSMISSION 
LINE IS 1000 KM

Frequency (Hz)

1

10

100

1000

4000

Accurate value 
(rad)

-0.507100

-0.098400

-0.025800

-0.003699

-0.000929

Fitted value 
(rad)

-0.504600

-0.098100

-0.025700

-0.003695

-0.000932

Relative error 
(%)

<1

<1

<1

<1

<1

TABLE II
PARAMETER IDENTIFICATION RESULTS OF LINE CHARACTERISTIC 

IMPEDANCE AMPLITUDES

Frequency (Hz)

1

10

100

1000

4000

Accurate value (Ω)

337.845

225.456

219.172

216.241

216.194

Fitted value (Ω)

338.885

225.459

219.196

216.245

216.220

Relative error (%)

<1

<1

<1

<1

<1

TABLE III
PARAMETER IDENTIFICATION RESULTS OF LINE CHARACTERISTIC 

IMPEDANCE PHASE ANGLES

Frequency (Hz)

1

10

100

1000

4000

Accurate value 
(rad)

-0.507100

-0.098400

-0.025800

-0.003699

-0.000929

Fitted value 
(rad)

-0.504200

-0.098300

-0.025700

-0.003691

-0.000933

Relative error 
(%)

<1

<1

<1

<1

<1

TABLE VI
IDENTIFICATION RESULTS OF POLES AND RESIDUES OF LINE 

CHARACTERISTIC IMPEDANCE

Category

Poles

Residues

Constant

Accurate value

-1.16143

-6.11132

-619.66040

693.90621

688.34288

2849.97961

216.58498

Fitted value

-1.04139

-4.91769

-301.97479

592.66130

728.90311

2289.83266

216.49197
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C. Accuracy of Established Dynamic Model

1)　Length of Line I is 200 km
The simulation results under the normal operation condi‐

tion of the power system with the length of transmission line 
of 200 km, as shown in Fig. 7, serve as a means to evaluate 
the accuracy of the established dynamic model. Both the esti‐
mated and measured current/voltage curves exhibit a high 
level of consistency, with a relative error of less than 1%. 
Therefore, the established dynamic model is accurate enough 
to be used in the improved DSEBP.
2)　Length of Line I is 1000 km

In Section IV, it is assumed that the propagation function 
is equal to 1 to reduce the computational complexity. From 
Fig. 7, it can be observed that the established dynamic mod‐
el can still maintain a high accuracy after simplifying the 
propagation function for a transmission line with a length of 
200 km. It is necessary to find out if this simplification can 
be valid for longer transmission lines.

From (8) and (15), it can be observed that the attenuation 
function is affected by the line parameters and the length of 
transmission line. At the same frequency, the attenuation func‐
tion of a long transmission line is less than that of a short trans‐
mission line. Therefore, this simplification applied to long 
transmission lines may introduce more modeling errors.

The simulation results under normal operation condition 
of power system with the length of transmission line of 
1000 km are shown in Fig. 8.

As illustrated in Fig. 8, when the length of transmission 
line is 1000 km, there are discrepancies between the mea‐
sured and estimated current curves due to the simplification. 
However, both the estimated and measured current/voltage 
curves exhibit a high level of consistency, with a relative er‐
ror of less than 1.5%. Therefore, the simplification can also 
be applied to transmission lines with a length of 1000 km.

D. Performance of Improved DSEBP

1)　Influence of Fault Locations and Types
According to Fig. 5, the fault locations are designated as 

f1, f2, f3 and f4. Notably, f4 is situated at distance of 0% 
along line III, starting from the m side. The remaining three 
fault points (f1, f2, and f3) are situated at distances of 0%, 
50%, and 100% along the line I, starting from the k side. To 
validate the efficacy of the improved DSEBP, diverse fault 
types are simulated, including positive pole-to-ground (P-
PTG) faults, negative pole-to-ground (N-PTG) faults, and 
pole-to-pole (PTP) faults.

The simulation results of protection performance under dif‐
ferent fault locations and types are shown in Fig. 9.
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As shown in Fig. 9(a) and (b), before an internal fault oc‐
curs, the estimated current curve is consistent with the mea‐
sured current curve and ζ is nearly zero. However, there are 
significant differences between the estimated and measured 
current curves during the internal fault. According to the pro‐
tection criterion of the improved DSEBP, ζ exceeds χ 2

γ (F), 
and Slope_k is -7.8 at f2 under P-PTG faults and -7.1 at f2 
under PTP faults, respectively. Therefore, the improved 
DSEBP correctly sends out the trip signal.

As shown in Fig. 9(c), the estimated current curve is con‐
sistent with the measured current curve before an external 
fault occurs. During the external fault, the estimated and 
measured current curves remain consistent. According to the 
protection criterion of the improved DSEBP, ζ exceeds the 
threshold value, but Slope_k is 0.1 at f4 under PTP faults, 
which does not meet the protection criterion. Therefore, the 
improved DSEBP can correctly identify the external fault 
and will not operate incorrectly.

The performance of the improved DSEBP under different 
fault locations and types is shown in Table VII. It shows that 
the improved DSEBP can quickly identify the internal faults 
and will not operate incorrectly during an external fault.
2)　Influence of Fault Resistance

To test the ability of the improved DSEBP to withstand 
fault resistance, an internal P-PTG fault (f2) with a fault re‐
sistance of 300 Ω is set and the simulation results are shown 
in Fig. 10.

It shows that there are significant differences between the 
estimated and the measured current curves during the inter‐
nal fault. 
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Fig. 9.　Simulation results of protection performance under different fault locations and types. (a) f2, P-PTG. (b) f2, PTP. (c) f4, PTP.

According to the protection criterion of the improved 
DSEBP and fault phase selection criterion, ζ exceeds χ 2

γ (F), 

and Slope_k is -8.45. Therefore, the improved DSEBP can 
operate normally with a fault resistance of 300 Ω.
3)　Influence of Noise Disturbance

The ability of the improved DSEBP to withstand noise dis‐
turbance is also tested. The 25 dB noise is added to the mea‐

surement data to verify the protection performance.
As shown in Table VIII, the improved DSEBP can operate 

normally under the 25 dB noise disturbance.
4)　Influence of Synchronization Error

For double-ended protection methods, the synchronization 
error may affect the correct fault identification. A synchroni‐
zation error of 1 ms is added to the PTP fault (f4), and the 
simulation result is given in Fig. 11.
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tem with length of transmission line of 1000 km. (a) Voltage curves. (b) 
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Due to the synchronization error, there is a certain devia‐
tion between the estimated and measured current curves dur‐
ing the external fault. However, the trend and amplitude of 
the current curve remain consistent. Meanwhile, Slope_k is 
0.02, which does not satisfy the protection criterion. There‐
fore, the simulation results verify that the improved DSEBP 
can withstand the effect of the synchronization error.

E. Reliability Verification of Slope_k

The trip signal is activated only when the slopes of the 
measured and estimated currents are opposite. It is important 
to determine if the slopes of the measured and estimated cur‐
rents are always opposite when an internal fault occurs.

From (34), it can be observed that the system measure‐
ment equation in the time domain is more complex and it 
contains numerous state variables. Therefore, we qualitative‐
ly analyze this problem from the frequency domain based on 
(32). The current on the k side of the line in (32) can be ex‐
pressed as:

Ik (s)=
Vk (s)-Vm (s)- Zc (s)Im (s)

Zc (s)
=

Vk (s)-Vm (s)
Zc (s)

- Im (s)»-Im (s) (41)

Formula (41) is correct when the system is operating nor‐
mally. If the transmission line voltage drop is ignored, then 
Ik (s)»-Im (s). For the measured current Ik(s), its direction is 
the same before and after the internal fault. However, when 
an internal fault occurs, the physical laws of the transmis‐
sion line will break down and (41) will not be able to cor‐
rectly calculate the current at the k side. Two extreme scenar‐
ios of internal faults are taken for illustration.
1)　Scenario with Fault at f1

When the fault occurs at f1, the voltage value at the k side 
is almost zero and the current value at the k side is:
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Fig. 11.　Simulation results of protection performance with synchronization 
error of 1 ms.

TABLE VII
SIMULATION RESULTS UNDER DIFFERENT FAULT LOCATIONS AND TYPES

Fault location

f1

f2

f3

f4

Fault type

P-PTG

N-PTG

PTP

P-PTG

N-PTG

PTP

P-PTG

N-PTG

PTP

P-PTG

N-PTG

PTP

Behavior of protection

k side

Trip at 2.1 ms

Trip at 2.2 ms

Trip at 2.4 ms

Trip at 2.4 ms

Trip at 2.3 ms

Trip at 2.0 ms

Trip at 2.6 ms

Trip at 2.7 ms

Trip at 1.6 ms

m side

Trip at 2.7 ms

Trip at 2.7 ms

Trip at 1.6 ms

Trip at 2.4 ms

Trip at 2.4 ms

Trip at 2.0 ms

Trip at 2.0 ms

Trip at 2.1 ms

Trip at 2.3 ms

TABLE VIII
SIMULATION RESULTS UNDER NOISE DISTURBANCE

Fault location

f1

f2

f3

f4

Fault type

P-PTG

N-PTG

PTP

P-PTG

N-PTG

PTP

P-PTG

N-PTG

PTP

P-PTG

N-PTG

PTP

ζ

37.6

58.3

85.9

31.4

37.6

52.6

42.8

44.1

39.8

16.6

24.2

32.8

Slope_k

-6.40

-5.50

-8.10

-11.40

-6.30

-8.00

-5.80

-7.20

-8.80

0.60

0.90

0.06
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Internal fault

Internal fault

Internal fault

Internal fault

Internal fault
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Fig. 10.　 Simulation results of protection performance under internal P-
PTG fault (f2) with fault resistance of 300 Ω.
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Îkk (s)=
-Vm (s)+ Zc (s)Im (s)

Zc (s)
=-

Vm (s)
Zc (s)

+ Im (s) (42)

The current value before the fault is Ik0 - (s)»-Im0 - (s), 
where Im0 - is the current value at the m side of the line be‐
fore the fault occurs. If Slope_k > 0 is required, Îkk (s) must 
be less than -Im0 - (s). As shown in (42), Vm(s) should be as 
large as possible and Im(s) should be as small as possible. If 
the length of the transmission line increases, Vm(s) after the 
fault will become larger. If the fault resistance increases, Im

(s) after the fault will become smaller.
Therefore, the length of line I is set to be 1000 km, and 

the following two tests are used to verify the performance of 
the proposed improved DSEBP.

Test 1: the internal PTG fault occurs at f1, and the simula‐
tion results are shown in Fig. 12. As shown in Fig. 12, be‐
fore an internal fault occurs, the estimated current curve is 
consistent with the measured current curve, and ζ is nearly 
zero. However, there are significant differences between the 
estimated and measured current curves during the internal 
fault. And it is evident that the slopes between the measured 
current Ik(t) and the estimated current Îk (t) are opposite.

According to the protection criterion of the improved 
DSEBP, ζ exceeds χ 2

γ (F), and Slope_k is -4.6. Therefore, the 
improved DSEBP correctly sends out the trip signal.

Test 2: the PTG fault with 300 Ω fault resistance occurs 
at f1, and the simulation results are shown in Fig. 13. As 
shown in Fig. 13, before an internal fault occurs, the estimat‐
ed current curve is consistent with the measured current 
curve, and ζ is nearly zero. However, there are differences 
between the estimated and measured current curves during 
the internal fault with high fault resistance. It is evident that 
the slopes between the measured current Ik(t) and the estimat‐
ed current Îk (t) are opposite within a period of time after the 
fault occurs.

According to the protection criterion of the improved 

DSEBP, ζ exceeds χ 2
γ (F), and Slope_k is -2.4. Therefore, the 

improved DSEBP correctly sends out the trip signal.

2)　Scenario with Fault at f3
When the fault occurs at f3, the voltage value at the m 

side is almost zero and the current value at the m side is:

Îkm (s)=
Vk (s)+ Zc (s)Im (s)

Zc (s)
=

Vk (s)
Zc (s)

+ Im (s) (43)

The value of the current before the fault is 
Ik0 - (s)»-Im0 - (s). It is evident that the slopes of Îkm (s) and 
-Im0 - (s) are opposite. Therefore, the slopes between the mea‐
sured current Ik(t) and the estimated current Îk (t) are opposite.

In summary, the qualitative analysis and simulation results 
show that the slopes between the measured current Ik(t) and 
the estimated current Îk (t) are opposite after the internal fault 
occurs. The proposed improved DSEBP can be applied to 
transmission lines with a length of 200-1000 km, which can 
meet the requirements of the majority of practical projects.

VI. CONCLUSION 

The operating frequency of the DC system during steady-
state operation is 0 Hz. Obtaining accurate transmission line 
parameters utilized by the protection is a challenging endeav‐
or. Therefore, a method to identify the frequency-dependent 
parameters of flexible DC grids based on the HB-MMC is 
proposed. And the improved DSEBP can operate normally 
based on the identified parameters. The conclusions are as 
follows.

1) The frequency-dependent parameter can be identified 
with high accuracy by injecting characteristic signals into 
the HB-MMC. In the context of protection methods that rely 
on transmission line parameters, the practicality is enhanced.

2) The available residues and poles of the frequency-de‐
pendent parameter can be obtained by the vector fitting 
method, which can be used in the improved DSEBP to effec‐
tively identify faults.
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Fig. 12.　Simulation results of protection performance in test 1.
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3) The improved DSEBP can operate within 3 ms during 
an internal fault. And it can operate normally under a fault 
resistance of 300 Ω, exhibiting a high degree of sensitivity. 
In addition, it has high reliability to withstand the 25 dB 
noise disturbance and 1 ms synchronization error.
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