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A B S T R A C T   

With the massive increase of power electronic devices to facilitate renewable integration, the system’s fault 
characteristics will be dramatically changed due to the different control strategies adopted by converters. As a 
result, the dependability and security of the traditional protection can be severely compromised. Considering the 
high controllability of power electronic converters, this paper presents an active injection protection scheme to 
effectively identify the fault. By analyzing the traveling wave (TW) refraction and reflection characteristics under 
different fault conditions, the variation of the measured terminal current caused by the TW is revealed. Then, a 
rectangular wave is injected by the hybrid modular multilevel converters (MMC) for a short time after the fault 
ride-through process. By introducing the concept of the polarity of the current area, the proposed protection 
scheme only needs to measure the terminal current without any complex signal extracting and processing al
gorithm to identify the internal and external faults. The feasibility and effectiveness of the proposed protection 
scheme are verified by realistic case studies with simulation conducted in the PSCAD platform.   

1. Introduction 

With the rapid development of power electronic equipment, the 
voltage source converter (VSC) based high-voltage direct current 
(HVDC) has been a promising technology to enable multi-terminal 
HVDC grids [1]. VSC-HVDC systems have many outstanding advan
tages including capability in large-scale renewable energy integration, 
high-capacity power transmission, decoupled control of active and 
reactive power, and convenient systems interconnection [2–3]. 
Furthermore, in contrast to the traditional HVDC technology, VSC- 
HVDC systems are subject to the risk of commutation failure due to 
the fundamentally different working mechanism [4]. However, the DC 
grid is a system with low impedance. After a DC fault, the fault current 
can rise rapidly, presenting a significant threat to the fragile power 
electronic equipment. 

In order to avoid the damage to power electronic equipment, various 
methods have been proposed to limit the fault currents. A common 
method is to install the large current limiting reactors (CLR) [5–6]. 
However, the large CLR increases the investment and can negatively 
influence the stability of the system. There are also some current limiting 
methods based on the high controllability of converters being proposed. 

As highlighted in [7], the main contribution of the fault current is from 
the discharge of sub-module (SM) capacitors. Therefore, the current 
limiting strategy based on the half-bridge modular multilevel converter 
(HB-MMC) is proposed [8–9]. The number of inserted SMs is reduced 
temporarily following the detection of a fault. For the full-bridge MMC 
(FB-MMC) and the hybrid-MMC using both full-bridge sub-modules 
(FBSM) and half-bridge sub-modules (HBSM), they can realize the fault 
current limiting and fault ride-through by outputting the negative 
voltage from the FBSMs [10–11]. Furthermore, the FB-MMC and the 
hybrid-MMC have reactive power compensation capability during the 
fault ride-through process and advantages in rapid recovery after the 
faults [12]. However, these converter control strategies will change the 
original fault characteristics, and the performance of the traditional 
protection will be further challenged. 

Travelling wave (TW) protection schemes are extensively applied as 
the primary protection in MMC-HVDC grids [13]. In real-world imple
mentations, TW protection schemes that measure the change of voltage 
and current at the terminal to identify faults with fast operation speed 
are typically adopted [14]. However, they are often unable to identify 
internal faults with high impedance, and they can be sensitive to the 
impact of measurement noise. The threshold for determining fault or 
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non-fault conditions often relies on simulation, so there are significant 
limitations. Under the control strategies of converters, the effective time 
window is shorter, and the protection performance is further affected. 
Some boundary-condition based protection schemes are proposed in 
[15–16]. The fault direction can be identified by the different fault 
characteristics on two sides of CLR. However, under the fault current 
limiting effect of converters, the size of CLR will decrease, and the 
reliability and sensitivity of the protection will be affected. A setting-less 
protection method is proposed to identify the faults with good robust
ness [17], which measures the voltage in a very short time window, and 
uses the optimal approximation method to recognize the fault mode. 
Although the information acquired is not severely affected by the con
trol strategies of the converter, there are high requirements for sampling 
frequency and calculation capability. In addition, some pilot protection 
schemes are proposed with high reliability. The studied objective of 
these schemes is changed from the fault characteristics at one terminal 
to the state of the transmission line [18–19]. Therefore, the influence of 
control strategies of the converter can be eliminated theoretically. 
However, the protection schemes are computationally intensive and 
have a heavy communication burden. 

Therefore, it is necessary to explore new protection schemes to 
address the various limitations with the existing protection solutions as 
discussed above. Considering the high controllability of power elec
tronics equipment, the converters can not only have the function of 
limiting the fault current but also intentionally create the identifiable 
feature for protection. In the photovoltaic DC integration system, some 
active injection methods have been proposed to identify the faults 
[20–21]. The DC/DC converters are modified to be frequency- 
controllable injection sources for the realization of the protection. An 
active injection protection scheme is proposed to identify faults with a 
square signal in the two-terminal HVDC network [22], but the 
requirement of selectivity in the DC grid needs to be further verified. A 
correlation algorithm based protection scheme is proposed to realize the 
fault identification by generating signals in different frequencies [23]. 
With the integration of control and protection, these protection schemes 
can identify the faults reliably. However, these schemes often need to 
inject signals of multiple frequencies into the network and have high 
requirements on the particular characteristics of the signals. At the same 
time, some signal processing algorithms are needed to extract the 
characteristics of the injected signal, presenting a high requirement on 
computation power. 

According to the current research status, the active injection based 
protection schemes should be further improved. In this paper, an active 
injection protection scheme is proposed to identify the faults. Based on 
the hybrid-MMC, the rectangular wave is injected into the grid after the 
fault ride-through process. Then the faulty zone can be identified by the 
polarity of the current area (i.e. a quantity defined in the proposed 
protection algorithm associated with integral of current over time, 
which will be explained in detail in Section VI). Compared with the 
current active injection protection scheme, the proposed scheme only 
uses the measured current at the terminal, and complex signal pro
cessing tools are not required. 

The rest of the paper is structured as follows. In Section II, the 
operating principle of the proposed protection is introduced. In Section 
III, the characteristics of the injected TW from the MMC are analyzed, 
including the propagation process in the transmission line and the 
principles of reflection and refraction. In Section IV, the different 
characteristics of the measured terminal current are discovered. In 
Section V, the control strategies of the MMC are proposed in different 
stages. In Section VI, the overall scheme of the proposed protection 
based on the polarity of current area is constructed. In Section VII, the 
feasibility of the protection is verified in a three-terminal hybrid MMC- 
HVDC grid modelled and simulated in PSCAD. Finally, the conclusion is 
drawn in Section VIII. 

Idea of Realizing Active Injection Protection Scheme. 
According to the multi-terminal MMC-HVDC grid shown in Fig. 1, 

the DC faults will cause the rapid rise of fault currents. Therefore, the 
hybrid-MMCs with FBSMs limit the fault currents quickly to ride- 
through the fault. However, the fault currents are with lower ampli
tude and are different from the original fault characteristics under the 
HB-MMC based HVDC grid. For enhanced reliability, the MMCs with 
FBSMs can be controlled in a particular order, i.e. injecting rectangular 
TWs into the transmission lines to identify the fault after the fault ride- 
through process. 

Characteristics of Injected TW. 
A. Propagation characteristics of TW. 
The analysis of TW relies on distributed parameters model of the 

transmission line shown in Fig. 2, where Ru, Lu, Gu, and Cu denote series 
resistance, series inductance, parallel conductance, and parallel capac
itance per unit length, respectively; u(x, t) and u(x + Δt, t) are the 
voltages at both terminals; and i(x, t) and i(x + Δt, t) are the currents at 
both terminals. The energy of transient excitation is exchanged with 
each other in the distributed inductance and capacitance, gradually 
diffuses, and propagates in the form of TW. Therefore, when the TW 
front arrives, the voltage and current in the transmission line will change 
accordingly. 

Based on the circuit, the telegraph equation can be expressed as: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

−
∂2u(x, t)
∂x∂t = Ru

∂i(x, t)
∂t + Lu

∂2i(x, t)
∂t2

−
∂2i(x, t)
∂x∂t = Gu

∂u(x, t)
∂t + Cu

∂2u(x, t)
∂t2

(1) 

The Laplace transform is used to solve (1) in the complex frequency 
domain. Then the D’ Alembert solutions are [24]: 

⎧
⎨

⎩

u(x, t) = Vf (x − vt) + Vb(x+ vt)

i(x, t) = [Vf (x − vt) − Vb(x+ vt)]/zc

= If (x − vt) − Ib(x+ vt)

(2) 

where Vf and Vb are the forward and backward voltage TWs, 
respectively; If and Ib are the forward and backward current TWs, 
respectively; v is the propagation speed; and Zc is the wave impedance. 

Based on (2), the transmission line in the TW analysis can be 
equivalent to a lumped parameter, whose value is the wave impedance. 

Fig. 1. Schematic diagram of multi-terminal MMC-HVDC grid.  

Fig. 2. Distributed parameters model of transmission line.  
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Therefore, the characteristics of TW reflection and refraction can be 
analyzed by the Peterson principle. 

In addition, the intercoupling effect between the positive and nega
tive poles should be eliminated. The phase-to-mode conversion is: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

[
u1

u0

]

=
1̅
̅̅
2

√

[
1 1

1 - 1

][
uP

uN

]

[
i1

i0

]

=
1̅
̅̅
2

√

[
1 1

1 - 1

][
uP

uN

] (3) 

where u1 and u0 are the line-mode and earth-mode voltages, 
respectively; i1 and i0 are the line-mode and earth-mode currents, 
respectively; uP and uN are the positive and negative mode voltages, 
respectively; and iP and iN are the positive and negative mode voltages, 
respectively. The earth-mode components are affected by the distributed 
parameters and distort severely. Therefore, this paper uses the line- 
mode components. 

B. Principle of refraction and reflection. 
After the fault ride-through process, the selected MMC will inject a 

rectangular wave into the transmission line, and the schematic diagram 
of the TW refraction and reflection is presented in Fig. 3. Vi is a rect
angular voltage TW injected by the selected MMC. Due to the disconti
nuity of the impedance, the injected TW will be refracted and reflected 
at the terminals and the fault point. αN is the refraction coefficient when 
the initial rectangular TW propagates through the CLR. βM and βN are the 
reflection coefficient at the terminal M and N, respectively. αK and βK are 
the refraction coefficient and reflection coefficient at the fault point K, 
respectively. 

Firstly, the injected TW Vi will propagate through the CLR, and the 
diagram is shown in Fig. 4(a). The equivalent circuit can be obtained by 
the Peterson principle in Fig. 4(b). According to the Peterson equivalent 
circuit, the refracted TW Vi1 is: 

Vi1 =
2Zc1

Zs + Zc1 + sL
Vi (4) 

where Zc1 is the line-mode wave impedance of the transmission line; 
Zs is the equivalent impedance of the MMC; and L is the inductance of 
CLR. According to (4), the refraction coefficient can be expressed as: 

0 < αN = Vi1/Vi < 1 (5) 

After the propagation through the CLR, the TW will propagate in the 
transmission line. If there is a fault occurring in the line, the TW prop
agates to the fault point K firstly, as shown in Fig. 5(a). The Peterson 
equivalent circuit under the pole-to-pole (PTP) fault is shown in Fig. 5 
(b), the refraction coefficient αK and reflection coefficient βK can be 
obtained. 

0 ≤ αK =
Rf

Zc1 + Rf
< 1 (6)  

− 1 ≤ βK = −
Zc1

Zc1 + Rf
< 0 (7) 

where Rf is the fault resistance. 
Similarly, the refraction coefficient αK and reflection coefficient βK 

can be obtained under the pole-to-ground (PTG) fault. 

0 ≤ αK =
Zc0 + 4Rf

Zc1 + Zc0 + 4Rf
< 1 (8)  

− 1 ≤ βK = −
Zc1

Zc1 + Zc0 + 4Rf
< 0 (9) 

where Zc0 is the earth-mode wave impedance of the transmission 
line. 

Furthermore, the TW will also be reflected at terminals M and N. As 
shown in Fig. 6(b), the total impedance Zt at the terminal includes the 
equivalent impedance of the MMC (Zs), CLRs (sL), and the wave 
impedance in the adjacent line (Zc1). The expression of the reflection 
coefficient is: 

− 1 < βt =
Zt − Zc1
Zt + Zc1

< 1 (10)  

Zt = sL+ [Zs(sL+ Zc1)]/(Zc1 + Zs + sL)

For the reflection coefficient βt at the terminal, it is generally within 
(-1, 1). To determine the value of βt, a step response of the reflection 
coefficients is shown in Fig. 7. For the terminal N, Zs includes the 
equivalent capacitance (CS), which shows the negative impedance 
characteristics. Therefore, the reflection coefficient βN turns negative 
rapidly. For terminal M, the equivalent capacitance in the converter is 
zero. Therefore, the reflection coefficient βM will decrease with time, but 
keep positive within the initial 4 ms. In this paper, we only focus on the 
situation within this initial period. Therefore, it can be considered that 
the reflection coefficients βN and βM are within (-1, 0) and (0, 1) 
respectively in the subsequent analysis. 

2. Characteristics of measured terminal current under different 
faults 

After the fault ride-through process, the DC fault current is limited to 
zero. Therefore, before the rectangular TW is injected into the trans
mission line, the measured terminal current iN in the protection relay N 
is zero. At the same time, the injected TW refracted and reflected in the 
transmission line will cause the change of iN. The changing 

Fig. 3. Schematical diagram of propagation of injected TW.  

Fig. 4. Injected rectangular wave propagating through CLR.  

Fig. 5. TW propagation process at fault point.  

Fig. 6. Diagram of TW propagation process at terminal.  
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characteristics of iN are different in the different fault scenarios. For the 
analysis of the changing characteristics of iN, the attenuation of the TW 
in the transmission line is ignored for simplicity. The lattice diagrams of 
the injected TW propagation process are shown in Figs. 8-10, which 
illustrate the scenarios of external fault, metallic internal fault, and the 
internal fault with resistance, respectively. Ii is the injected current TW 
by MMC. l is the length of the transmission line. × is the fault location. v 
is the propagation speed of the TW. ts = 4 l/v is defined as the end time, 
which includes the four times for the TW to propagate over the entire 
transmission line. 

(1) External faults. 
Under an external fault, there is no discontinuity point in the 

transmission line. As shown in Fig. 8(a), the injected current TW Ii re
fracts αNIi into the transmission line. According to (5), the refraction 
coefficient αN is greater than zero. Therefore, the measured current iN 
will rise at t0. During the interval (t0, t2), iN keeps constant, because the 
reflected TW αNβMIi has not arrived at terminal N. According to the 
analysis in Section III, βM and βN are within (0, 1) and (-1, 0), respec
tively. Therefore, iN will decrease and increase by -αNβM(1-βM)Ii and 
− αNβ2

MβN(1 − βN)Ii at t2 and t4, respectively. According to the above 
analysis, the changing characteristics of measured current iN within (t0, 
ts) are demonstrated in Fig. 8(b). It can be seen that iN reaches the largest 
value within (t0, t2) and then decreases within (t2, t4). The shaded cur
rent area s1 enclosed by the value of current iN at t2 and the measured 
value of current iN within (t2, ts) is negative. 

(2) Metallic internal faults. 
Under an internal metallic fault, the injected TW will only propagate 

between the terminal N and the fault point K, because the refraction 
coefficient αK at the fault point is zero. The Lattice diagram of injected 
TW is shown in Fig. 9(a). Similarly, the injected current TW Ii refracts 
αNIi into the transmission line and causes the measured current iN to rise 

Fig. 7. Response of reflection coefficients to unit step wave.  

Fig. 8. Lattice diagram of injected TW and characteristics of iN under 
external fault. 

Fig. 9. Lattice diagram of injected TW and characteristics of iN under internal 
metallic fault. 

Fig. 10. Lattice diagram of injected TW and characteristics of iN under internal 
fault with resistance. 
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at t0. Meanwhile, iN rises again at t2 by -αNβK(1-βN)Ii, where the reflection 
coefficient βK is smaller than zero. At t4, there is an increase by 
-αNβK

2βN(1-βN)Ii when the TW reflects back to the terminal N for the 
second time. According to the above analysis, the changing character
istics of measured current iN within (t0, ts) are shown in Fig. 9(b). It 
demonstrates that the iN within (t2, ts) is larger than the value of iN at t2. 
Therefore, the shaded current area s1 enclosed by the value of current iN 
at t2 and the measured value of current iN within (t2, ts) is positive. 

(3) Internal faults with resistance. 
Under an internal fault with resistance, the injected TW can refract 

into another section of the transmission line (from the fault point K to 
the terminal M), and the refraction coefficient αK is greater than zero. 
The Lattice diagram of injected TW is shown in Fig. 10(a). Compared 
with the scenario of internal metallic fault, some reflected TWs from the 
terminal M like αNαK

2βMIi and αNαK
2βM

2βKIi reach terminal N at tr1 and 
tr2, respectively. The arrival of these TWs will also make the change in 
the measured terminal current iN. However, the influence of these re
flected TWs from terminal M is little, because the amplitudes after 
multiple refractions and reflections have been greatly reduced. As 
shown in Fig. 10(b), the shaded current area s1 enclosed by the value of 
current iN at t2 and the measured value of current iN within (t2, ts) is 
positive. 

Based on the different propagation processes at the different 
discontinuity points, the characteristics of the injected TW will vary. 
Comparing the difference of the measured current iN under the different 
faults, the shaded current area s1 is negative and positive under the 
external and internal faults, respectively. Therefore, the polarity of the 
shaded current area can be used to identify the faults. 

3. Control strategies of MMC 

C. Fault ride-through process. 
For the hybrid-MMC, FBSMs and HBSMs are both introduced into the 

bridge arm, and FBSMs are still controllable. 
after a DC fault occurs. The converter topology is shown in Fig. 11. 

Based on the high controllability of hybrid-MMC, the negative voltage 
output characteristics of the FBSMs can be used to realize the DC fault 
ride-through. 

Before the fault occurs, the control strategy of the hybrid-MMC is 
consistent with the traditional control strategy (mode 1) based on the 
HB-MMC, as shown in Fig. 12. After the detection of the fault, the 
control strategy switches to the fault ride-through mode (mode 2). The 
HBSMs in the bridge arm are bypassed, and FBSMs are used to output the 
negative voltage. By introducing DC current feedback control, the 
reference DC offset voltage udc/2 of the bridge arm can be controlled. 

Therefore, a negative reference DC offset voltage of the bridge arm is 
generated by the difference between idc and the reference idc*. Finally, 
the DC fault current can be limited to zero quickly. 

D. Active injection strategy. 
After the fault ride-through process, the selected MMC will switch 

the control strategy to mode 3 and injects a rectangular TW into the 
transmission lines. As shown in Fig. 12, udcset is the designed output 
voltage of MMC. The characteristics of the injected TW are discussed 
below. 

(1) Amplitude of injected TW. 
The amplitude of the injected TW should consider two aspects. 

Firstly, the amplitude of the injected TW should not be too large, 
because the injected TW might cause the fluctuation of the system. 
Secondly, the changing characteristics of the measured terminal current 
should be notable under the injected TW. 

After the fault ride-through process, there is no power transfer in the 
transmission lines. Therefore, the initial value of the measured terminal 
current is zero and the change in the measured terminal current is only 
caused by the injected TW. The small amplitude of the injected TW can 
theoretically ensure the detectability of the measured terminal current. 
However, the attenuation of the TW should also be considered. The TW 
contains signals of different frequencies, and the wavefront amplitude 
can be regarded as the sum of the wavefront amplitude of each fre
quency component. 

Ah =
∑

i
e− γ(ωi)xfωi (t) (11) 

where ωi is the angular frequency corresponding to the different 
frequencies; Ah is the amplitude of the wave front; fωi(t) is the initial 
amplitude of the wavefront at different frequencies; x is the TW prop
agation distance; and γ(ωi) is the attenuation coefficient. 

The attenuation coefficient γ(ωi) is: 

γ(ωi) = α(ωi) + jβ(ωi)

=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[R(ωi) + jωiL(ωi)][G(ωi) + jωiC(ωi)]

√ (12) 

where R(ωi), L(ωi), G(ωi), and C(ωi) denote series resistance, series 
inductance, parallel conductance, and parallel capacitance per unit 
length, respectively. The real part of γ(ωi) is the attenuation constant 
α(ωi), and the imaginary part represents the phase constant β(ωi). 

According to (11)-(12), as the propagation distance increases, the 
amplitude of each frequency component of the injected TW signal has 
different degrees of attenuation. As shown in Fig. 13, the higher the 
frequency component, the more severe the amplitude attenuation. The 
measured current is the time domain quantity of the whole frequency 
band. Even if the attenuation is severe in the high-frequency band, the 
attenuation in the low-frequency band is small. Therefore, the influence 
of the line attenuation within ts can be approximately ignored. Based on 
the analysis above, udcset is set to be 0.1p.u. 

(2) Length of injected TW. Fig. 11. Topology of hybrid MMC.  

Fig. 12. Block diagram of MMC control strategies.  
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Based on the analysis of characteristics of the measured current in 
Section IV, the time to calculate the shaded current area is up to ts, which 
contains the four times for the TW to propagate over the entire trans
mission line. ts is determined by TW velocity, and the expression of the 
TW velocity is: 

v(ωi) =
ωi

β(ωi)
(13) 

According to (13), different frequency components in TW have 
different propagation velocities. The high-frequency components of TW 
propagate faster than the low-frequency components. As shown in 
Fig. 14, the line-mode TW velocity has a nonlinear increasing relation
ship with the frequency. The injected TW contains frequency compo
nents from zero to infinity, and they will be affected under different 
propagation velocities. Therefore, the wavefront only contains high- 
frequency components, and the wave tail contains both high- 
frequency and low-frequency components. The low-frequency compo
nents dominantly affect the characteristics of the measured terminal 
current. Therefore, the wave velocity v is considered to be 292 km/ms. 
Since the longest transmission line in the grid is 200 km, ts is calculated 
to be 2.740 ms. Meanwhile, when the control strategy switches back to 
mode 2, it will also cause a sudden change in the converter outlet 
voltage, affecting the characteristics of the measured terminal current. 
Therefore, the injection time should be slightly longer than ts. The length 
of the injected TW is set to be 3 ms. 

4. Overall scheme of active injection protection 

E. Fault detection. 
The low voltage and overcurrent criteria are used to detect the faults 

for the simple implementation, small amount of computation, and high 
speed. 

udc < 0.7Udcn||idc > 1.5Idcn (14) 

where udc is the measured DC voltage; Udcn is the rated DC voltage; idc 
is the measured DC current; Idcn is the rated DC current. Once (14) is 
satisfied, the MMC will switch to the control mode 2 to limit the fault 
current. 

F. Faulty pole discrimination. 
The ratio of the transient voltages between the positive and negative 

poles is used to identify the faulted pole. The criterion is: 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫
|udc,P|2dt

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫
|udc,N |2dt

√ = Eratio,

⎧
⎨

⎩

Eratio > Eset(positive pole fault)
Eratio < 1/Eset(negative pole fault)

1/Eset ≤ Eratio ≤ Eset(pole - to - pole fault)

(15) 

where the subscripts P represents the positive pole and N represents 
the negative poles; and Eratio is the ratio of transient voltage energy 
between the positive and negative poles. With the consideration of the 
discharge of distributed capacitance and noise disturbance, Eratio is not 
equal to 1 strictly when the PTP fault occurs. Then, the reliability co
efficient Eset is set to be 2. Under the positive pole-to-ground (P-PTG) 
fault and PTP, the converter in the positive pole will be selected to start 
the injection process. Under the negative pole-to-ground (N-PTG) fault, 
the selected converter is in the negative pole. 

G. State detection of current. 
Considering the influence of current fluctuation and the noise 

interference, the state of the fault current should be detected whether 
the fault currents are limited to zero. Therefore, the gradient grad(i) is 
proposed to detect the state of fault current. 

|grad[i(k)]| =
∑4

j=0
i(k − j)−

∑9

j=5
i(k − j) < ΔIset (16) 

where i(k-j) is the jth sampled current prior to the present moment; 
and ΔIset is the threshold, which is set to be 0.03. 

H. Fault identification. 
Based on the analysis of the variation of the terminal measured 

current in Section IV, the shaded current area s1 is negative and positive 
under the internal and external faults, respectively. These characteristics 
of the measured terminal current are used for the fault identification. 
Owing to the low amplitude of the injected TW and the short time 
window, the area of s1 is not very large numerically. Therefore, the area 
index λ is proposed to evaluate the polarity of the measured current 
area. 

λ =
∑ts/(Δt)

k=ts/(2Δt)+1

ik − its/2

tk − tts/2
> Aset (17) 

where ts is the end time defined in Section IV; Δt is the sampling 
interval; its/2 is the measured terminal current at ts/2; k is the sequence 
number; and Aset is the threshold, which is set to be 0. 

As analyzed in Section IV, the time of the first return of the TW is t2, 
which is related to the position of the fault point. Although t2 is an 
indeterminate quantity, the start time t0 and the end time ts of the TW 
injection are fixed. Therefore, the data within [ts/2, ts] is used for the 
fault identification. Under the external fault, area index λ must be 
significantly negative. Under the internal fault, area index λ must be the 
positive. Fault resistance has some influence, but does not change the 
polarity of the area index. 

I Active injection strategy. 
The converters will be activated in sequence to inject the TW, 

avoiding the disturbance of the TW from the adjacent converter. 
Therefore, the sequence of converters to start active injection control is 
designed in advance: MMC1 → MMC2 → MMC3. The detailed injection 
starting criterion of each converter is shown in Fig. 15. Once MMC1 
detects that the fault current of the system has been suppressed to zero, it 
will start to inject a characteristic TW into the transmission line. 
Meanwhile, MMC2 and MMC3 will also detect the change in the current 
caused by the TW from MMC1. Therefore, when the MMC2 detects twice 
that the fault current has been suppressed to zero, MMC2 will be acti
vated to inject the characteristic TW. Similarly, after recognising that 
the fault current has been suppressed to zero for three times, MMC3 will 
start to inject the characteristic TW. 

J. Overall scheme of proposed protection. 
Based on the criteria above, the process of the entire protection 

scheme is shown in Fig. 16. After the detection of the fault, all the 
converters in the grid will switch to control mode 2 to limit the fault 
currents to zero. At the same time, the fault pole can also be discrimi
nated by the calculated ratio of the transient voltages. The research 
objective is a three-terminal HVDC grid, as shown in Fig. 1. Converters 
will inject the rectangular TWs to identify the fault in the order of MMC1, 

Fig. 13. Line-mode TW attenuation under different frequencies.  

Fig. 14. Line-mode TW velocities under different frequencies.  
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MMC2, and MMC3. After the fault current is suppressed to zero, MMC1 
will switch to control mode 3 to inject a rectangular TW to identify 
whether the two lines connected to MMC1 are faulty. The injected TW 
will also cause the current change measured by MMC2. After the state 
detection of the current, MMC2 will start to inject a rectangular TW to 
identify the fault. Similarly, MMC3 will also carry out the same fault 
identification process. Finally, the fast disconnecting switches on both 
sides of the line will isolate the fault. 

5. Simulation validation 

To verify the performance of the proposed protection scheme, a ±

500 kV three-terminal bipolar hybrid MMC-HVDC grid depicted in 
Fig. 17 is constructed by PSCAD/EMTDC. The grid consists of three 
transmission lines L12(200 km), L13(200 km), and L23(200 km), which 
adopt the frequency-dependent model. Meanwhile, further details of the 
simulation system along with its parameters are listed in Table 1. The 
sampling frequency is 10 kHz in the simulation. 

K. Verification of fault identification. 
f1, f2, and f3 are the metallic P-PTG faults occurring in the middle of 

L12, L23, and L13, respectively. The fault occurs at t = 1 s. Taking the 
protection unit N as an example to verify the performance of the pro
posed protection, the simulation results are shown in Figs. 18-20. 
Furthermore, the output voltage of the MMC1 is shown in Fig. 18(a)-20 
(a). The measured current iN is shown in Fig. 18(b)-20(b). TW(1), TW(2), 
and TW(3) represents the changes of voltage and current caused by the 
TW injected by MMC1, MMC2, and MMC3, respectively. Meanwhile, the 
detailed information of iN during the TW injection process is shown in 
Fig. 18(c)-20(c). 

1) Internal fault f1. 
The fault can be detected quickly, and the converters will step into 

the fault ride-through process. After the fault currents are limited to 
zero, MMC1 injects a rectangular TW into the transmission line firstly, as 
shown in Fig. 18. Correspondingly, the measured current iN will also 
change with the reflection and refraction of the injected TW. During the 
injection process, iN will keep increasing. The shaded current area s1 
enclosed by the value of current iN at ts/2 and the measured value of 
current iN within (ts/2, ts) is positive. The calculated area index λ is 2421, 
satisfying (17). Therefore, an internal fault in L12 can be identified by the 
proposed protection scheme. 

2) External faults f2 and f3. 
For the forward external fault f2 and the backward external f3, the 

characteristics of the measured current iN within the injection process 
are different compared with the characteristics under the internal fault. 
As shown in Fig. 19(c)-20(c), iN decreases from ts/2, and the shaded 
current area s1 enclosed by the value of current iN at ts/2, and the 
measured value of current iN within (ts/2, ts) is negative. The calculated 
area index λ are − 614 and − 489 under f2 and f3, respectively. Therefore, 
the external faults will not cause the misoperation of the proposed 
protection. 

L. Influence of fault resistance. 
To verify the robustness of the proposed protection scheme against 

fault resistance. The P-PTG faults with different resistances varying from 
0.1 Ω to 1000 Ω are set to occur at different locations. Here, 0%-100% is 
defined that the fault location in line L12 varies from terminal N to ter
minal M. The calculated results of the area index λ are listed in Table 2. It 
can be seen that the most severe situation is under f1(100%) with 1000 Ω, 
and the measured current iN during the injection process is shown in 

Fig. 15. Active injection strategy of converters.  

Fig. 16. Flowchart of proposed protection.  

Fig. 17. Simulation system of three-terminal hybrid-MMC HVDC grid.  
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Fig. 21. The area index λ reaches a small value (118). However, the fault 
can be still identified reliably. Moreover, the external faults will not 
cause the misoperation of the proposed protection scheme with 1000 Ω 
fault resistance. 

M. Influence of CLR. 
To verify the influence of the size of CLR, different sizes of CLR are 

set to test the performance of the proposed protection scheme. The 
simulation results are listed in Table 3 under the CLR from 20 mH to 200 
mH, and the measured current iN under the internal fault f1(50%) and 
external fault f2(50%) is also demonstrated in Fig. 22. It can be seen that 

the areas of SI(20mH), SII(100mH), and SIII(200mH) are in a decreasing trend 
under the internal fault and in an increasing trend under the external 
fault. The proposed protection can still identify the fault under different 
values of CLR. 

Table 1 
Major parameters of the simulation system.  

Parameters Converters 

MMC1 MMC2 MMC3 

Power capacity/MW 500 500 1000 
Number of SMs per arm 200 200 200 
SM capacitance/mF 10 10 15 
Arm inductance/mH 75 75 75 
CLR/mH 100 100 100  

Fig. 18. Fault characteristics under f1.  

Fig. 19. Fault characteristics under f2.  

Fig. 20. Fault characteristics under f3.  

Table 2 
Simulation results under different fault resistances.  

Faults Fault 
resistance/Ω 

Area index λ Fault identification 

f1(0%) 0.01 5412 Internal fault 
1000 398 Internal fault 

f1(50%) 0.01 2421 Internal fault 
1000 274 Internal fault 

f1(100%) 0.01 1650 Internal fault 
1000 118 Internal fault 

f2(50%) 0.01 − 1284 External fault 
1000 − 614 External fault 

f3(50%) 0.01 − 1032 External fault 
1000 − 489 External fault  

Fig. 21. Measured current iN under f2(100%) with 1000 Ω resistance.  

Table 3 
Simulation results under different CLRs.  

Faults CLR/mH Area index λ Fault identification 

f1(50%) 20 3214 Internal fault 
100 2421 Internal fault 
200 1856 Internal fault 

f2(50%) 20 − 445 External fault 
100 − 1284 External fault 
200 − 1875 External fault 

f3(50%) 20 − 417 External fault 
100 − 1032 External fault 
200 − 1810 External fault  
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N. Influence of noise interference. 
The 30 dB white noise is superimposed on the measured current iN 

under different metallic P-PTG faults to test the noise enduring capa
bility of the proposed protection scheme. The simulation results are 
listed in Table 4, which indicates that the 30 dB white noise will not 
influence the performance of fault identification. 

O. Influence of line length. 
As analyzed in Section III.B, the reflection characteristics at the 

terminals N (active injection mode) and M (fault ride-through mode) are 
different. For a 200 km transmission line, the protection time window is 
ts = 4 l/v < 3 ms (The TW travels on the line for four full lengths of 
time). Therefore, it can be considered that the reflection coefficients βN 
and βM are within (-1, 0) and (0, 1) respectively. However, if the line 
length is too long and causes that ts > 4.4 ms, the change of βM will 
influence the reliability of the proposed protection method theoretically. 
Based on the simulation system in Fig. 17, the line length is set to 400 km 
and an external fault f2 is set to verify the protection unit N. As shown in 
Fig. 23, the calculated area index λ is − 21. It can be seen that the 
variation trend of iN is changed because of the change of βM. The positive 
area s2 occurs and affects the fault identification, causing the risk of 
protection misoperation. However, in real projects, the maximum line 
length of VSC-HVDC grids is about 200 km [26]. Therefore, the proposed 
protection satisfies the requirement of practical projects. 

P. Operation time of protection. 
The fault currents are dominated by the discharging capacitors in the 

circuit. Due to the fault current limiting capacity of the hybrid-MMC, the 
fault currents can be limited effectively. The fault ride-through process 
can be completed within 10 ms based on the simulation results [25]. The 
injection process of each converter is 3 ms. Due to the amplitude of the 
injected TW being small, the fluctuation caused by the injected TW can 
also be suppressed quickly. The interval between the start of the injec
tion process of converters is smaller than 3 ms based on the simulation. 
Therefore, the total operation time of the proposed protection will not 
exceed 30 ms after the fault occurs. 

6. Conclusion 

In this paper, a new active injection protection scheme has been 
proposed for the multi-terminal HVDC grid, with the integration of the 
high controllability of the hybrid-MMC. The fault can be identified with 
high reliability and sensitivity, without any additional injection equip
ment. The simulation results illustrate that the proposed scheme has the 
excellent capability of enduring the fault resistance and noise interfer
ence. Compared with the existing active injection based protection 
schemes, the injected signal of the proposed scheme is simpler, and the 
protection algorithm is computationally light. Furthermore, this pro
tection scheme has a low dependency on the size of CLR, thus presenting 
a promising solution for future multi-terminal HVDC grid protection. 
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