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A B S T R A C T   

To build up a secure AC/DC power grid, a reliable DC protection system is vital for multi-terminal HVDC systems. 
However, efficient and reliable DC protection has always been a major challenge. On the other side, the char-
acteristics of the embedded AC grid have a mutual impact on transient interactions with HVDC system dynamics 
and protection. The whole AC/DC grid including the HVDC system and the embedded AC grid must remain stable 
after a severe disturbance i.e., DC fault. Thus, the DC protection should be designed in a way that not only is 
reliable but also fast enough to prevent system instability, especially in the case of a weak embedded AC grid. 
However, there has been a lack of research on how fast DC protection should be regarding the transient stability 
of the embedded AC grid. This study presents a novel survey into DC protection criteria of the multi-terminal 
HVDC systems regarding the transient stability of the embedded AC grid. The study analytically investigates 
the effects of different grid parameters including HVDC power, converter transformer reactance and arm reactor 
on system security. Then, the discussion has been extended to discuss DC protection criteria, e.g., required speed, 
for the multi-terminal HVDC systems. A variety of simulations have been tested in the PSCAD platform using a 
multi-terminal HVDC case study. The outcomes can be used for the protection study of the multi-terminal HVDC 
systems and the selection of appropriate CBs.   

1. Introduction 

HVDC system is a favorable option for transmitting bulk power 
through long-distance routes, e.g., remote offshore wind farms [1]. 
Voltage Source Converter (VSC) based HVDC technology provides 
power systems with independent control of active and reactive powers 
[2]. VSC-HVDC system is a feasible solution for connecting more than 
two DC terminals to create a multi-terminal HVDC grid [3]. The multi- 
terminal VSC-HVDC grid plays a major role in having a secure and 
stable power system and integrating large-scale renewable energy 
sources [4]. DC faults are more severe than AC ones, as there is low 
impedance on the DC side compared to the AC side [5]. Therefore, there 
have been many studies on DC protection regarding fault detection and 
fault-handling strategies for multi-terminal HVDC systems [6,7]. Most of 
the presented studies have used the traveling-wave theory or frequency- 
domain analysis for DC fault detection [8,9]. Also, some studies have 

been proposed to make a better coordination between HVDC converters 
and DC Circuit Breakers (DCCB) [10]. On the other hand, such a large 
disturbance as a DC fault can easily threaten the system’s transient 
stability [11]. Consequently, the DC protection and stability of the 
multi-terminal VSC-HVDC grid should be considered simultaneously. 
Although, there are lots of studies on the DC protection of the multi- 
terminal VSC-HVDC systems [12,13], the transient stability issues are 
not considered normally in the design of the DC protection. It is neces-
sary to keep the stability of the VSC-HVDC system under DC fault con-
ditions. Thus, DC protection should be designed so that the system is 
capable of being stable after DC fault clearance. On the other hand, grid 
characteristics like Short Circuit Ratio (SCR) have a considerable effect 
on AC/DC system stability [14]. Consequently, such grid characteristics 
affect the design of the DC protection system for the multi-terminal VSC- 
HVDC networks. 

Based on the author’s knowledge, there are not enough studies on 
how to select an appropriate protection system for the multi-terminal 
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VSC-HVDC grids considering the grid characteristics of the embedded 
AC grid. AC-side grid characteristics including SCR and inertia time 
constant are influential on the system dynamics [15]. DC-side grid dy-
namics are not independent of AC-side dynamics. Therefore, DC-side 
stability and AC-side stability are intertwined [16]. Consequently, the 
AC-side grid characteristics can affect HVDC system stability under large 
disturbances. On the other hand, DC-side grid characteristics including 
HVDC power and DC reactor have a considerable impact on HVDC dy-
namics. Therefore, each specific multi-terminal VSC-HVDC grid should 
end up with a unique DC protection based on its own characteristics 
including the parameters of the embedded AC grid. But the fastest DC 
protection via the fastest DCCBs is usually recommenced in the litera-
ture, regardless of the characteristics of the embedded AC grid [17,18]. 
However, the faster DCCB to interrupt faults can incur higher capital 
costs [19]. Although faster DC protection leads to a higher safety 
margin, it can be too expensive and not economical for some HVDC grids 
which do not need the faster DC protection. On the contrary, using slow 
DCCBs may threaten the stability of some other multi-terminal HVDC 
systems. Therefore, one of this study’s goals is to determine the mini-
mum required speed of the DC protection system considering the tran-
sient stability and the characteristics of the embedded AC grid. In other 
words, the study sheds light on a trade-off between the cost and tech-
nical adequacy in selecting DC protection and types of DCCBs. 

For the first time, this study discusses the appropriate selection of DC 
protection considering the transient stability of the embedded AC grid 
for the multi-terminal VSC-HVDC systems. Appropriate action time for 
the DC protection system to prevent the system’s transient instability has 
been discussed in the paper. The study also investigates the effects of the 
grid characteristics including AC-side and DC-side ones on the stability 
of the VSC-HVDC systems. In addition, the impact of the arm reactor in 
the HVDC converter is discussed in this paper. Analytic relations based 
on different grid parameters are presented to demonstrate their impact 
on the system’s security and stability. Then, appropriate CBs are selected 
considering the transient stability margin under DC fault conditions. 

This paper is organized as follows: grid characteristics and defini-
tions related to combined AC/DC power systems are presented in Sec-
tion 2. Section 3 discusses the effects of different grid characteristics on 
the VSC-HVDC system stability and protection. HVDC case study and 
simulation results are presented in Section 4. Finally, conclusions are 
drawn in Section 5. 

2. Grid characteristics and definitions for combined AC/DC 
power system 

Fig. 1 shows a VSC-HVDC system connected to an AC power source, 
based on synchronous machine model, at the Point of Common Coupling 
(PCC). The HVDC system may have multiple DC terminals as shown in 
Fig. 1. For this system, Short Circuit Ratio (SCR) is equal to the Short 
Circuit Capacity (SCC) divided by the amount of HVDC power [20]. The 
SCC and the SCR definitions for an AC grid connected to an HVDC sys-
tem are as follow: 

SCR =
SCCMVA

PHVDC
=

V2
S

PHVDCZSC
(1) 

Where ZSC is the short circuit impedance of the AC power system. 
Mechanical and electrical power difference can be calculated based on 
electrical load angle as follow: 

Pm − PPCC =
2H

(2πfs)
d2δ
dt2

(2) 

Where H is the inertia time constant of the synchronous machine. 
The electrical active power at the PCC point can be achieved as follows 
[20]: 

PPCC =
VS × VPCC

XSC
sin(δ) (3) 

Where XSC is the short circuit reactance of the AC power system. The 
power at the PPC point consists of the HVDC power and the power loss of 
the VSC-HVDC station. 

Nomenclature 

FDTi Fault detection time of DC link i. 
FITi Fault interruption time of protection system for DC link i. 
FITip Fault interruption time of primary protection for DC link i. 
FITib Fault interruption time of backup protection for DC link i. 
CCTi Critical clearing time for fault at DC link i. 
CDTi Communication delay time for backup protection 

activation of DC link i. 
SCC Short circuit capacity. 
SCR Short circuit ratio. 
PHVDC HVDC power value. 
VS,VPCC AC equivalent source and PCC point voltages. 
ZSC Short circuit impedance of the AC source. 
PPCC,QPCC Active and reactive power at PCC point. 
Pm,PLOSS Mechanical power and HVDC converter power loss. 
fs Power system frequency. 
H Inertia time constant. 

δδcr,δ0 Electrical, critical, initial load angles. 
XSC Short circuit reactance of AC source. 
XT Reactance of HVDC converter transformer. 
LDC,LArm DC and arm inductances. 
RDC,RArm DC and arm resistances. 
Req,Leq Equivalent resistance and inductance on DC side after fault 

occurrence at DC terminal. 
VVSC Voltage at AC terminal of VSC converter. 
PVSC Power at AC terminal of VSC converter. 
VDC Nominal HVDC voltage. 
V−

DCC,V+
DCC DC voltage before DC reactors, before and after DC fault 

instant. 
V−

DC,V+
DC DC voltage after DC reactors, before and after DC fault 

instant. 
If ,IPCC DC fault and PCC point currents. 
m Modulation index. 
kSF Safety factor value.  

Fig. 1. a VSC-HVDC system connected to an AC power grid at a PCC point.  
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PPCC = PHVDC +Ploss (4) 

The power losses include the HVDC converter loss and converter 
transformer loss which are negligible compared to the HVDC power. 
Therefore, the HVDC power value is almost equal to the power at the 
PCC point: 

PPCC = PHVDC (5) 

Consequently, using (3) and (5), the following relation can be 
achieved: 

PHVDC =
VS × VPCC

XSC
sin(δ) (6) 

Equation (6) describes the relationship between the load angle of the 
AC power grid and the HVDC power value. As the HVDC power value 
increases, the load angle goes up. Thus, the stability margin decreases 
with an increase in the HVDC power. Generally, electrical power sys-
tems can be categorized into three groups based on the grid strength, the 
SCR value [20]:  

• Strong grid: the grids with SCR > 3  
• Weak grid: the grids with 2 < SCR < 3  
• Very weak grid: the grids with SCR < 2 

Using (1) and (6), the relation between the SCR and the load angle 
can be expressed as follow: 

PHVDC =
V2
S

SCR× ZSC
=
VS × VPCC

XSC
sin(δ) (7) 

If the SCR value increases, the load angle decreases. Therefore, the 
grid strength and the HVDC power value are influential parameters on 
the transient stability of the AC/DC power system including the VSC- 
HVDC grids. This section’s discussion was based on the well-known 
model of single-machine infinite bus system for the transient stability 
analysis [20]. In this section, the system is developed to consider the 
impact of the HVDC connection on the grid dynamics. This primary 
discussion is the background for further development in the next section. 
Although the discussed model is based on a single HVDC system, it is 
valid and extendable to multi-terminal HVDC systems. As an HVDC 
system usually isolates one AC grid from another AC grid, dynamic effect 
of an AC grid on another remote AC grid in the multi-terminal HVDC 
grid can be ignorable. Therefore, each area of a multi-terminal HVDC 
system i.e. an AC grid connected to an HVDC station can be investigated 
separately. On the other hand, the VSC converters are usually blocked 
under DC fault conditions. Consequently, the impact of the converter 
control is limited on the system transient behavior under DC fault con-
ditions. Thus, the proposed background is used for further investigation 
in the next section. 

3. Effect of grid characteristics on VSC-HVDC system stability 
and protection 

The VSC-HVDC system stability depends on grid characteristics and 
parameters both on AC and DC sides. Therefore, it is necessary to 
investigate the system’s transient stability under DC fault conditions 
considering the grid characteristics. On the other hand, the protection 
system of a VSC-HVDC grid should secure the network against different 
DC pole faults. DC protection system should be fast enough so that the 
HVDC system successfully recovers to normal operation as soon as 
possible after fault clearance. An ineffective protection system may lead 
to system instability during and after DC fault conditions. This section 
investigates the impacts of the AC/DC grid characteristics on the tran-
sient stability of the VSC-HVDC system. Due to a large number of grid 
parameters, different parameter pairs are selected in this survey. Also, 
the DC protection design of the VSC-HVDC grid considering the system 

transient stability is proposed in the last sub-section. 

3.1. Impact of AC-side grid characteristics on VSC-HVDC system stability 

DC faults in an HVDC system can remarkably affect voltage and 
current values on both the DC and AC sides of an AC/DC grid [21]. The 
AC-side grid characteristics including SCR and inertia time constant can 
considerably influence the transient stability of the AC grid [14]. 
Moreover, the reactance of the converter transformer can be influential 
on the system’s transient stability. As the system stability of AC/DC 
power grids is united, these grid parameters can affect the HVDC system 
stability too. Therefore, the system stability margin of a VSC-HVDC 
system connected to a strong AC grid is different from the one con-
nected to a weak AC grid. Consequently, the DC protection design for 
these two cases will be different. Critical Clearing Time (CCT) is the 
maximum time to clear a fault without losing the system stability [20]. A 
power grid can keep its stability if the fault is cleared before the CCT 
time. In this part, the impacts of the following parameter pairs on the 
CCT value are analyzed:  

• SCR and H.  
• XT and H. 

The CCT can be calculated based on the initial and critical load an-
gles as follows [22]: 

CCT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2H(δcr − δ0)

πfsPm

√

(8)  

δcr = cos− 1((π − 2δ0)sin(δ0) − cos(δ0) ) (9) 

If ZSC ≈ XSC, the following relation can be achieved from (9): 

δ0 = sin− 1
(

VS
VPCCSCR

)

(10) 

(a) 

(b)

Fig. 2. CCT based on different SCR and H values, (a) perspective a, (b) 
perspective b. 
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Using (8), (9) and (10), the CCT can be calculated based on the AC 
grid parameters SCR and H as in (11). To have an efficient analysis, 
equation (11) is implemented in the MATLAB platform and the results 
are presented in 3D illustrations. The CCT values corresponding to the 
SCR values with different inertia time constants are shown in Fig. 2. It is 
clear from two perspectives of Fig. 2 that the CCT value rises when the 
SCR and H values increase. The sensitivity of the CCT values to SCR for 
weak grids (lower SCRs) is higher than the ones for strong grids (higher 
SCRs), as shown in Fig. 2 (b). 

To analyze the impact of the converter transformer reactance, the 
equivalent circuit of the system is presented in Fig. 3 in more detail. 
Converter transformer loss and VSC converter loss are ignorable. Like 
(6), the following relations can be achieved for this system: 

PPCC =
VS × VVSC
(XT + XSC)

sin(α − λ) (12)  

PPCC = PVSC = PHVDCδ = α − λ (13) 

Then: 

VVSC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
PCC − X2

T I
2
PCC

√

(14)  

PHVDC =
VS × VVSC
(XT + XSC)

sin(δ) (15) 

Using (14) and (15), the following equation can be calculated: 

δ0 = sin− 1
(
PHVDC × (XT + XSC)

VS × VVSC

)

= sin− 1

⎛

⎜
⎝

PHVDC × (XT + XSC)

VS ×
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

V2
PCC − X2

T I
2
PCC

√

⎞

⎟
⎠

(16)  

Thus, using (8), (9) and (16), the CCT can be achieved based on the 
equivalent reactance of the converter transformer as in (17). The reac-
tance of the converter transformer is usually in the range of 0.1 to 0.2p. 
u. Therefore, this range is selected for the analysis. Fig. 4 shows the 

relation between the CCT value and the transformer reactance. It can be 
seen from two perspectives of Fig. 4 that the CCT value decreases when 
the XT value increases. Although the XT parameter is not as effective as 
the SCR parameter, a change from 0.1 to 0.2p.u. for this parameter 
causes about a 20 % decrease in the CCT value, as shown in Fig. 4 (b). 
Therefore, selecting the converter transformers with smaller reactance 
can improve the system transient stability including the VSC-HVDC 
stability. Also, for some transformer designs, grounding reactance may 
be unified with the main transformer. This may affect the equivalent 

reactance of the transformer. 

3.2. Impact of DC-side grid characteristics on VSC-HVDC system stability 

On the DC side, there are two important parameters of the DC reactor 
and arm reactor to be investigated for the transient stability studies. In 
addition, HVDC power is an influential parameter on the VSC-HVDC 
stability. Thus, the following parameter pairs are selected to analyze 
in this part:  

• LDC and PHVDC.  
• LArm and PHVDC. 

The equivalent circuit of the system considering DC reactors are 
depicted in Fig. 5. Under normal operation condition, the voltage drop 
through the DC reactors is almost zero. In the other word, DC voltages 
before and after DC reactors at the instant before the DC fault happening 
are almost the same and equal to the nominal HVDC voltage: 

V −
DCC = V −

DC = VDC (18) 

On the other hand, the voltage at the AC terminal of the VSC con-
verter, i.e. the secondary side of the converter transformer can be 
calculated as follows [23]: 

V −
VSC =

̅̅̅
3

√

2
̅̅̅
2

√ mV −
DCC =

̅̅̅
3

√

2
̅̅̅
2

√ mVDC (19) 

Where m is the modulation index of the VSC-HVDC converter. 
Modular Multilevel Converter (MMC) is a popular type of power con-
verter for the VSC-HVDC grids. 

Suppose that a DC fault happens at the beginning of the DC link as 
shown in Fig. 5. When a DC fault occurs, the MMC converter will be 
blocked and anti-parallel diodes of the power semiconductors in each 
module start feeding the fault current [24]. Fig. 6 (a) depicts the sche-

matic of an MMC with an arm reactor in each arm of the converter under 
DC fault conditions. As shown in Fig. 6 (b), the MMC modules are 
blocked and the fault current passes through anti-parallel diodes. The 
equivalent circuit of the system under the DC fault condition is depicted 

VS < α  

XSC

VPCC < β 

PPCC

XT

VSC
+

-

PHVDC

VVSC < λ  
VDC

PVSC

Fig. 3. a VSC-HVDC system connected to an AC power grid considering the 
reactance of the converter transformer. 

CCT(SCR,H) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2H

(

cos− 1

(

πVS
VPCCSCR

− sin− 1
(

VS
VPCCSCR

)
2VS

VPCCSCR
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
V2
S

V2
PCCSCR

2

√ )

− sin− 1
(

VS
VPCCSCR

))

πfsPm

√
√
√
√
√
√

(11)   

CCT(XT ,H) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2H

⎛

⎜
⎝cos− 1

⎛

⎜
⎝

πPHVDC (XT+XSC)
VS
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V2
PCC − X

2
T I

2
PCC

√ − sin− 1

⎛

⎜
⎝

PHVDC (XT+XSC)
VS
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V2
PCC − X

2
T I

2
PCC

√

⎞

⎟
⎠

2PHVDC(XT+XSC )
VS
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V2
PCC − X

2
T I

2
PCC

√ −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
P2
HVDC (XT+XSC)

2

V2
S(V

2
PCC − X

2
T I

2
PCC)

√
⎞

⎟
⎠ − sin− 1

⎛

⎜
⎝

PHVDC (XT+XSC)
VS
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
V2
PCC − X

2
T I

2
PCC

√

⎞

⎟
⎠

⎞

⎟
⎠

πfsPm

√
√
√
√
√
√
√
√

(17)   
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in Fig. 6 (c). After the DC fault happening, the DC voltage at the 
beginning of the DC link V+

DC, will be zero. Considering Fig. 6 (c), the 
following relations can be achieved under the DC fault condition: 

Req =
2
3
Rarm + 2RDC (20)  

Leq =
2
3
Larm + 2LDC (21)  

ReqIf + Leq
dIf
dt

= V −
DC − V+

DC = VDC − 0 = VDC (22)  

The equivalent resistance is ignorable. Then, using (21) and (22): 

dIf
dt

=
VDC
Leq

=
VDC

2
3Larm + 2LDC

(23)  

Considering Fig. 5, the following equation can be expressed: 

V+
DC = V+

DCC − 2LDC
dIf
dt

= 0 (24)  

Using (23), (24) and (19), the following equations can be calculated: 

V+
DCC =

2LDCVDC
2
3Larm + 2LDC

(25)  

V+
VSC =

̅̅̅
3

√

2
̅̅̅
2

√ mV+
DCC =

̅̅̅
3

√

2
̅̅̅
2

√ m
(

2LDC
2/3Larm + 2LDC

)

VDC (26)  

The initial load angle can be achieved based on (16) and (26) as follow: 

δ0 = sin− 1
(

2
̅̅̅
2

√

̅̅̅
3

√

(
2/3Larm + 2LDC

2LDC

)
PHVDC(XT + XSC)

mVSVDC

)

(27)  

To avoid too long formulation for the CCT, it is supposed that: 

K =
2
̅̅̅
2

√

̅̅̅
3

√
(XT + XSC)
mVSVDC

(28)   

Fig. 6. MMC-HVDC system under DC fault condition, (a) MMC structure, (b) 
anti-parallel diode feeding, (c) the equivalent circuit. 

(a) 

(b)

Fig. 4. CCT based on different XT and H values, (a) perspective a, (b) 
perspective b. 

VS < α  

Xsc

VPCC < β 

PPCC

XT

VVSC < λ  

PVSC

VSC

+

-

PHVDC

VDCC

LDC

LDC

+

-
VDCIf

Fig. 5. a VSC-HVDC system connected to an AC grid with DC reactors.  
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Finally, the relation for the CCT calculation based on the DC and arm 
reactors is expressed in (29). The CCT values based on LDC and PHVDC 
parameters are depicted in Fig. 7. The HVDC power value is in the range 
of 0.5p.u. to 1.4p.u. Also, the DC reactor value changes from 0.01p.u. to 
0.2p.u. It can be seen from Fig. 7 (a) that the CCT remarkably decreases 
when the HVDC power value increases. On the other hand, CCT rises 
with an increase in the DC reactor value. Consequently, the system’s 
transient stability improves with larger DC reactors. However, the CCT 
sensitivity to the changes in the HVDC power is much higher than the 
change in DC reactor value. 

(a) 

(b)

Fig. 8. CCT based on different LArm and PHVDC values, (a) perspective a, (b) 
perspective b. 

(a) 

(b)

Fig. 7. CCT based on different LDC and PHVDC values, (a) perspective a, (b) 
perspective b. 
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The CCT values based on LArm and PHVDC parameters are shown in 
Fig. 8. The arm reactor value changes from 0.01p.u. to 0.2p.u. The CCT 
slightly decreases with an increase in the arm reactor value. As a result, 
the transient stability margin reduces with larger arm reactors. How-
ever, the CCT sensitivity to the change in the arm reactor is lower than 
its sensitivity to the change in the DC reactor. 

3.3. DC protection design of VSC-HVDC grid considering system transient 
stability 

An effective DC protection must secure the AC/DC grid including the 
HVDC network against the system instability under DC fault conditions. 
Therefore, the time duration of the DC protection system including fault 
detection time and fault interruption time has to be less than the CCT 
value. Thus, the following relation must be met for DC protection of the 
multi-terminal VSC-HVDC grid when a fault happens at the DC link i: 

(FDTi + FITi)
⏟̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅ ⏟

protectiontime

< CCTi (30) 

To have a more practical approach to selecting an appropriate pro-
tection time, unpredictable delays can be considered into (30). The 
unpredictable delays can be reflected in the relation via a safety factor. 
Then, protection time considering transient system stability can be 
calculated as follow: 

(FDTi + FITi)
⏟̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅ ⏟

protectiontime

≤ kSF × CCTi0.7 ≤ kSF ≤ 1 (31) 

In addition, a more conservative way of designing DC protection is to 
consider backup protection into (31): 
(
FDTi + FITip

)

⏟̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅⏟
primaryprotectiontime

+(CDTi + FITib)
⏟̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅ ⏟
backupprotectiontime

< kSF × CCTi (32)  

Fault detection time for VSC-HVDC system is commonly within several 
milliseconds [13]. Also, communication delay to activate backup pro-
tection can take about several milliseconds [25]. On the other hand, 
fault interruption time is dependent on fault interruption methods that 
can be categorized into two schemes as follows [17]: 

4. Non-selective scheme 

4.1. Fully-selective scheme 

In a non-selective scheme, the whole HVDC grid will be shut down 
under DC fault conditions. The DC fault is cleared by the converter’s 
ACCBs. However, for the HVDC grids that share remarkable power with 
the AC/DC grid, it can threaten the system’s security and stability [26]. 
In addition, it is not suitable for the multi-terminal VSC-HVDC grids, as 
the whole HVDC grid will collapse. Therefore, it is vital to apply a fully- 
selective scheme to keep continuous power delivery to consumers under 
DC fault conditions. In the multi-terminal VSC-HVDC systems with a 
fully-selective protection scheme, the DCCBs are installed at both ends of 
each DC link [17]. Consequently, only faulted link is isolated in this 
scheme through the DCCBs opening assigned to this link. 

In general, fault interruption by the DCCBs can be achieved within 
ten milliseconds [27]. However, there are different types of the DCCBs 
with different operation times and fault-clearing capabilities [19]. For 
the VSC-HVDC grid connected to a weak and very weak AC grid, it is 
necessary to use fast CBs to interrupt the DC fault. Depending on 
strength of the AC grid, the first scheme of DC protection may not be 
applicable as ACCBs are not fast enough to clear the fault before CCT 
time. Thus, the DCCBs are usually needed to interrupt faults for AC grids 
with low SCR. Moreover, it is necessary to have a fully-selective pro-
tection for the multi-terminal VSC-HVDC grids to isolate faulted DC 
links. In the fully-selective protection scheme, the DCCBs should be 
selected considering their opening times and the presented relations 
(30) to (32). Mechanical DCCBs (MD) may not be an appropriate solu-
tion for a very short CCT and faster ones like Hybrid DCCBs (HD) should 
be chosen. Therefore, a unique DC protection including a protection 
scheme and CB selection is needed for each case of the multi-terminal 
VSC-HVDC grids considering the system’s transient stability. 

5. Multi-Terminal VSC-HVDC test system and simulation results 

A case study of a four-terminal MMC-HVDC grid is performed in 
PSCAD as depicted in Fig. 9. The Half-Bridge (HB) MMCs that are used in 
the case study, are capable of being blocked during fault circumstances. 
They are usually blocked under DC fault conditions. They can auto-
matically be deblocked after fault clearance. The nominal HVDC voltage 
is ± 320 kV and the system configuration is a symmetric monopole [28]. 
The MMC1&2 are connected to offshore wind parks and the MMC3&4 

MMC 1 MMC 2

Bus1 Bus2

Bus3 Bus4

Link12

Link13

Link34

Link24

DCCB12

D
CC

B3
1

DCCB21

D
CC

B4
2

D
CC

B4
1

B2

MMC 4 AC Grid 2CB2B4

B1

MMC 3AC Grid 1
CB1 B3

Strong Grid Weak Grid

Offshore
Wind
Park 1

Offsh
Wi
Par

Offshore
Wind
Park 2

Fig. 9. The case study: a four-terminal MMC-HVDC grid.  
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are integrated into AC main grids. AC grid 1 and 2 are simulated based 
on the synchronous machine model. While the rated power of the MMC4 
is 1200 MW, the rest of the MMCs have a rated power of 900 MW. To 
achieve fully-selective protection, DCCBs are installed at both ends of 
each HVDC link. The lengths of link34, link13&14 and the link12&24 
are 400 km and 300 km respectively. The HVDC links are XLPE cables 
simulated based on a frequency-dependent model. More details of the 
HVDC case study including the converter modeling and other compo-
nents can be found in [28]. 

For DC voltage control of the HVDC case study, droop control is 
applied to have a higher reliability of the HVDC grid [28]. The MMC3&4 
are assigned to control the DC voltage. On the other hand, the MMC1&2 
which are connected to offshore wind parks are set to control the active 
power. For the MMC protection, overcurrent protection is applied to 
prevent damage to the power semiconductors. The maximum instanta-
neous threshold for the current of the power semiconductors is typically 
twice the maximum continuous current [28]. The MMC will be blocked 
if the current of the power semiconductor exceeds the defined threshold. 
In addition, undervoltage protection is applied as the MMC controlla-
bility is lost if arm voltage becomes too low [28]. Typical values of the 
DC protection parameters used for the HVDC test system are presented 
in Table 1. Based on the transient stability margin of the system under 
DC fault conditions, a suitable DC protection can be chosen for the VSC- 
HVDC grid. 

5.1. The first case Study: Test results for the HVDC grid connected to 
strong AC grids 

As can be seen from Fig. 9, one of the AC grids, AC grid 1, is 
considered to be a strong grid and AC grid 2 is considered to be a weak 
grid. Then, by changing the SCR value of the AC grid 2, different case 
studies are tested. However, for the first case study, both AC grids 
including the AC grid 1 and 2 are supposed to be strong grids with the 
SCR = 5. The simulation results for this case are shown in Fig. 10 and 
Fig. 11, for a Pole-to-Pole (PP) fault happening at the beginning of the 

link 34 at time 2 s. Measured DC voltages of all buses when the fault is 
cleared by the mechanical type of the DCCBs installed at both ends of the 
link34 are depicted in Fig. 10 (a). The primary protection was successful 
to interrupt the fault and the HVDC voltage comes back to the nominal 
value after some fluctuations. However, when the primary protection 
failed, the backup protection should act to interrupt the fault. The DC 
bus voltages when the fault is cleared by the MD-based backup protec-
tion are shown in Fig. 10 (b). although the DC voltage recovers to the 
operation state and the nominal value, it experiences larger and longer 
fluctuations compared to the case in Fig. 10 (a). Similar behavior can be 
seen from the measured load angle of the AC grid 2 in Fig. 11 for the 
cases of fault clearance by the MD-based primary and backup pro-
tections. However, the results of these cases show that the HVDC grid 
can keep its stability even under the long-time situation of fault inter-
ruption on the condition that the AC-connected grids are strong. 

5.2. The second case Study: Test results for the HVDC grid connected to a 
weak AC grid 

For the second case study, the AC grid 2 is considered to be a weak 
grid with the SCR = 2.5. Fig. 12 and Fig. 13 depict the test results for this 
case. While the MD-based primary protection failed to secure the system 
against instability, the HB-based backup protection was successful to 
recover the HVDC voltage to the nominal value. In other words, if the 
hybrid type of the DCCBs is used, the system can keep its stability even if 
the primary protection failed. On the other hand, the results demon-
strate that the DC protection design based on the mechanical DCCBs is 
not suitable for the HVDC system when it is connected to a weak AC grid. 

To investigate the effect of the HVDC power value, the HVDC power 
received at the bus 4 and injected into the AC grid 2 has been increased 
by 400 MW. The results of this case are shown in Fig. 14 and Fig. 15. The 
HB-based backup protection cannot secure the HVDC system against 
instability anymore. However, the HB-based primary protection is still 
effective for the HVDC grid connected to the weak AC grid 2 with higher 
power absorption. 

5.3. The third case Study: Test results for the HVDC grid connected to a 
very weak AC grid 

For the third case study, the AC grid 2 is considered to be a very weak 
grid with the SCR = 2. Fig. 16 and Fig. 17 show the results of the DC bus 
voltages and the load angles respectively. Fig. 16 (a) shows that the 
HVDC voltage cannot recover to the nominal value if the HD-based 
backup protection must act to interrupt the fault. Moreover, the load 
angle instability can be seen from the results in Fig. 17 for the case of 
HD-based backup protection. However, the results demonstrate that the 
HD-based primary protection is effective to keep the system stable after 
fault clearance. Both the DC voltage and the load angle could recover to 
the nominal state when the primary protection based on the HDs was 
successful to interrupt the fault. Therefore, it is important to have 

(a) 

(b) 

Fig. 10. DC bus voltages of the HVDC grid connected to strong AC grids during 
and after DC fault condition, (a) fault clearance by MD-based primary protec-
tion (b) fault clearance by MD-based backup protection. 

Fig. 11. Load angles of the strong AC grid 2 during and after DC fault clearance 
by MD-based primary and backup protections. 
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reliable primary protection based on the HDs when the system is con-
nected to a very weak AC grid, as the backup protection is a risky so-
lution in this case. 

5.4. Test results for change in converter transformer Reactance, DC and 
arm inductances of the HVDC grid 

To investigate the impacts of other system parameters including the 
leakage reactance of the converter transformer, DC and arm in-
ductances, the simulations have been tested with different values of 
these parameters and the results are compared. The sizing of these in-
ductances is usually based on a trade-off between many design param-
eters. However, their impact on the system’s transient stability is 
investigated here. Fig. 18 shows the load angles of the weak AC grid 2 
with different transformer reactances under DC fault conditions. While 
the load angle for the case with the transformer reactance of 0.1p.u. 
comes back to the nominal value after some small fluctuations, the case 
with the reactance of 0.15p.u experiences larger and longer fluctuations. 
However, the system could keep its stability for both of these cases. On 

the contrary, the system loses its stability for the case with the trans-
former reactance of 0.2 p.u. as depicted in Fig. 18. Therefore, larger 
transformer reactance may threaten the system’s transient stability, 
which should be considered in the design of the HVDC grids 

The impacts of the DC and arm inductances are analyzed and the 
results are depicted in Fig. 19 and Fig. 20. All signals of the load angles 
for the cases with different DC inductances of 0.1, 0.2 and 0.3H suc-
cessfully converged and recovered to the initial value, as shown in 
Fig. 19. The cases with larger DC inductance face larger post-fault 
fluctuations and longer recovery time. On the other hand, the 
maximum load angles of the cases are shown in the zoomed part of 
Fig. 19. Although, the case with the largest DC inductance has the 
slowest response and recovery, it experiences the lowest value of the 
maximum load angle compared to other cases. The maximum load angle 
is directly related to the system’s transient stability and the CCT [20]. 
The lower value of the maximum load angle corresponds to the lower 
risk of the system’s instability. Thus, the larger DC inductance can 
improve the system’s transient stability, as expected. However, it can 
make the system response and recovery slow. 

(a) 

(b) 

Fig. 12. DC bus voltages of the HVDC grid connected to weak AC grid 2 during 
and after DC fault condition, (a) fault clearance by MD-based primary protec-
tion (b) fault clearance by HD-based backup protection. 

Fig. 13. Load angles of the weak AC grid 2 during and after DC fault clearance 
by MD-based primary protection and HD-based backup protection. 

(a) 

(b)

Fig. 14. DC bus voltages of the high-power HVDC grid connected to weak AC 
grid 2 during and after DC fault condition, (a) fault clearance by HD-based 
backup protection (b) fault clearance by HD-based primary protection. 

Fig. 15. Load angles of the weak AC grid 2 during and after DC fault clearance 
by HD-based primary protection and HD-based backup protection. 
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The results for the cases with different arm inductances of 0.06, 0.16 
and 0.26p.u. are depicted in Fig. 20. All signals successfully converged 
and recovered to the initial value after some fluctuations. However, the 
magnitude of the post-fault fluctuations and the maximum load angles 
are not the same. Not only the case with the largest arm inductance has 

the largest post-fault fluctuations but also has the highest value of the 
maximum load angle. Therefore, the larger arm inductance of the MMC 
converter can threaten the system’s transient stability. 

6. Conclusions 

The study investigated the protection criteria of multi-terminal VSC- 
HVDC systems considering the transient stability of the embedded AC 
grid. At first, the analytic relations have been presented to analyze the 
impacts of the grid characteristics including SCR, HVDC power, the 
converter transformer reactance, DC and arm inductances on the system 
transient stability and CCT value. Then, a case study has been conducted 
to investigate the interactions between the DC protection and the tran-
sient stability responses. The simulation results showed that the DC 
protection based on the mechanical DCCBs is sufficient and reliable 
when the HVDC grid is connected to the strong AC grids. It can secure 
the system against instability and prevent high capital costs compared to 
the ones with the faster DCCBs. Consequently, it was not necessary to 
use a faster and overqualified DC protection, when the HVDC system 
was connected to the strong AC grids. 

On the other hand, the results showed that while using the MD-based 
protection is risky for the HVDC grid connected to a weak AC grid, the 
HD-based protection is effective and reliable. Moreover, the backup 
protection based on the HDs could be effective when the primary pro-
tection failed to interrupt the DC fault. Also, it is necessary to use the 

(a) 

(b)

Fig. 16. DC bus voltages of the HVDC grid connected to very weak AC grid 2 
during and after DC fault condition, (a) fault clearance by HD-based backup 
protection (b) fault clearance by HD-based primary protection. 

Fig. 17. Load angles of the very weak AC grid 2 during and after DC fault 
clearance by HD-based primary protection and HD-based backup protection. 

Fig. 18. Load angles of the weak AC grid 2 during and after DC fault clearance 
by HD-based backup protection with different transformer reactances. 

Fig. 19. Load angles of the weak AC grid 2 during and after DC fault clearance 
by HD-based backup protection with different DC inductances. 

Fig. 20. Load angles of the weak AC grid 2 during and after DC fault clearance 
by HD-based backup protection with different arm inductances. 

Table 1 
DC Protection Parameters For The HVDC Test System.  

DCCB Type Parameters of DC Protection System 

FDT CDT FITp FITb kSF 

Hybrid 3 ms 2 ms 3 ms 3 ms  1.2 
Mechanical 3 ms 2 ms 10 ms 10 ms  1.2  
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hybrid type of DCCBs for the HVDC system connected to a very weak AC 
grid. However, it is vital to make sure that the primary protection is 
highly reliable in this case, as the long performance time of the backup 
protection can threaten the system’s stability. Furthermore, the results 
demonstrate that while the increase in the converter transformer and 
arm reactance can threaten the system’s transient stability, an increase 
in DC inductance improves the transient stability. The study outcomes 
can be used for the DC protection design and transient stability analysis 
of the multi-terminal VSC-HVDC systems connected to strong and weak 
AC grids. 
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