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Reliability evaluation of VSC-HVDC system with multi-terminals has received very little 
attention in the past. In this paper, an equivalent model is developed for evaluating the 
reliability of VSC-HVDC system, especially multi-terminals VSC-HVDC system. Using the 
reliability engineering concepts, such as the method of component equivalents and the frequency 
and duration method, some reliability indices, such as forced outage rate and frequency of each 
terminal, are calculated and the capacity outage probability table can also be obtained. Case 
studies are numerically applied on two VSC-HVDC systems which have different terminals and 
results are analyzed. At last, sensitivity analyses for forced outage rate and frequency with 
respect to the failure rate of different components are conducted.  
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1. Introduction 

 
With the development of voltage source converter (VSC), the multi-terminals HVDC 

system based on the VSC is being developed rapidly all around the world. In China, two 
VSC-HVDC systems, Nanhui VSC-HVDC system in Shanghai and Nanao VSC-HVDC 
system in Guangdong, have been built and put into operation. 

The VSC-HVDC technology has been proved to be well suited for specific applications, 
including wind energy transmission, utilization of delivering power to multiple load 
centers, long cable interconnections, and interconnections between large isolated HVAC 
systems  [1].   

There have been some studies focusing on the research of reliability evaluation of VSC-
HVDC system  [4]- [5]. In  [2], the basic principle of Markov processes and the properties of 
transition frequencies among cumulative states are used to construct the subsystem models 
of VSC-HVDC and some stable reliability indexes are calculated. In  [3] , the reliability 
evaluation of VSC-HVDC system is conducted firstly, and then sensitivity analyses on the 
configuration and important elements of VSC-HVDC system are presented. Literature  [4] 
researches the HVDC transmission system with tapped VSC station. By using the 
frequency and duration method, a series reliability indexes are obtained. Based on Monte 
Carlo simulation, DC power flow and Transmission linear-programming, studies in  [5] 
calculates the available transfer capability of VSC-HVDC system, which takes the 
characteristics of wind farm into consideration. 

However, most of current researches are with respect to only two-terminals VSC-HVDC 
transmission systems. In some applications, the use of multi-terminals VSC-HVDC systems 
could be required. These systems can be supplied from more than one generation point and 
can deliver power to more than one load point. For example, Nanao VSC-HVDC system is 
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a system with two sending terminals and one receiving terminal and the on-building 
Zhoushan VSC-HVDC system in China is a system with five terminals. So there is a 
necessity to evaluate the reliability of multi-terminals VSC-HVDC system.  

In this paper, a comprehensive equivalent reliability model based on the method of 
component equivalents and the frequency and duration method is developed for evaluating 
the reliability of VSC-HVDC system, especially multi-terminals VSC-HVDC system. By 
using this equivalent model, some reliability indices, such as forced outage rate and 
frequency of each terminal, are calculated and the capacity outage probability table can be 
obtained. Meanwhile, by changing the failure rate, sensitivity analyses for certain 
components in the VSC-HVDC have been conducted. 

The remainder of this paper is organized as follows: some reliability conceptions used in 
this paper are introduced in Section 3. The equivalent reliability model is constructed in 
Section 4. In Section 5 numerical studies are conducted on two VSC-HVDC systems with 
different terminals. Finally, Section 6 draws the conclusions. 
 
2.  Nomenclature 

 
Brk  Breaker 
Bs Bus 
DCL  DC transmission line 
GR Ground Resistance 
PhR Phase Reactor 
SR Smooth Reactor 
Vlv Valve 
Trn Transformer 

 

3. Reliability Conceptions 

 

The objective of this section is to introduce some reliability conceptions that are used as 
the foundations of this paper. 
 
3.1. Method of Equivalents 
 

As noted in  [6], when a system consists of series elements, a failure of any of them can 
cause the system unavailable. As a result, these series elements can be combined to an 
equivalent element using the method of series equivalent and the reliability parameters of 
the equivalent element are: 
 

s i
λ λ=∑                                                                                                                              (1) 

i i

s

s

r
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λ
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∑                                                                                                                            (2) 

where 
s

λ  is the failure rate of the equivalent element instead of the series elements, 
i

λ is 
failure rate of the ith series element; 

s
r  is the repair time of the equivalent element instead 

of the series elements, 
i

r is repair time of the ith series element. 
Though the equivalent reliability parameters of the series elements can be calculated 

easily, the equivalent reliability parameters of paralleled elements cannot be deduced 
simply  [6].  
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However, in this study, approximate equations of combining two paralleled elements to 
one equivalent element are enough, the equivalent parameters of which are presented as 
below (For getting the method of combining more elements, see  [6]): 
 

1 2 1 2( )p r rλ λ λ≈ +                                                                                                                   (3) 

1 2

1 2
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r r
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r r

+
=                                                                                                                             (4) 

where pλ  is the failure rate of the equivalent element replacing the two paralleled 
elements, 1λ and 2λ are the failure rates of the two elements, respectively; pr is the repair 
time of equivalent element replacing the two paralleled elements, 1r and 2r are the repair 
times of the two elements, respectively. 
 
3.2 Frequency and Duration Method 
 

Besides the method of calculating the reliability parameters of equivalent elements, 
another significant conception related to the calculation of reliability indexes is the 
frequency and duration method, in which the frequency of failure of a component or a 
system can be calculated by using the conception of crossing the boundary wall.  

In this method, the frequency of each state (failure or success state) of a component or a 
system is calculated as follows  [6]: 

 

i i i out
f Pλ=∑                                                                                                                        (5) 

where
i

f is the frequency of state i , 
i

P is the probability of occurrence of state i, 
and i outλ is the departure rate of crossing out the boundary wall from state i.  

A
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C

λCB

λBC

λAB

λBA

λAC

λCA

Boundary wall

Success Failure

 
Fig. 1.  Simple example of system state 

 
Fig.1 gives a simple example of calculating the frequency indexes  [7]. 
It can be seen that B and C are failure states, whereas A is a success state. The reliability 

index of failure frequency can be obtained through equation (6): 
 

failure B BA C CAf P Pλ λ= ⋅ + ⋅                                                                                                      (6) 

where 
AP ,

BP  and 
CP  is the probablities of state A, state B and state C ; 

BC
λ  and 

CB
λ  the 

transition rate from state B to state C and transition rate from state C to state B. 
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Since the state transition between B and C does not cross the boundary wall, so the 
transition rates between these two states,

BC
λ  and

CB
λ , cannot be incorporated in the 

frequency index of failure state.  
 
4. Equivalent Reliability Model  
 

The first step in the constitution of the reliability model for any system is to research the 
function of the system and analyze the root cause of its failure  [4].  

 

DCL

Brk Trn

Vlv

SR

GR
PhR

Bs

  
Fig. 2.  Example of one terminal from VSC-HVDC 
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Fig. 3.  Series model and equivalent element 
 

In this paper, the first necessity of constructing the model is to analyze the consequence 
that the failure of every component in the system can cause. Fig. 2 shows an example of 
components that compose one terminal of a VSC-HVDC system  [8]. Since a failure of any 
one of these components results in the failure of the entire terminal, the reliability model 
can be constructed as series blocks, shown in Fig. 3. As noted earlier, series elements can 
be combined into an equivalent element using the equivalent series method. 

Since the failure consequence in one terminal has been determined, next step is to 
analyze the whole system. Towards this end, the VSC-HVDC system is first divided into 
some subsystems that consist of sending subsystems, transmission subsystem and receiving 
subsystems. Fig. 4 shows the details of a VSC-HVDC system with two sending terminals 
and one receiving terminal. In this VSC-HVDC system, the subsystems are circled with 
dash transmission lines (for distinguishing, one of the subsystem is circled with dash dot 
transmission line). 
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Sending subsystem 1 Transmission subsystem Receiving subsystem

Sending subsystem 2

Fig. 4.  VSC-HVDC system with two sending terminals and one receiving terminal 
 

Since the subsystems have been partitioned, in order to develop the reliability model of 
the whole VSC-HVDC system, four issues are taken into account as follows: 

1) The components in the subsystems are connected in a series structure shown in Fig. 3. 
As mentioned above, any failure of a component in the series structure can result in the 
failure of the whole subsystem. 

2) The failure of one sending terminal does not affect the other sending terminal. 
Similarly situation is applied to the receiving terminals as well. 

3) The total outage of all the sending terminals will contribute forced outage rate or 
frequency to the receiving terminals. Similarly, the total outage of all the receiving 
terminals will affect the sending terminals. 

4) The failure of the transmission subsystem will make a contribution of forced outage 
rate and frequency on all the sending and receiving terminals.  

For instance, in Fig. 4, if the Trn in sending subsystem 1 failed, sending terminal 1 
would be on outage situation, other subsystems would be on normal situation. The outage 
of sending terminal 1 doesn’t influence the sending terminal 2 or the receiving terminal.   

But if a failure happened in the receiving terminal, since there is only one receiving 
terminal in Fig. 4, the outage would result in the forced outage of both of the two sending 
terminals and will contribute forced outage rate or frequency to the two sending terminals. 
 
5. Numerical Studies 

 
Numerical studies with respect to the reliability evaluation and sensitivity analyses of 

VSC-HVDC system have been conducted on two systems. The first test system is a VSC-
HVDC system with two sending terminals and one receiving terminal, as shown in Fig. 4. 
And then a VSC-HVDC system with two sending terminals and two receiving terminals 
(shown in Fig. 5) is used as example to research. 
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Fig. 5.  VSC-HVDC system with two sending terminals and two receiving terminals 

 
The reliability parameters of components of these two VSC-HVDC systems are shown 

in Table 1.  
Particularly, it should be mentioned that the failure rate of transmission line is always 

regarded including the three phases in AC transmission line or two poles in DCL. In this 
work, for observing the differences of the sensitivity analyses, the failure rate of the 
transmission line is divided into two parts, i.e., we consider the positive transmission line 
and the negative transmission line as two components (two sub-transmission lines). But the 
effect of these two sub-transmission lines on the VSC-HVDC reliability evaluation is as 
same as the transmission line undivided (See Appendix) 

Meantime, it should be noticed that the Vlvs used in these two VSC-HVDC systems 
have the same failure rate and repair time, but the capacities are not identical. In Fig. 4, the 
capacities of Vlvs in sending terminal 1 and sending terminal 2 are 50MW and 100MW, 
respectively, and the receiving terminal has a capacity of 150MW. In Fig. 5, the capacities 
of Vlvs in sending terminal 1 and sending terminal 2 are still 50MW and 100MW; however 
the two receiving terminals have an identical capacity of 80MW for each.  
 

Table 1: Reliability parameters of components 

Component Failure Rate (occ./yr.) Repair time (h) 

Brk 0.015 50 

Bs 0.001 5 

DCL 1.00 /100km 5 

GR 0.01 10 

PhR 0.05 300 

SR 0.05 300 

Trn 0.07 1200 

Vlv 1.00 5 

Also, there are some differences in the parameters of the transmission line’s length. In 
Fig. 4, the length of DCL connecting sending terminal 2 and the transmission subsystem is 
50km. The length of DCL in the transmission subsystem is 100km. In Fig. 5, the lengths of 
DCL connecting sending terminal 2 and the transmission subsystem and the DCL in the 
transmission subsystem are identical as the ones in Fig. 4, and the length of DCL 
connecting receiving terminal 2 and the transmission subsystem is 150km.  
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5.1 Basic Studies 
 

The overall system reliability evaluation is quantified using the methods and models 
developed in the previous sections. Table 2 and Table 3 show the results of the forced 
outage rates and frequencies of these two VSC-HVDC systems. 
 

Table 2: Forced outage probability and frequency results of the first VSC-HVDC system 

Terminal Forced outage probability Frequency (occ./yr) 

Sending terminal 1(50MW) 4.842% 6.770 

Sending terminal 2 (100MW) 4.893% 7.717 

Receiving terminal (150MW) 2.595% 4.590 

 
Table 3: Forced outage probability and frequency results of the second VSC-HVDC system 

Terminal Forced outage probability Frequency (occ./yr) 

Sending terminal 1 (50MW) 2.598% 4.641 

Sending terminal 2 (100MW) 2.652% 5.612 

Receiving terminal 1 (80MW) 2.595% 4.590 

Receiving terminal 2 (80MW) 2.758% 7.500 

 
It can be seen that, in Table 2, the forced outage rate and frequency of sending terminal 

2 is slightly higher than the ones in sending terminal 1. This is the reason that sending 
subsystem 2 (sending terminal 2) has an additional transmission line connecting sending 
terminal 2 and the transmission subsystem. 

Note that the forced outage rate and frequency of receiving terminal in Table 2 has a 
dramatic reduction compared with the ones in sending terminal 1 and sending terminal 2. 
The happening of failures of parallel elements at the same time should be considered in this 
situation. Since the single failure of receiving terminal will cause the forced outages of 
sending terminal 1 and sending terminal 2, and the happening of failures of sending 
terminal 1 and sending terminal 2 simultaneously will contribute failure index to the 
receiving terminal, so the receiving terminal has a reduction of forced outage rate and 
frequency due to the reason that the probability of simultaneous failure events happening is 
much smaller than the one of single failure event. 

The same analysis can be conducted for Table 3. 
Table 4 and 5 give the results of capacity outage probability tables  [9] of these two VSC-

HVDC systems. 
From Table 4 and 5, conclusions can be drawn that the second system has more states of 

capacities due to additional receiving terminal (receiving terminal 2) and the divided 
capacities. And also, it can be found that a more balanced distribution of probability is 
shown in Table 5 compared with the one in Table 4.   
 

Table 4: Capacity outage probability table of the first VSC-HVDC system 

Capacity of outage Probability 

0MW 92.632% 

50MW 2.304% 

100MW 2.357% 

150MW 2.708% 
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Table 5: Capacity outage probability table of the second VSC-HVDC system 

Capacity of outage Probability 

0MW 90.233% 

50MW 2.244% 

70MW 4.642% 

100MW 2.295% 

150MW 0.585% 

 
Table 6 gives out the energy availability of these two systems. It can be observed that 

the energy availability of the second system is much higher than the one of the first system, 
which is the consequence that the second system has divided capacities which can make a 
positive contribution to the energy availability. However the receiving subsystem 2 has a 
more DCL, it will have a negative impact on the index. But for this case the contribution of 
divided capacity dominates the result. 
 

Table 6: Energy availability of the two test VSC-HVDC systems 

Case Energy availability 

VSC-HVDC system 1 94.953% 
VSC-HVDC system 2 94.970% 

 
5.2 Sensitivity Analyses 
 

The results of sensitivity analyses of reliability indices of the first VSC-HVDC system 
are shown in Tables 7-10. For the season that Vlv and DCL have the same failure rate as 
shown in Table 1, these two components are chosen as the changing variables. 

From Table 7 and Table 8, it can be seen that the forced outage rate of all the terminals 
has a slight increasing with the augments of the failure rates of Vlv and DCL.  
 
Table 7: Sensitivity analysis of forced outage probability with respect to failure rate of Vlv 

for the first VSC-HVDC system 

Failure Rate 

(occ./yr.) 

Forced outage probability 

Sending terminal 1 Sending terminal 2 Receiving terminal 

0.5 4.738% 4.790% 2.538% 

0.75 4.790% 4.842% 2.567% 

1 4.842% 4.893% 2.595% 

1.25 4.893% 4.945% 2.624% 

1.5 4.945% 4.997% 2.652% 

 
Table 8: Sensitivity analysis of forced outage probability with respect to failure rate of DCL 

for the first VSC-HVDC system 

Failure Rate 

 (occ./yr.) 

Forced outage probability 

Sending terminal 1 Sending terminal 2 Receiving terminal 

0.5 4.790% 4.816% 2.541% 

0.75 4.816% 4.855% 2.568% 

1 4.842% 4.893% 2.595% 

1.25 4.868% 4.932% 2.623% 

1.5 4.893% 4.971% 2.650% 
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Table 9: Sensitivity analysis of forced outage frequency with respect to failure rate of Vlv 
for the first VSC-HVDC system 

Failure Rate 

 (occ./yr.) 

Forced outage frequency (occ./yr.) 

Sending terminal 1 Sending terminal 2 Receiving terminal 

0.5 4.872 5.821 3.567 

0.75 5.821 6.770 4.078 

1 6.770 7.717 4.590 

1.25 7.717 8.663 5.102 

1.5 8.663 9.609 5.614 

 
Table 10: Sensitivity analysis of forced outage frequency with respect to failure rate of 

DCL for the first VSC-HVDC system 

Failure Rate 

 (occ./yr.) 

Forced outage frequency (occ./yr.) 

Sending terminal 1 Sending terminal 2 Receiving terminal 

0.5 5.821 6.295 3.605 

0.75 6.295 7.007 4.098 

1 6.770 7.717 4.590 

1.25 7.243 8.427 5.082 

1.5 7.717 9.136 5.574 

 
Also it can be seen that the increasing degree of Vlv is a little bit higher than the DCL. 

This is the reason that the total sum of the failure rates of Vlvs which can cause the outage 
of each terminal is larger than the total sum of the failure rates of DCLs, so the Vlv has a 
comparative larger impact on the sensitivity analysis of forced outage rate and frequency. 
For example, Vlvs that can cause the outage of sending terminal 1 are the two Vlvs in the 
sending subsystem 1 and the two Vlvs in the receiving subsystem. The total sum of the 
failure rates of these Vlvs is 4 occ./yr. The DCLs that can cause the outage of sending 
terminal 1 is the two 100km DCLs, and the total sum of the failure rate of these DCLs is 
2occ./yr. Similar trends can be found in Table 9 and Table 10.  

Meanwhile, it should be noticed that with the increasing of failure rate, the forced outage 
frequency in Table 9 and Table 10 has a relatively larger changing compared with the 
changing of forced outage rate.  

normal
P

λ

µ

outage
P

 
Fig. 6.  Example of a two states transition model 

 
In order to illustrate the reason of this larger changing, a two states transition model is 

used, which is shown in Fig. 6. In Fig. 6, 
normal

P is the probability of normal state, 
outage

P is 
the probability of outage state. λ  and µ  are the failure rate and repair rate, respectively. 
The forced outage frequency can be calculated using (7) 
 

outage normal
f P λ= ×                                                                                                                  (7) 

 
In (7), the probability of normal state is always close to 1, the forced outage frequency is 

approximately equal to failure rate. So it can be concluded that the forced outage frequency 
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keeps up with the failure rate closely, and is easily influenced by the changing of failure 
rate. 

Similar analyses can be applied on the results in Table 9 and Table 10. For example, 
with the changing of failure rate of Vlv from 1 occ./yr. to 1.5occ./yr. in Table 9, the total 
sum of failure rate of Vlvs that can cause sending terminal 1 is changed from 4 occ./yr. to 6 
occ./yr. The change is 2 occ./yr. And change of the forced outage frequency between these 
two cases is 1.89 occ./yr., which is very close to the change of the total sum of failure rate. 
 
6. Conclusions 
 

The paper presents a methodology for the reliability evaluation of VSC-HVDC system 
with multiple terminals. By using the reliability engineering concepts, such as the method 
of component equivalents and the frequency and duration method, a comprehensive 
reliability model is developed. The proposed model is applied on the two test VSC-HVDC 
systems with different terminals. Various reliability indices (forced outage rate, frequency, 
and energy availability) are calculated, and the sensitivity analyses are also conducted.  
 
7. Appendices 

 
To illustrate the partition of the transmission line, a simple example is exhibited here.  
Suppose that the system has a transmission line with the length of 100km. The failure 

rate of this transmission line is 2 occ./(yr.·100km), and the repair time is 5 h. So the 
reliability parameter for this transmission line (named original transmission line) is: 

 

original
λ =2×100/100=2 occ./yr.                                                                                              (8) 

original
r =5h                                                                                                                              (9) 

 
Now we divide this transmission line into two sub-transmission lines or positive 

transmission line and negative transmission line. The length, failure rate and repair time for 
each sub-transmission line are designated as 100km, 1 occ./ (yr.·100km), and 5h, 
respectively. And the sub-transmission lines are in series. 

By using the simple series conception proposed in section 3, a series equivalent element 
can be obtained as following: 

 

series
λ =(1×100+1×100)/100=2 occ./yr.                                                                               (10) 

1 100 5 1 100 5
5

100 2series
r

× × + × ×
= =

×
h                                                                                     (11) 

Here it can be observed that the series equivalent element has the same parameters as the 
ones of the original transmission line. So the partition of the transmission line into two sub-
transmission lines has no influence on system reliability results. 
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