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Abstract— The emerging Medium Voltage Direct Current
(MVDC) distribution networks are becoming more attractive due
to their flexible control of power flow and lower losses compared
to traditional AC networks. This will significantly increase the
wide uptake of renewable energy sources. Voltage source
converters (VSCs) are the main building blocks of modern DC
systems. Achieving a high reliability is an important aspect of
selecting the converters for a specific project. However, it is still
unclear which type of VSC is the most suitable solution for
MVDC systems. This paper addresses this question from the
reliability point of view. Three commonly used VSCs are
considered for the analysis namely, two-level (2L), three-level
NPC (3L-NPC), modular multi-level (MMC) converters and the
cascaded three-level VSC which is currently being built for the
first MVDC link in the UK. The results suggest that during the
early stage of operation MMC shows a higher reliability.
However, in the long run the other VSCs have shown higher
reliabilities.

Index Terms-- Failure rate, mean time to failure, medium voltage
DC, reliability, voltage source converters.

l. INTRODUCTION

For long distance power transmission, high-voltage direct-
current (HVDC) technology has proven to be the viable
solution over AC transmission due to their lower capital costs,
lower power losses and the capability to interconnect
asynchronous grids [1]. Nevertheless, in medium-voltage (MV)
distribution level, AC is still the predominant choice over DC
[2]. However, with the rapid integration of decentralized
renewable energy sources together with the growth of industrial
and residential energy demand, AC distribution experience
different sets of challenges. For instance, the congestion of
distribution networks and unbalance conditions of three-phase
AC network. These issues may result in system instability and
force distribution network operators (DNOs) to expand and
reinforce their grid infrastructures [3].

The MVDC technology has been considered as an attractive
solution over MVVAC due to their comparable benefits such as
high-power transfer capacity, flexible power flow regulation
and integrating DC sources and loads [4]. The optimum
utilization of the existing assets is an important aspect in grid
upgrading and planning. One feasible option is to convert
existing MVVAC lines into MVDC operation [5]. A practical
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example is the “ANGLE-DC” project which is the first MVDC
link in the UK. The project aims to convert an existing 33 kV
MVAC line to £ 27 kV MVDC link between Llanfair PG
substation on Anglesey Island, and Bangor substation on the
mainland in North Wales [6]. To this end, application of MVDC
at different voltage levels have been proposed in the literature
which ranges from £10 kV to £70 kV and with power transfer
capacities between 30 to 150 MW [7].

In HVDC level, use of modular multi-level converter
(MMC) have advantages such as higher efficiency and
modularity (which makes easy to scale to any voltage level)
compared to two-level (2L) voltage source converter (VSC) and
three-level neutral-point-clamped (3L-NPC) VSC. At low
voltage DC level, it is still beneficial to use 2L VSC due to
simpler design, control and low cost. However, at present
shipboard power systems use thyristor-based rectifiers at
MVDC level in the range of 20 kV due to state-of-the-art and
robustness [8]-[9]. Further, MVVDC technology is identified as
a feasible option for collection of offshore wind power and
micro-grid applications in future.

In the light of this, evaluation of reliabilities of different
VSCs is one of the important aspects when selecting a suitable
topology at MVDC level. Because different VSC topologies
have different IGBT arrangements which result in different
reliability levels. Reliability of a converter can be improved by
adding redundant IGBTs. However, there is a compromise
between capital investment and cost incurred on energy-not-
served due to converter failure. More redundant modules may
also lead to more power losses and to higher system
complexity. A VSC may fail to operate due to thermally-
induced stresses, cosmic ray effect or excessive fault currents
of IGBTs [10] or due to failure of control and protection system,
cooling system or power supply system. Thus, different
methodologies have been used to assess failure modes of
IGBTS as discussed in [11].

Reliability assessment of a converter is based on the
stochastic behavior of IGBTs. Methods based on probability
theories are necessary for evaluating a stochastic process. In
[12], an analytical method was proposed to analyze the
reliability of MMC at HVDC level with the consideration of
different submodule (SM) arrangements and redundancy.
However, a detailed evaluation of different converters suitable
at MVDC levels has not been addressed in the open literature.
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Fig. 1. Different MVDC converter types and respective reliability block diagrams. (a) 2L-VSC; (b) 3L-NPC VSC; (c) MMC; (d) ANGLE-DC converter.

This paper provides a criterion for selecting a suitable VSC
topology in terms of reliability. In this regard, reliability block
diagrams (RBD) based reliability analysis is employed.
Accurate modelling of RBD results in more accurate reliability
analysis [13]. The studies in this paper are valuable for the
selection of suitable converters in MVVDC applications.

Reliability of a component is formally defined as the
probability of performing its function satisfactorily for the
period intended under the operating conditions encountered
[13]. The reliability function of an IGBT module Rq(t) (which
normally represented by bathtub failure rate curve [14]) with a
constant failure rate 14 is defined as

R4(t) = e Hat, )

In reliability analysis, the MTTF is used to evaluate the
mean or expected time to failure t. Based on probability theory,
the MTTF is represented by

MTTE = j: R, (t)dt . @)

IGBT modules are typically classified into two types: wire-
bonded IGBT (WBI) modules and press-pack IGBT (PPI)
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modules. Upon a failure, WBIs will be open circuited (fail-
open mode) whereas PPIs will be short circuited (fail-short
mode). Thus, PPIs are more reliable than classical WBIs in a
series connection of IGBT modules [15]. However, WBI
modules are still used in power electronics applications due to
their lower cost. The WBIs are considered in this paper. Four
types of VSC topologies, 2L, 3L-NPC, MMC and Angle DC
converter (also called cascaded 3L-NPC) [6] were evaluated as
shown in Fig 1.

In this paper, the series-connected IGBT group in the arms
of 2L and 3L-NPC is defined as switch position (SP), as shown
in Figs. 1(a) and (b). The minimum number k, of required
IGBT modules per SP can be calculated as follow

e

a ><VIGBT
where o is the number of SPs per converter arm defined by
a=p-1 4)
where B denotes the number of voltage levels of  diode-
clamped converter. In here, p =2 for 2L and § =3 for 3L-NPC
converter. The IGBT nominal voltage Vgsr is defined as
Viger =11*Vp

@)

®)



where 7 is IGBT module de-rating factor and Vp is IGBT
withstand voltage.

A. 2L and 3L-NPC Reliability Assessement

Development of a correct RBD is necessary to evaluate
reliability of a converter. Figs.1(a) and (b) illustrate the
configurations of 2L and 3L-NPC VSCs. It can be seen that
there is only one SP in each arm of the 2L-VSC and two SPs in
each arm of the 3L-NPC VSC. The number of IGBT modules
in each SP can be calculated through (3). Then, the reliability
Rsp(t) of each SP is calculated as below

Rsp(t) = [Ra(D)]* = (e7445)". (6)

The arm reliability Ra(t) and phase reliability Rp(t) are
calculated as (7) and (8) respectively

R.®=[R,() ] )

R, (1) = R, () Ry, (1) (8)

where Rap(t) and Ran(t) are the positive and negative arm
reliabilities. The DC link capacitor reliability Reap(t) with failure
rate of Acp can be calculated using the same reliability
evaluation method as of IGBT. The DC link capacitor Cqc is
estimated by method illustrated in [15].

Reoap(t) = e~ Heavt, 9)
Finally, the converter reliability R¢(t) for 2L and 3L-NPC
converters can be obtained by
3
R.()=[R,® ] xRy ().

Except the RBDs of the arms of 2L and 3L-NPC converters,
the RDBs for phase level, DC link capacitor and converter are
the same, as shown in Fig. 1(ii). The failure rate of the converter
Jc(t) is given by

(10)

. [InR. )]

pm (12)

B. MMC Reliability Assessement

There are two main MMCs: half-bridge (HB) and full-
bridge (FB). As the capital costs and power losses of the FB-
MMC is much higher than the HB-MMC, the FB-MMC may
not be an optimal option for MVDC applications. Therefore,
only the HB-MMC is investigated. In terms of MMC
redundancy design, there are two options namely active and
passive modes. In the active mode, each arm comprises of n
SMs in which n-k are the redundant SMs for converter’s safe
operation. Upon a failure of IGBT in a SM, it will be bypassed
by the switch in the terminal of the SM (as shown in Fig.1(c)).
Thus, each arm can be considered as a k-out-of-n system [12].
In the passive mode, the n-k redundant SMs are bypassed
during normal operation. When any IGBT fails in the operating
k SMs, a standby SM will be employed [17]. In this analysis,
we consider the active mode as shown in Fig.1(iv).

To calculate number of SMs required for MMC, (3) can be
used with a=1 and Vgt replaced with nominal voltage of the
SM. Then, the reliability Rsm (t) of a SM can be calculated as

Ryu (1) = RIGBT,u (t)x RIGBT,I (t)x Rcap,SM )

where Rigeru (t) and Ricsr, (t) are the reliabilities of upper and
lower arms and Rcap,sm(t) is the reliability of the SM
capacitance. The SM capacitance Csw is calculated by [18]

(12)

CSM — 2>< SMMC X EMMC (13)
6xnxVg,

where Smmc is the MMC nominal capacity and Emwvc the energy-
to-power ratio which is normally in the range of 30-40 kJ/MVA
[19], n the number of the SMs participate in switching and Vsm
the SM nominal voltage. The reliability Ra_mmc(t) of one arm
can be calculated with probability theory applied for k-out-of-n
systems

Ra_MMC (t) = ZCQ [RSM (t)]i [1_ RSM (t)]n_i (14)
i=k
Finally, the MMC reliability Rmmc(t) can be obtained by:
6
Runc () = |:Ra_ MMC (t)] (15)

C. ANGLE-DC Converter Reliability Assessement

The ANGLE-DC project uses a special kind of converter
called cascaded 3L-NPC VSC to convert 33 kV AC to +27 kV
DC, as shown in Fig. 1(d). The converter comprises of 12 cells
(pole-to-pole) and each cell is a 3L-NPC VSC with 4.5kV
IGBT modules [20]. A high impedance DC grounding is
applied in the neutral point of the converter [21]. Therefore,
there is no single-pole operating mode of the converter. The
cell reliability Reen(t) can be calculated using the same
methodology described in Section 11-A for 3L-NPC VSC and
the converter reliability Range(t) can be calculated

I:zAngIe (t) = [Rcell (t)]lz .
I1l.  CASE STUDY

A detailed analysis was performed to evaluate reliabilities
of different converters with different MVVDC levels and IGBT
modules. To cover the full medium voltage range, three
MVDC levels +10 kV, £27 kV and +50 kV were chosen. A
common nominal converter capacity of 33 MVVA which is the
rated capacity of ANGLE-DC converter [21] has been used to
compare the results on a common ground. IGBT modules with
blocking voltages of 4.5 kV and 3.3 kV and a derating factor
of 56% [17] were selected. Hence, the IGBT nominal voltages
are calculated using (5) with 2.52 kV and 1.85 kV for 4.5 kV
and 3.3 kV IGBTs respectively. To calculate DC link
capacitance for 2L, 3L-NPC and ANGLE-DC converters and
SM capacitance of the MMC, energy-to-power ratio of 20
kJ/MVA [10] and 30 kJ/MVA [19] have been assumed.

The IGBT failure rates of 4.5 kV and 3.3 kV IGBTs were
assumed as 0.0040 occ/yr [12] and 0.0035 occlyr [22]
respectively. Film capacitor, which is used in industrial
applications due to their comparatively higher lifetime
compared to electrolytic capacitor, was selected with failure
rate of 0.001752 occ/yr [23]. For reliability analysis of MMCs,
5% redundant SMs per arm were chosen. All the reliability
calculations were performed using MATLAB R2017a.

(16)



However, change of converter reliabilities due to annual
overhaul is not counted for calculations in this paper. Table I.
shows the required number of IGBT modules per arm for
different converters and voltage levels calculated using (3)-(5).
Owing to rounding-up of value k in (3), number of IGBTs per
arm are slightly different for some 2L and 3L-NPC converters.

TABLE |
REQU|RED NUMBER OF IGBTS PER ARM FOR DIFFERENT CONVERTERS
DC voltage (kV) +10 +27 +50
IGBT(V) | 45 | 33 | 45 | 33 | 45 | 33
Converter
2-Level 8 11 | 22 | 30 | 40 | 5
3-Level NPC 8 12 | 22 | 30 | 40 | 56
MMC 18 | 24 | 48 | 64 | 84 | 114

A. Mean Time to Failure of Converters

MTTF provides the average time that a converter will
function before it fails. Fig. 2. illustrates the MTTFs (in years)
for different MVVDC converters. It can be seen from the graph
that, with the increase of DC voltage level MTTFs decrease.
This is due to utilization of higher number of IGBT modules.
Also, the MTTF of the MMC for all the voltage levels are
comparatively higher than the other converters due to the
addition of redundant SMs. However, for 2L and 3L-NPC
converters with 3.3 kV IGBT, the MTTF are slightly different
due to utilisation of different number of IGBTSs in each arm
(except for £ 27 kV scenario). For the MMC using 4.5 kV
IGBTSs, their MTTF decreases starting from 7.6 to 3.0 years
with the increase of MVVDC level. Whereas for the MMC using
3.3 kV IGBT, their MTTF decreases from 6.2 to 2.4 years.
However, MTTF can be improved by utilising higher number
of redundant SMs at the expense of capital cost.

il

4.5kV 3.3kV 4.5kV 3.3kv

+10 kV +27kV
MVDC Voltage Levels

Fig. 2. MTTFs of different MVVDC converters.
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B. Reliability Comparisons of Converters with + 27 kV

1) Reliability of 2L, 3L-NPC and MMC

Based on the reliability evaluation procedure described in
Section |, failure rates of £27 kV converters have been
calculated and illustrated in Fig. 3. For both 2L and 3L-NPC
converters, a constant failure rate of 0.53 occ/yr and 0.63 occ/yr
have shown for 4.5 kV and 3.3 kV IGBTSs respectively. Since
there are no redundant IGBT modules for these converters they
are more susceptible to fail from the very beginning compared
to MMC. However, for all 4.5 kV IGBT based converters, the
MMC shows better performance compared to 2L and 3L-NPC
converters before the first 8.8 years. For 3.3 kV IGBT based

MMC, it has shown better reliability compared to their 2L and
3L-NPC counterparts before 5.7 years. These results suggest
that MMC reliability can be improved with utilisation of IGBTSs
with higher blocking capabilities.

The intersection points of different curves provide valuable
information regarding how frequently the converter
maintenance should be carried out over other. This can be taken
as one of the parameters for the selection of the MVDC
converter. It should be mentioned that the converter will be shut
down for maintenance every 1 or 2 years. The failed

components will be replaced in maintenance period.
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2) Reliabilty of ANGLE-DC converter

Additionally, the reliability of ANGLE-DC converter was
performed with 4.5 kV IGBT and with 3.3 kV IGBT as a case
study. The required number of IGBT modules and converter
reliability were calculated as described in Section 1I-C. It can
be noted that the failure rate of 3.3 kV IGBT based ANGLE-
DC converter has the lowest reliability with the failure rate of
1.05 occ/yr, while the 4.5 kV IGBT based ANGLE-DC
converter’s failure rate is 0.56 occ/yr. The 2L and 3L-NPC
converters with the 4.5 kV IGBTSs shows lower failure rate than
the ANGLE-DC converter.

However, the ANGLE-DC converter shows better AC
harmonic performance at converter grid-side than its 2L and
3L-NPC counterparts due to the cascaded configuration.
Although the MMC has better reliability performance than the
ANGLE-DC converter, MMC’s higher capital cost and control
system complexity could limit the potential application in MV
level such as the one discussed.

C. Reliability Comparison of £ 10 kV and + 50 kV Converters

To evaluate the change of reliabilities with different MVDC
levels, the analysis was extended for £10 kV and +50 kV as
shown in Figs. 4(a) and (b) respectively. The analysis was
carried out following the same calculation procedure described
in Section I1. It can be noted that use of 3.3 kV IGBT for 2L
and 3L-NPC converters have slightly different reliabilities due
to the use of different number of IGBTSs per arm. The use of 4.5
kV IGBT for 2L, 3L-NPC converters will result in higher
converter reliability. However, converter failure rate will
increase with the voltage level as shown in the two figures. The
MMCs show better reliability performance than their
counterparts in the initial 3~5 years.
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IV. CONCLUSION

A detailed reliability analysis of MVVDC converters has been
performed with the consideration of different converter
topologies (2L-VSC, 3L-NPC VSC, MMC and ANGLE-DC
converter) and three different MVDC levels. Due to the
utilization of additional SMs, the MTTFs of the HB-MMC are
higher than its counterparts. However, converter failure rates
increase with the DC voltage level irrespective of the
topologies. This could be minimized by utilizing IGBTs with
higher blocking capabilities. MMC has shown better reliability
at the early stage of operation but in the long run 2L and 3L-
NPC VSCs have shown higher reliabilities. Further, the use of
IGBTSs with fail-open mode is not recommended due to lower
reliability at early years compared to MMC. However, use of
press-pack IGBT with fail-short mechanism will improve the
reliability of 2L and 3L-NPC VSCs make them suitable for
MVDC applications.
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