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A tractable failure probability prediction model for
predictive maintenance scheduling of large-scale
modular-multilevel-converters

Jianfeng Fu, Saeed Peyghami, Member, IEEE, Alfredo Nufiez, Senior Member, IEEE,
Frede Blaabjerg, Fellow, IEEE, and Bart De Schutter, Fellow, IEEE

Abstract—Modular-multilevel-converters (MMCs) are vital
components in direct current transmission networks. Predictive
maintenance scheduling of MMCs requires estimations of the
failure probabilities of MMCs during a period of time in the
future. Particularly, the predicted future failure probabilities
are influenced by two main factors, the mission profiles of the
MMCs and the maintenance decisions on the MMCs during
the prediction period. This paper proposes a failure probability
prediction model (FPM) for MMCs by considering these two
factors. First, the expectations of the failure probabilities of the
components for all the scenarios of mission profiles are obtained.
Second, in predictive maintenance scheduling problems, the
decisions to perform the maintenance actions are represented by
binary variables. When the number of submodules is very large,
using the binomial probability form currently used in reliability
engineering to express the “r-out-of-n”’ failure probability of arms
of the MMC s is intractable. Thus, this paper proposes a tractable
form (T-form) in FPM by observing that the submodules on one
arm are homogeneous. Furthermore, an approximation method,
i.e., clustering and assignment (C&A), is proposed to reduce the
computation times for calculating the parameters needed by the
proposed T-form. Then, we perform a case study that assesses
the accuracy and computation time of the C&A approach. The
results show that the accuracy of the C&A approach is high and
that the computation time is reduced significantly compared with
the accurate method. We also show that the computation time
for solving the predictive maintenance scheduling problem can
be reduced hugely by using the T-form instead of the binomial
probability form.

Index Terms—Large-scale modular-multilevel-converters, Pre-
dictive maintenance scheduling, R-out-of-n reliability model,
Uncertainty of renewable energy generation, Direct current
transmission network.

I. INTRODUCTION

Large-scale renewable energy farms are established or
planned around the world. These farms integrate many renew-
able energy generators, e.g., wind turbines and solar panels.
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Due to the large distances between renewable energy farms
and load centers, transmitting the generated renewable energy
using alternating current transmission lines results in consider-
able energy losses [1], [2]. Consequently, direct current trans-
mission lines are leveraged to transmit the generated energy
to the load centers. Because of their advantages, e.g., high
modularity and high power quality [3], modular multilevel
converters (MMCs) are widely selected as power conversion
devices in direct current transmission networks.

In direct current transmission networks, sudden failures on
MMCs may result in large-scale outages. Thus, preventive
maintenance actions should be scheduled to avoid sudden
failures. For example, in [4], a method is proposed to estimate
the preventive maintenance period for MMCs. In [5], a peri-
odical preventive maintenance strategy is proposed regarding
random-chance failure probabilities, wear-out failure distri-
butions, etc. Although periodic preventive maintenance can
efficiently avoid the occurrence of failures, over-maintenance
and also lack of maintenance may occur because of improper
maintenance periods [6], [7]. Predictive maintenance is char-
acterized by predicting the health conditions of the converters
and then scheduling the maintenance actions if the actions
are necessary. So, predictive maintenance can avoid over-
maintenance and lack of maintenance. To schedule the main-
tenance actions for a period of time in the future, the health
conditions of the MMCs at the end of the period are predicted
according to the predictive mission profiles of the MMCs
during the period. This period of time in the future is called the
prediction horizon in this paper. Afterwards, according to the
predicted health conditions of MMCs, the maintenance actions
are scheduled and performed during this prediction horizon.
Thus, the health condition prediction model for converters is
the key to implement predictive maintenance scheduling.

In some of our previous works [8], [9], two factors, i.e., the
mission profiles and performance of maintenance actions, were
determined as the ones that will mostly influence the reliability
of the converters. In the literature, the influence of mission
profiles on the health condition prediction model of converters
has been widely studied [10]-[14]. Furthermore, the influence
of performing maintenance actions on the health condition
prediction model has also been widely studied, e.g., [4], [15],
[16]. However, these papers focus on periodic maintenance. In
periodic maintenance, the maintenance intervals of the MMCs
are pre-determined; so whether and when to perform main-
tenance actions during the prediction horizon is known. On
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the contrary, in predictive maintenance scheduling, since the
maintenance intervals are not fixed as periodic maintenance, so
whether and when to perform maintenance actions are decision
variables to be determined dynamically over time.

Thus, this paper proposes a failure probability! prediction
model (FPM) related to the mission profiles and the main-
tenance decision variables of the MMCs. Furthermore, one
specific challenge, i.e., the tractability of FPM for large-
scale MMCs containing huge numbers of submodules, is
handled in the newly proposed FPM. Moreover, the uncertainty
of the mission profiles resulting from the renewable energy
generation is included in the proposed FPM.

The challenge of tractability of FPM emerges, especially
when the numbers of submodules on the arms of the MMCs
are huge. Since an arm with submodules follows a “r-out-
of-n” configuration [17], a direct form to express the failure
probability of an arm is the binomial probability [18], as
indicated in (3) in Section IV. The failure probability of an
arm related to the maintenance decision variables in binomial
probability form is either nonlinear or involves a significant
number of auxiliary variables when recasting the nonlinear
constraints into linear ones. Therefore, the predictive main-
tenance scheduling problem including the failure probabilities
of arms in binomial probability form is intractable. To address
this challenge, by observing that the submodules are homo-
geneous (see the explanation of homogeneity in Section V.A),
this paper proposes a tractable form (T-form) to express the
failure probability of an arm.

When obtaining the T-form for large-scale MMCs, the
computation times for calculating the parameters of the T-
form will be extremely long. Thus, a clustering and assignment
(C&A) approximation approach is proposed to calculate offline
the parameters of the proposed T-form efficiently. The key
idea of the proposed C&A approximation approach is first to
cluster the submodules whose failure probabilities are nearly
the same. Then, the failure probabilities of the submodules in
one group are approximated by the mean failure probability
of submodules in this group. The idea of C&A originates
from using clustering methods to compress the images in the
literature on signal processing, e.g., [19], [20].

Moreover, since the generation powers of the renewable en-
ergy generators are uncertain, the mission profiles for MMCs
in transmission networks with renewable energy generations
are also uncertain. Thus, in our proposed FPM, the uncer-
tainties of renewable energy generation are also considered.
Specifically, scenarios are adopted to reflect these uncertainties
as is also done in [21], [22].

The contributions of this paper are as follows:

* A failure probability prediction model (FPM) for large-
scale MMC converters is proposed. The relationship
between the predicted failure probability, the maintenance
decision variables, and the mission profiles is obtained.

* By observing that the submodules on the arm of MMCs
are homogeneous, this paper proposes a tractable form
(T-form) to express the relationship between the failure
probability and the maintenance decision variables. The

I'This paper adopts the failure probability to describe the health condition.
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Fig. 1. Layout of a half-bridge-based MMC converter.

proposed T-form is linear and without using many aux-
iliary variables compared with the binomial probability
form.

* The parameters of the T-form can be calculated offline.
To tackle the long computation time for the parameters,
we propose a clustering and assignment (C&A) approach
to obtain approximate values of the parameters.

» Since renewable energy generation is uncertain, we also
include mission profiles for multiple scenarios in the
proposed FPM.

This paper is organized as follows. Section II explains the
failure mechanism of MMCs and the main steps for obtaining
the proposed FPM. Section III presents the proposed method
to calculate the failure probabilities of the submodules. Section
IV explains the method to calculate the failure probabilities of
arms using the binomial probability form. Section V illustrates
the method to calculate the failure probabilities of arms in the
proposed T-form with the proposed C&A approximation ap-
proach. In Section VI, the predictive maintenance scheduling
problems of converters are formulated. In Section VII, the
proposed C&A approach is compared with the conventional
(accurate) approach and the proposed T-form is compared with
the binomial probability form via tests. Section VIII concludes
the paper and presents possible topics for future work.

II. FAILURE MECHANISM OF MMCS AND MAIN STEPS FOR
OBTAINING THE PROPOSED FPM

A. Half-bridge MMC failure mechanism

This paper studies the half-bridge MMCs which are widely
applied in practical engineering as an representative of MMCs.
As illustrated in Fig. 1, an MMC comprises converter-level
components and arms. For large-scale MMCs, each arm links
hundreds of submodules in series. Each submodule comprises
several components, i.e., IGBTs, diodes, and capacitors, as
shown in Fig. 1. The failures in half-bridge MMCs involve
four levels, i.e., failed components in submodules, failed sub-
modules, failed arms, and failed converter. The relationships
between these four levels are as follows:

If any component in a submodule has failed, the submodule
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is considered to fail too. Moreover, failed submodules will not
necessarily result in failed arms. In practice, the submodules
on arms follow the “r-out-of-n” configuration. That is, there
are some redundant submodules on each arm. Because of the
“r-out-of-n” configuration, the failed submodules on arms can
be bypassed and replaced by the redundant submodules on the
same arm without interrupting the operation of the converter.
However, if the number of failed submodules on one arm
exceeds the number of redundant submodules, this arm will
fail. If any of the arms and converter-level components in the
MMC has failed, the converter will fail [23].

B. Main processes for obtaining the proposed FPM

The main processes for obtaining the proposed FPM are
shown in Fig. 2. Seven processes are involved, as follows:

1) Multiple scenarios of renewable energy generation and
load profiles are generated to reflect the uncertainties
during prediction.

2) Then, according to the load and generation profiles of
each scenario, the corresponding loading profiles of the
converters, i.e., the power flow passing through MMC,
can be obtained by solving the optimal power flow
equations. Moreover, the predicted ambient temperature
profiles of MMCs can be obtained by historical tem-
perature data. In this way, the predicted mission profile
of MMCs including the predicted loading and ambient
temperature profiles can be obtained.

3) For each scenario, the predicted mission profiles of
MMCs are used for remaining useful life (RUL) pre-
diction for the components in submodules, i.e., IGBTs,
diodes, and capacitors.

4) According to the predicted RUL for all scenarios, the
failure probabilities of components in submodules can be
estimated.

5) Afterwards, the failure probabilities of submodules are
obtained.

6) According to the failure probabilities of the submodules,
the relationship between the failure probabilities of the
arms and the maintenance decision variables can be
obtained. Here, the proposed T-form and C&A approach
are applied.

7) The relationship between the failure probability of the
whole converter and the maintenance decision variables,
i.e., FPM, is obtained.

In the following sections, we will introduce the details of
the processes. Specifically, in Section III, Processes 1) to 5)
will be introduced. Then, in Sections IV and V, the binomial
probability form, the proposed T-form, and the C&A approach
will be introduced for Process 6). In Section VI, Process 7) is
introduced and the predictive maintenance scheduling problem
for MMC:s is formulated.

III. FAILURE PROBABILITY CALCULATION FOR
SUBMODULES

Since Processes 1) to 3) in Section II.B have been studied
in the literature, the current paper does not focus on these pro-
cesses. In detail, for Process 1), the scenarios can be generated

by an autoregressive integrated moving average model and the
scenario tree reduction method of [21]. Regarding Process 2),
modeling of the optimal power flow problem and the solution
methods can be found in [24]. Afterwards, the loading profiles
of the converters can be obtained by solving the optimal power
flow problems. Furthermore, for Process 3), RUL prediction
methods for the IGBTs, diodes, and capacitors can be found
in [25], [26], and [27], respectively. Afterwards, the predicted
RUL cumulative distribution functions of the components in
the submodules can be obtained.

Then, the failure probabilities of the components in the sub-
modules, i.e., IGBTs, diodes, and capacitors, can be obtained,
such that:

N = p@(Th), V0 € ©,;,Vie I, VjeJ 1
seS

where ©; ; represents the set of components in submodule j
on arm i, S = {1, ..., N5} represents the set of scenarios, Z is
the set of arms, J; is the set of submodules on arm 4, \? ;18
the failure probability of component 6 in submodule j of arm
i, ps represents the probability of the occurrence of scenario
s, <I>§ is the predictive RUL cumulative distribution function
of component 6 for scenario s obtained from Process 3), Tp is
the prediction horizon for predictive maintenance scheduling.
For a given scenario s, (1) expresses that if the RUL of a
component in a submodule is less than the prediction horizon
Tp, a failure will happen on the component. Then, recalling
the failure mechanism of submodules given in Section II.A, the
failure probability of submodule 7 on arm 7 can be obtained

by:
xm=1-JJa

0€©

— X)), VieI Vjeg 2
where A7} is the failure probability of submodule j on arm 1.

IV. THE FAILURE PROBABILITY MODEL OF AN ARM IN
BINOMIAL PROBABILITY FORM

In general, a half-bridge MMC has several arms. On each
arm, there are N¢ + N' submodules in total, where N°€ is
the minimum number of modules to guarantee the regular
operation of the converter [28]. In addition, N* is the number
of redundant submodules. Recalling the failure mechanism
given in Section II.A, when the number of failed submodules
on one arm is smaller than N7, the arm can still work well.
However, when the number of failed submodules on one arm
exceeds N', the arm will fail. Hence, the failure probability
of arm ¢ of the converter in binomial probability form can be
expressed as:

NI ( [T (0= o + gmame).
Jlel, \jeJ!
11

JETNT!

3)
(1 (- sy s aze))

where 47 = 1 represents that maintenance is being performed
on submodule j on arm ¢ during the prediction horizon;
otherwise, it equals 0. In this paper, the maintenance action
for a submodule is to replace the submodule with a new one.
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Fig. 2. Main processes for obtaining the failure probability model of complete MMCs.

In (3), A\?" is the failure probability of arm ¢, MmO s the
initial failure probability of a newly replaced submodule. The
initial failure probability can be set as a small real value, as
widely reported in the literature [29], [30], or it can be set to
0 by rationally assuming “as good as new”. Furthermore, 7
is the set of failed submodules on arm i, and set J; contains
all the possible sets of failed submodules whose cardinality
is no larger than N', i.e., card(J’;) < N'. Moreover, the
cardinality of J; is Zje{o,L,,_,Nr} (Nr_;NC). Equation (3)
implies that the failure probability equals 1 minus the survival
rate. For example, if N° = 2 and N' = 1, and assuming three
submodules (N¢ 4+ NT = 3) on arm ¢ are marked as “1, 2,
3”, the cardinality of the sets in J; should be no larger than
N =1, so J;={0,{1}.,{2}.{3}}. Then, based on the example
and (3), the failure probability of arm ¢ is shown as (4).
From (3) and (4), it can be observed that modeling the fail-
ure probability of an arm including the maintenance decision

X =1 (=)= )= X)) + X (1 -

-1 -

variables 5?‘;‘ in binomial probability form is too complex.
There are two main reasons. First, in (3) or (4), the products of
maintenance decision variables yield nonlinear terms. Second,
recasting nonlinear products of binary decision variables into
a linear form? requires a large number of auxiliary binary
variables (i.e., (NrgNC)+(NY§NC)+...+(%ii]X,z) auxiliary vari-
ables). For example, for (4) the auxiliary binary variables
are a;1 = 070}, a2 = 6;710;3, aiz = 07507, and
aig = 0;7050;5 = ai10;3. In practice, N° and N*
for large-scale MMCs usually range from tens to hundreds.
Thus, the complexity makes the binomial probability form
intractable, especially when N¢ and NT are large values.

To tackle the nonlinearity and to avoid introducing a huge

2 According to the method in [31], the product of two binary variables o
and o, i.e., @ = a1z, can be equivalently recast as the bundle of linear
constraints —a; + a <0, —as + a <0, and a1 + a2 — a < 1, where «
is an auxiliary binary variable.

t2 J(L= A5 ) + (1= A )ATS (1= X35 )+
), @)

SHI/)
i,2 )3

sm’ __ sSm '\ | Sm sm \ smO0 sm’ __ sm\ \ sm sm \ sm0 sm’ __ sm\ | sm sm \ sm0
where, A7 = (1 = GT)NT +GAAT, A = (1= G2)NE + 65N, A3 = (1= 6 35)A5 + 6573

X =1- <zz-,o(<1 S AL = ATE)(L = AT ATR(L = ATE)(L = X) (1= XTATR(L = X) + (1= ) (1 — ATB)ATS )+
i (1= AO) (1= XIB)(1 = A78) + ATTO(1 = ATB)(1 = X7) + (1= XONB(1 = A7) + (1= A1) (1 = AB)AE ) +
2 (1= ATO) (1= XTBO)(1 = X) + ARO(1 = ATBO) (1 — AZR) + (1 — ATTOIARO(1 — AZ) + (1 — A1) (1 — ATBO)A% )+
i (1= XO)(1 = X°)(1 = X0 4+ XO(1 = XTO)(1 = X°) + (1 = AIONBO(1 = A780) + (1 — Xm°)(1 — A?,‘E”M?T‘;“))

and Zi0+ 2i1 + 2i2 + 23 = 1

o)
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number of auxiliary variables, we propose to model the failure
probability of arms in MMCs in T-form.

V. THE FAILURE PROBABILITY MODEL OF AN ARM IN THE
PROPOSED T-FORM

A. The proposed T-form

The submodules on an arm in MMCs are homogeneous
because the maintenance costs for submodules are the same
(i.e., the costs for replacing submodules by new ones) and
the submodules on the same arm have the same weight when
calculating the failure probability of an arm. Here “the same
weight” does not mean that the failure probabilities of submod-
ules are the same, but the submodules on an arm are with the
same importance when calculating the failure probability of
an arm. If only 8; submodules can be replaced with new ones
because of budget constraints, then to minimize the failure
probability of the arm, the strategy must be to replace the 3;
submodules with the highest failure probabilities. For example,
if N°+N™ =3 and 3; = 1, then 677 = 1 and 675 = 6;%5 =0,
as the failure probability of submodule 1 is the highest.

Then, regarding the example of (4), after ranking the failure
probabilities of submodules 1 to 3 from the highest to the
lowest, using the homogeneity of submodules, (4) can be
equivalently written in T-form as shown in (5). In (5), the
binary variables z;0 = 1 to z;3 = 1 represent replacing
submodules 0 to 3 by new ones, respectively. Compared with
(4), (5) contains two linear equations. Furthermore, there are
only N° 4+ N' 4+ 1 = 4 binary variables without using any
auxiliary variables to represent the products of the binary
decision variables. Then, we expand the T-form to general
MMCs for calculating the failure probability of arm 4, such

that:
AT = Z ZiaViz, 1 €L
TEX; b (6)
Z Zig=1,1€l
TEX;

where X; = {0,1,..., N°+ N"'}, ; , is the failure probability
of arm ¢ after x submodules are replaced. The parameters ;
in the T-form can be obtained offline by Algorithm 1.

Note that in Algorithm 1, the “C&A” approach mentioned
in Code lines 6 and 11 will be introduced in Section V.B.

B. An approximation method for calculating parameters in T-
form

In Code lines 6 and 11 of Algorithm 1, A\?* is calculated
via (3) for accurate results. However, when N* + N€ and N*
are large, e.g., N* + N¢ = 100 and N* = 20, the cardinality
of Ji in 3) will be 3=y 50y (V' F7) which is a number
around 1020, Thus, to direct calculate the failure probability
by summing all the possibilities in J; as (3) may be very time-
costly.

To avoid long computation times for obtaining the pa-
rameters in the T-form, this paper proposes a clustering
and assignment (C&A) approach to calculate the probability
that there are D failed submodules on an arm, where the
probability is marked as ;2 for arm i and D € {0, 1, ..., N*}.

Algorithm 1: Pseudo code for offline obtaining param-
eters 7; , in T-form

1 According to N¢ and N*, formulate set J,.

2 Use (1) and (2) to calculate A7

3 Rank submodules from the one with the highest failure
probability (i.e., A7) to that with the lowest one.

4 Initialize x = 0.

5 53’3‘ +~0,Vje{l,.,N°+ N}

6 Calculate A" via (3) for an accurate result or via the
proposed C&A for fast and approximated result.

7 Yi0 < )\{ar.

s x+x+ 1.

9 670 1, Vj € {1,...,z}.

10 677« 0,Vje{r+1,..,N°+ N}

11 Calculate A?" via (3) for an accurate result or via C&A
for fast and approximated result.

12 Vg < AY. If 2 < N°+ N', return Line 8. Otherwise,
end.

Then the failure probability of arm ¢ can be obtained by
A =1-— ZDE{O,_“’Nr} pP. The steps of the proposed C&A
approach will be introduced first and then followed by an
example. The steps of the C&A approach are:

1) Step I-Reset X7;: Recalling Code line 5 or lines 9-10
in Algorithm 1, if & = 1, A7} < AsmOTf 6;5 =0, keep
AL

5) Step Il-clustering: Cluster N° 4+ N' submodules into
N groups. The clustering strategy is to leverage the k-means
approach to cluster the submodules with the similar failure
probabilities, i.e., A"}, into groups. Assume that after cluster-
ing, group n contains m,, submodules, for n € {1,..., N}. In
addition, the mean failure probability of submodules in each
group is calculated. Define )\, ,, as the mean failure probability
of submodules in group n. In the C&A approach, the failure
probabilities of submodules in group n are all approximated
by Xi,n‘

3) Step Ill-Assignment: After clustering N¢ + NT sub-
modules into N groups, in this step, we assign D failed
submodules to these N groups. When assigning, the number
of failed submodules assigned to each group should not
exceed the number of submodules in that group. Since the
assignment may have more than one possibility, define the
number of possibilities for assignment as W. Then, define d;?
as the number of failed submodules assigned to group n for
possibility w, where w € {1,..., W}. Accordingly, we have
2onef1,. Ny dn = D, where w € {1,..., W}, and d}} < my,
where n € {1,...,N} and w € {1,.., W}.

4) Step IV-calculation of probabilities of groups: For group
n with possibility w, the probability that there are d) failed
submodules among m,, submodules can be calculated by
pg,n = (ZL;‘?) ’ (/\lyn)dﬁ : (1 - /\i,n)mnidﬁ-

5) Step V-calculation of probabilities of possibilities: The
probability of possibility w is obtained by multiplying the
probabilities of groups, i.e., pf, = Hne{l,_“’N} pgvn.

6) Step VI-calculation of survival rate: The survival rate
with D failed submodules can be obtained by summing up the
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Fig. 3. Clustering and assignment for the example in Section V.B.

,,,,,

Hereby follows an example for illustrating the steps of
C&A.

Example: Assume arm ¢ has five submodules in total and
two redundant submodules, i.e., N°+N' = 5 and N* = 2. The
example is to calculate the possibility that there are two failed
submodules on aim i, i.e., D = 2. Assume that, /\;“1‘ to )\jj’g
equal 0.55, 0.5, 0.45, 0.15, and 0.9, respectively. Furthermore,
after executing Code lines 9 to 10 of Algorithm 1, 477} to
5?}} equal 0, 0, 0, 0, and 1, respectively. The initial failure
probability of a newly replaced submodule is 0.05. The C&A
steps for this example are illustrated in Fig. 3.

Step I: Based on the ¢ values, it can be obtained that A7}
to /\ffg equal 0.55, 0.5, 0.45, 0.15, and 0.05, respectively.

Step II: Five submodules are clustered into two groups, i.e.,
three for group 1 (submodules 1 to 3) and two for group 2
(submodules 4 to 5), via k-means approach. That is N = 2,
mq = 3, and my = 2. The mean failure probabilities of the
submodules in the groups are \; 1 = 0.5 and \; ; = 0.1.

Step III: There are three possibilities, i.e., W = 3, to assign
two failed submodules into two groups, with the satisfaction

of d < mq, d§ < me, and dfY + dy = D. That is,
dy =0 Ady = 2), (d = 1) A(dy = 1), and
(df = 2) A (d = 0).

Step IV: For possibility 3, i.e., (d¥ = 2) A (d¥ = 0),

the probability that group 1 has two failed submodules is
p§y = (5) - 0.5% - (1 — 0.5)' = 0.375. The probability that
group 2 has no failed submodules is p§2 = (3) (1-0.1)2 =

0.81. Accordingly, we can obtain the probabilities of other
possibilities, such that: pf; = (3) - (1 — 0.5)> = 0.125,
pfy = (5)-0.12=0.01, p§, = ($) - 0.5- (1 —0.5)% = 0.375,
and p§, = (7) - 0.9-0.1 = 0.18.

Step V: The probabilities of three possibilities are pi =
0.125 - 0.01 = 0.00125, p5 = 0.375 - 0.18 = 0.0675, and
pY = 0.375 - 0.81 = 0.30375.

Step VI: The probability of having two failed submodules
can be obtained by p? = 0.00125 + 0.0675 + 0.30375 =
0.3725. O

In the C&A approach, the failure probabilities of submod-
ules in one group are approximated by the mean failure proba-
bility of submodules in this group. Thus, the calculation of the
probabilities of groups is simplified significantly (see Step IV).
Then, in theory, the computational burden for calculating the
probability of having a certain number of failed submodules
can be reduced. The computation time reduction and the gap
of the failure probabilities using the C&A approach and the
accurate approach will be studied in Section VII.

VI. PREDICTIVE MAINTENANCE SCHEDULING PROBLEM
OF A CONVERTER

Recall that when there is a failed converter-level compo-
nent or a failed arm, the operation of the MMC should be
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interrupted. Then, the failure probability of an MMC is:

A =1 =TT TTa - A - a2 - a0
i€l weN
(7N

where () represents the set of converter-level components, the
binary variable JJ" represents whether to maintain converter-
level component w (where §S" = 1 represents to maintain the
component), AV is the failure probability of the converter,
A and A0 are the failure probability and the initial failure
probability after maintenance of converter-level component w,
respectively.

The predictive maintenance scheduling problem (P) can now
be formulated, as follows:

: . . . sm cn . cn cv . pen
Z1T}%HZ Z T % CO 4 Z 0, - CH+ AV - C
’ 1€L xEX; weN
st A% < A and (6) — (7)

P)
where C™ is the cost for replacing one submodule, C"
is the maintenance cost of the converter-level component w,
CPe® is the break-down penalty fee of the converter, and \3°t
is the tolerable failure probability. In predictive maintenance
scheduling, the tolerable failure probabilities of the converters,
ie., A% can be set by the operators of MMCs and the
power system operators. The value of A\ should consider
how reliable the MMC should or must be. If the reliability
of the MMC significantly impacts the reliability of the power
system, A*¢* should be set higher, and vice versa. The goal of
(P) is to schedule the predictive maintenance actions so as to
minimize the maintenance costs over the prediction horizon
and to ensure that the failure probability of the converter will
not exceed the tolerable failure probability.

VII. NUMERICAL ANALYSIS

In this section, a case study is presented to test the proposed
FPM for MMCs in transmission networks integrated with
renewable energy generation. More specifically, two tests are
performed to assess for the proposed C&A approach and T-
form. Both tests are performed on the Matlab platform on a
laptop with an Intel Core 15-8250U CPU and 8 GB of RAM.
The computation times of both tests are collected by the “tic
& toc” functions in Matlab.

The first test is to compare the proposed C&A approx-
imation approach with the conventional approach (accurate
approach) that directly calculates the failure probability by
summing up all the possibilities in J as shown in (3). The
computation time and the gap between the results obtained
using C&A and the conventional approach will be studied.

The second test is to compare the CPU times for solving the
predictive maintenance scheduling problems with the proposed
T-form and the binomial probability form.

A. Test for the proposed C&A approach

In this test, the proposed C&A approach and the con-
ventional approach are compared by calculating the failure
probabilities of arms. This test studies five arms, named Al to
A5, with different total numbers of submodules and different

Table I: Parameters of converters for the tests of C&A

Arm Al A2 A3 A4 A5

NT™ + N°¢ (Total) 60 70 80 90 100
NT (10% redundancy) 6 7 8 9 10
NT (8% redundancy) 5 6 6 7 8
NT (6% redundancy) 4 4 5 5 6

percentages of redundant submodules on the arms. In Table I,
the parameters of the arms for the test are listed. Furthermore,
this test studies five cases with different failure probabilities of
the submodules, as shown in Fig. 4. The failure probabilities
of submodules in this test are obtained by (2), where the
failure probabilities of the components in submodules are
sampled from the Weibull distributions as is also done in
[32]. Furthermore, in Fig. 4 failure probabilities for the 100
submodules for converter A5 are shown. Regarding the failure
probabilities of the submodules of A4 to Al, the first 90
to 60 failure probabilities in Fig. 4 are adopted. Ten groups
are clustered in the proposed C&A approach via the k-means
approach.

The comparison results of the conventional approach and
the proposed C&A approach are shown in Tables II and III.
In Table II, column “Conven” represents the conventional
approach. For all five tested arms with different percentages of
redundancy in five cases, the CPU time reductions for using
C&A are significant, and the gaps of failure rates between
the conventional approach and C&A are minor. Fig. 5 further
illustrates the numerical analysis of these results. Fig. 5a to 5c
and Fig. 5d to 5f show the CPU time ratios and accuracy ratios
with different redundant submodule percentages, respectively.
The CPU time ratios are the CPU times calculated by the
C&A approach divided by the CPU times calculated by
the conventional (accurate) approach. Moreover, the accuracy
ratios are obtained by |¢ — ¢| /¢, where @ and ¢ are the failure
probabilities obtained for the conventional approach and C&A,
respectively.

From Fig. 5a to Sc, it can be observed that the CPU time
reductions using C&A are very large compared to those using
the conventional approach. From the simulation results, the
worst CPU time ratio is 0.13, which implies that the CPU time
reduction can be at least 87%. The average CPU time reduction
for all the arms of all the cases with different redundancy
percentages is 95.85%. Furthermore, from Fig. 5d to 5f, it can
be observed that the gap between the failure probabilities using
the proposed C&A approach and the conventional approach
(accurate approach) is low. The accuracy ratio is always less
than 1.6%. Thus, the relative difference in accuracy between
the proposed C&A approach and the conventional approach is
less than 1.6%.

From the analysis of the CPU time reductions and the
accuracy, we can conclude that for this case study, the failure
probabilities of arms obtained by the proposed C&A approach
are accurate. Furthermore, the CPU time reductions are sig-
nificant for the proposed C&A approach compared with the
conventional approach.
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Fig. 4. Failure probability parameters of submodules for the proposed C&A and conventional approaches.

Table II: Comparison of CPU time between the conventional approach and the proposed C&A approach

Arm Al A2 A3 A4 A5
(10% redundancy) Conven C&A Conven C&A Conven C&A  Conven C&A Conven C&A
Case 1 374s 0.27s 40.85s 1.34s 13523s 6.57s 539.35s 42.36s 3715.07s 241.69s
Case 2 10.31s  0.26s 3495s 1.21s 127.80s 5.38s 385.83s 26.41s 1956.78s 233.80s
Case 3 9.17s 0.26s 25.66s 1.15s 129.24s 5.89s 46591s 4098s 6902.14s 243.92s
Case 4 4.64s 0.29s 36.17s 1.26s 164.73s 5.72s 734.10s 40.23s 6413.10s 237.45s
Case 5 588s 0.29s 97.09s 1.23s 184.74s 5.32s 2113.13s 51.08s 2746.51s 246.65s
Arm Al A2 A3 A4 A5
(8% redundancy) Conven C&A Conven C&A Conven C&A  Conven C&A Conven C&A
Case 1 1.34s  0.06s 11.92s 0.31s 20.80s 0.27s 60.89s 1.18s  431.46s 12.82s
Case 2 1.36s  0.07s 5.75s 0.29s 2399s 0.27s 81.80s 1.20s 384.26s 8.34s
Case 3 1.13s  0.07s 5.28s 026s 61.56s 0.27s 72.70s 1.21s 308.46s 5.57s
Case 4 1.07s 0.07s 7.93s 0.30s 22.85s 0.27s 55.25s 1.19s  243.55s 5.63s
Case 5 1.38s  0.07s 20.56s 0.25s 21.34s 0.27s  77.96s 1.21s  260.62s 5.66s
Arm Al A2 A3 A4 AS
(6% redundancy) Conven C&A Conven C&A Conven C&A  Conven C&A Conven C&A
Case 1 0.61s 0.03s 0.48s 0.03s 5.53s  0.08s 4545 0.08s 28.02s 0.28s
Case 2 046s 0.03s 0.55s 0.03s 3.36s 0.07s 421s 0.08 s 38.98s 0.30s
Case 3 0.36s  0.03s 0.54s 0.04s 350s  0.09s 4245 0.08s 31.18s 0.28s
Case 4 032s 0.04s 037s 0.03s 2.61s 0.08 s 5.13s 0.08 s 44.61s 0.27s
Case 5 0.37s 0.03s 0.54s 0.03s 324s  0.09s 5.31s 0.07s 21.72s 0.28s

Table III: Gaps of failure rates between the conventional approach and the proposed C&A approach

Arm (10% redundancy) Al A2 A3 A4 A5
Case 1 1.12x 107 1.05x107° 9.04x10® 198 x10~° 1.28x107°
Case 2 078 x 107" 063 x107®> 0.63x10~° 1.87x10"° 083 x107°
Case 3 0.75x107° 0.60x10~° 0.37x10~° 3.12x107° 3.89x 107°°
Case 4 061 x107° 034x10° 039x10"° 236x10°° 0.62x107°
Case 5 041 x107° 026x 10> 047 x10~° 041 x107° 387 x107°

Arm (8% redundancy) Al A2 A3 A4 A5
Case 1 1.86 x 107° 1.79 x 107®> 1.92x107° 234 x10~° 1.55 x 10~°
Case 2 141 x10™° 1.12x107° 1.79x10° 1.31x10° 1.32x107°
Case 3 1.13x 107° 091 x107° 143 x107° 1.22x10~° 0.94x 107°
Case 4 280 x107° 0.75x107° 1.37x10°> 1.88x10~°> 1.14x10°°
Case 5 1.28 x 107°> 098 x107° 181 x10™° 148 x10~° 1.35x 107°

Arm (6% redundancy) Al A2 A3 A4 A5
Case 1 0.66 x 107> 0.92x10™° 127x107° 0.74x107° 1.35x10°°
Case 2 1.39x 107 141 x107° 1.89x10° 201x10° 1.81x107°
Case 3 469x107° 1.15x107° 4.10x 10~® 2.38x10~° 1.51 x10~°
Case 4 1.88x 107 135 x107° 1.75x107° 1.82x10° 1.77x107°
Case 5 1.33x 107 1.50x107° 1.98x107° 1.69x10~° 1.92x107°
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Fig. 5. CPU time and accuracy ratios between the conventional approach and the proposed C&A approach.

Wind farm 1
MMC

DC

Outer transmission
line and load
AC

Wind farm 2

Fig. 6. Transmission network topology for tests for the pro-
posed T-form.

Table IV: Parameters of wind turbines in the test for the
proposed T-form

Rated wind speed Cut-in wind speed
12m/s 3m/s

Rated power
4 MW

Table V: Parameters of Converters C1 to C10 in the test for
the proposed T-form

Converter Cl1 cC2 (C3 4 C5
N* 1 2 3 4 5
N' + N°¢ 5 10 15 20 25

Converter C6 C7 C8 (C9 Cl10
N* 5 10 15 20 25
N+ N€¢ 100 100 100 100 100

B. Test for the proposed T-form

The second test is based on the direct current transmission
network of [33], as shown in Fig. 6. Wind farms 1 and 2

contain 34 and 28 wind turbines, respectively. The parameters
of the wind turbines are given in Table IV. This case study
adopts mission profiles from [34]. The direct current voltage
of the transmission line is +200kV and the generation
powers of wind turbines follow the maximum power point
tracking control strategy [35]. Furthermore, in the tests for
the proposed T-form, ten different converters with different
numbers of redundant submodules are considered. The
parameters of these ten converters are listed in Table V. The
failure probabilities of the arms of the converters C6 to C10
after different numbers of submodules have been replaced are
shown in Fig. 7.

The values in Fig. 7, i.e., ;. are obtained offline from
Algorithm 1. These values provide the parameters for the
test for the proposed T-form, i.e., ¥; , in (6) of maintenance
scheduling problem (P). Furthermore, in Fig. 7, the point
nearest to but smaller than v = 0.1 for each arm is labeled.
These points illustrate that, for example, in Fig. 7(a), 82
submodules should be replaced to ensure that the failure
probability of Arm 1 is lower than 0.1. From these labeled
points, it can be observed that with the increase of N* fewer
submodules should be replaced to ensure that the failure
probability of the arms is below 0.1.

For comparison with the predictive maintenance scheduling
problem with the proposed T-form (i.e., (P)), the following
predictive maintenance scheduling problem with the binomial
probability form is considered:
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Fig. 7. Failure probability values (i.e., ) with different numbers of redundant submodules with N+ N* = 100.
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I i€Z je€T; weN
st AT < X% (3), and (7)
(CP)
The problems (P) and (CP) are both solved by the “intlin-
prog” function via Matlab platform. Moreover, in predictive
maintenance scheduling, the tolerable failure probabilities of
the converters, i.e., A*!, are set to 0.2 in this case study.
The CPU time results for solving (P) and (CP) for different
converters are shown in Table VI. It can be observed that the
CPU times for solving the predictive maintenance scheduling
problems with the proposed T-form are much smaller than
those with the binomial probability form. The CPU time
reduction for converters C1 to C2 can be more than 90%.
Furthermore, with the increase of N* and N€, the increase
of the CPU times for solving the predictive maintenance
scheduling problems with a binomial probability form is
significant. However, the increase of CPU times for solving
the predictive maintenance scheduling problems with the T-
form is not much less significant.

Furthermore, the numbers of the replaced submodules on
the arms for converters C6 to C10 are shown in Table VII. It
can be observed that when the total number of the submod-
ules is the same and the number of redundant submodules
increases, the number of the replaced submodules on arms
decreases. This implies that when N¢/(N* 4+ N°¢) increases,
fewer submodules are required to be replaced in the predictive
maintenance scheduling of MMCs.

Moreover, this paper compares the optimal solutions and
the optimal objective function values of the maintenance
scheduling problem (P) with the T-form and the C&A and
with T-form and the conventional approach. In maintenance
scheduling problems with T-form, i.e., (P), 7;, values are
parameters. The conventional approach obtains the exact ; ;
values, while the C&A approach obtains the approximations

Table VI: CPU times of Cases C1 to C10 in the tests of the
proposed T-form

Converters C1 C2 C3 C4 C5
Binomial = o1 10855 5.69s  27.1s 82
probability
Proposed ) g 0.031s 0.033s 0.043s 0.045s
T-form
Converters C6 C7 C8 C9 C10
Binomial 0 3006 4665 4785 264
probability
Proposed ) 1530 01335 01205 0.112s  0.114s
T-form

of 7; . values. Thus, the comparison of T-form+C&A and T-
form+conventional approach is to compare the optimal solu-
tions and the optimal objective function values of two opti-
mization problems, i.e., maintenance scheduling problems (P)
with approximated and exact «y; ,, parameters. The comparison
results are shown in Table VIII. In Table VIII, the optimal
solutions, i.e., the numbers of the submodules to be replaced
for converters C6 to C10, are shown in the ‘“Number” row.
Furthermore, “Cost” and ‘“Penalty” for T-form+C&A represent
the values of > > x -z, - C™ 4+ > 0 - C* and

i€ETTEX; ) weQ )
AV CP" regarding the optimal solution, respectively. In addi-

tion, “Cost” and “Penalty” for T-form+Conventional approach

represent the values of > > &7 -C¥" + 3 6 CF and
€T jed: weN
AV . CP°! regarding the optimal solution, respectively.

From Table VIII, it can be observed that the gaps of
the optimal objective function values between T-form+C&A
and T-form+Conventional approach are caused by the gaps
of “Penalty”. Furthermore, the gaps of the optimal objec-
tive function values between the T-form+C&A and the T-
form+Conventional approach are very small, ie., 1.26%,
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Table VII: The numbers of the replaced submodules on arms for cases C6 to C10

Converters Arm1 Arm2 Arm3 Am4 Arm5 Arm 6 Total
C6 80 83 76 75 79 79 472
C7 72 74 66 66 68 68 414
C8 65 67 59 60 61 61 373
C9 64 65 57 58 59 59 362
C10 60 61 54 54 55 55 339

Table VIII: Comparison of optimality between T-form+C&A and T-form+Conventional approach

Converter C6 C7 C8 C9 C10
Number 80/83/76 73175167 66/68/60 64/65/57 61/62/55
T-form+ /75179179 167/69/69 161/62/62 /58/59/59 /55/56/56
C&A Cost 5.49 x 105 4.88 x 105 4.41 x 10° 4.21 x 105 4.01 x 10°
Penalty 2.35 x 10° 2.30 x 10° 2.34 x 10° 2.31 x 10° 2.34 x 10°
Number 80/83/76 73/75167 66/68/60 64/65/57 61/62/55
T-form+ /75179179 167/69/69 161/62/62 /58/59/59 /55/56/56
Conventional approach ~ Cost  5.49 x 10° 4.88 x 10° 4.41 x 10° 4.21 x 10° 4.01 x 10°
Penalty 2.38 x 10° 2.35 x 105 225 x 105 2.23 x 10° 2.26 x 10°

2.13%, 4%, 3.59%, and 3.54%, of the optimal objective
function values using the T-form+Conventional approach for
C6 to CI10, respectively. In addition, from Table VIII, it
can be observed that the optimal solutions, i.e., the num-
bers of the submodules to be replaced on arms, of the T-
form+C&A and the T-form+Conventional approach are the
same. So the maintenance schedules of the converters with
the T-form+C&A and the T-form+Conventional approach are
the same. This phenomenon most likely occurs because the
approximated and exact +y; , parameters are nearly the same
(as seen in Fig. 5), so the maintenance scheduling problems
(P) with the T-form+C&A and with the T-form+Conventional
approach are slightly different. Consequently, in this case,
solving two different optimization problems with slightly
different parameters results in the same optimal solutions but
slightly different optimal objective function values. Therefore,
with the T-form+C&A and the T-form+Conventional approach,
the optimal objective function values of the maintenance
scheduling problems are slightly different, while the optimal
maintenance schedules are the same.

VIII. CONCLUSIONS AND FUTURE WORK

This paper has proposed a failure probability prediction
model (FPM) for predictive maintenance scheduling for large-
scale half-bridge MMCs. The uncertainty of the predicted
mission profiles and the maintenance decision variables are
considered in the proposed FPM. The proposed FPM is char-
acterized by tractability. More specifically, a tractable form (T-
form) is proposed to make the relationship between the failure
probability of an arm and the maintenance decision variables
easy to be tackled. In addition, an approximation method, i.e.,
clustering and assignment (C&A), has been proposed to reduce
the computation times for calculating the parameters for the
proposed T-form. The simulation results have shown that
the proposed C&A approach can reduce the CPU time with
95.85% on average compared to the conventional approach.
Furthermore, for the given case study, the gaps between the

failure probabilities of arms obtained by the C&A approach
and the accurate approach are less than 1.6%. Moreover,
predictive maintenance scheduling problems with the proposed
T-form can be solved 90% faster than those with the binomial
probability form.

Regarding the impacts on engineering practice, the proposed
FPM provides a tractable tool for MMC managers or operators
to determine predictive maintenance actions. Although the
period for predictive maintenance scheduling for MMCs may
be as long as several months, there are still necessities for
adopting the proposed tractable tool. First, the computation
times increase prohibitively with the number of submodules
(see Tables II and VI). If the number of submodules increases
to, e.g., 300 or more, the computation times for solving the
maintenance scheduling problems increase drastically. Thus,
the tractable tool is needed to handle the “curse of di-
mensionality”. Second, when solving maintenance scheduling
problems, the energy consumption of computers can be largely
reduced by using the proposed tractable tool because of
the significant computation time reduction. The computation
complexity reduction by using the proposed T-form and C&A
approach may be favored by the large-scale MMC manages
or operators.

In practice, the high-risk submodules may be misjudged
as low-risk submodules. Then, the misjudged high-risk sub-
modules may fail during operation. The modular design of
MMC s can avoid catastrophic consequences by bypassing the
failed submodules, and the operation of MMCs will not be
interrupted.

Future work will study other non-optimization-based, e.g.,
parametric, maintenance scheduling strategies for MMCs. In
addition, mission-profile-based control strategies for reliabil-
ity will be developed for large-scale MMCs. Moreover, the
comparison between the accuracy of the proposed FPM and
the conventional methods will be tested in practical power
systems.
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