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Reliability-based Sizing of Electric Propulsion System for
Turboelectric Aircraft

Yebin Wang, Chung-Wei Lin, Huazhen Fang and Tomoki Takegami

Abstract—Aviation industry is moving towards more electric
aircraft, where both non-propulsive and propulsive loads are
electrified. While bringing in various benefits, electric propulsion
system (EPS) introduces extra complexity and weight to aircraft,
as well as raises the reliability concern. New design and analysis
tools are required to size the EPS while meeting stringent reli-
ability requirements. This paper investigates how to consolidate
readability into the EPS sizing process and makes two-fold
contributions. First, a probabilistic algorithm is proposed to
assess the reliability of the EPS admitting a directed acyclic graph
topology. The algorithm reduces the directed acyclic graph to a
layered tree, which simplifies the calculation of joint probability
of nodes in each layer. Second, we formulate the reliability-based
EPS sizing as an integer nonlinear programming problem, where
the reliability requirements are posed as constraints. Preliminary
simulation validates the proposed method.

I. INTRODUCTION

The strong correlation between greenhouse gas and climate
change has made a compelling call for substantial cuts of
greenhouse gas emissions in all sectors. Aviation industry,
contributing roughly 2.1% of total human-induced CO2 emis-
sions, has been striving for energy efficient technologies,
such as More Electric Aircraft (MEA) [1], to attenuate its
environmental impact. MEA, electrifying both non-propulsive
and propulsive loads, is envisioned to yield higher efficiency,
controllability, reconfigurability, and ease of maintenance [2],
[3]. Various Electrified Aircraft Propulsion systems have been
proposed [4], [5], among which turboelectric propulsion con-
cept has drawn intensive attention thanks to its excellent
balance between technology readiness and potential fuel econ-
omy/environmental benefits. Turboelectric propulsion, facili-
tating distributed propulsion concepts such as Boundary Layer
Ingestion, particularly prevails on long-haul air travel [6], [7].

Fig. 1 depicts the electric propulsion system (EPS) of an
exemplary turboelectric propulsion system, where generator,
AC/DC converter, cables, circuit breakers, DC/AC converter,
motor, and fan (propulsor) are integrated to fulfill electric
propulsion. At the source side, field-controlled synchronous
generator or permanent magnet synchronous generator is
driven by turbofan engine to produce electricity. At the load
side, synchronous reluctance machine, induction machine, or
permanent magnet synchronous motor drives the propulsor to
yield thrust. In the middle, actively controlled or passive power
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electronics convert electric power to accommodate system
requirements on efficiency, weight, reliability, etc. Works [1],
[6], [7] highlight key challenges in terms of EPS design, in
order to strike a nice balance of eco-friendliness, economical
benefits, airworthiness, and mission feasibility.
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Fig. 1: A fully turboelectric propulsion system.

Reliability analysis has been one of the centerpieces for
applications [8] such as power system [9] and aviation [10].
The latter weighs heavily on safety and size - all products
have to meet certification [11] whilst fulfilling the mission.
Reliability analysis has been applied to the entire lifecycle of
aircraft: from component design [12], to system design [13],
[14], to operation [15], and to schedule maintenance [16].

Aircraft reliability has been studied by using fault tree
analysis, failure mode and effects analysis [17], [18], Bayesian
network [15], [19], [20], Monte Carlo simulation [21], to name
a few. Unlike full-fledged conventional propulsion system [22],
EPS, as one of transformative technologies in aviation, remains
at early stage and its reliability and sizing tools are in in-
creasing demand. Recent work conduct reliability analysis for
MEA [14], [20], [23]–[25]. For instance, work [20] evaluates
the off-nominal performance and reliability of electric power
architecture of a test distributed electric propulsion aircraft.
Work [23] develops software to determine the reliability of a
number of potential alternative design architectures.

The second critical requirement for aircraft is system
weight, simply put, to determine the configuration and size
of the EPS. Readers are referred to [26] about aircraft sizing.
Work [14] incorporates the reliability analysis into the con-
ceptual design of a fixed-wing Unmanned Aerial Vehicle. The
design problem is solved by performing bi-level optimization:
an outer-loop multi-objective optimization for the main design
problem, and an inner-loop optimization for estimating the
reliability index of a design solution. Similar treatment can be
found in [13] to perform reliability-integrated wing design.

This work explores alternative approaches to assessing the
reliability of an EPS and to integrating the reliability specifica-



tions into the EPS sizing during the aircraft conceptual design
stage. The proposed reliability analysis method is analogous
to [27]. The main difference is that we propose a systematic
method to reduce a directed acyclic graph (DAG) into a
layered tree structure, which is convenient for calculating the
probability of failure rate of each node. We further perform
reliability-based EPS sizing by solving an integer nonlinear
programming problem (INLP) where the system failure rate
enters the design equation as a constraint.

The remainder of this paper is organized as follows: Sec-
tion II presents preliminaries and problem formulation, fol-
lowed by the main reliability analysis results in Section III.
Section IV reformulates, using an example, the sizing problem
into an MINLP. The proposed reliability analysis and sizing
methods are validated by simulation in Section V. Conclusions
and future work are discussed in Section VI.

II. PROBLEM FORMULATION

This section first presents concepts related to reliability anal-
ysis, introduces the EPS architecture, and finally formulates
the reliability analysis-based EPS sizing problem.

A. Preliminaries

Reliability is the ability of an item to perform as required
in stated operating context and for a period of time [8]. This
work assumes all components in the EPS are non-repairable,
where the reliability can be measured by mean time to failure
(MTTF) or failure rate. MTTF describes the expected time
for a non-repairable system to fail and can be expressed as
the expected value of f(t): MTTF =

∫∞
0

tf(t)dt, where f(t)
the density function of a random variable ‘time-to-failure’.

Failure rate, denoted by λ, is the frequency with which an
engineered system or component fails, expressed in failures
per unit of time. Assuming that the system has a time-to-
failure density function f(t) = λe−λt with a constant failure
rate λ, the MTTF is obtained as MTTF = 1

λ . In this work, the
failure rate is adopted to quantify reliability.

B. EPS Topology Modeling

We note that most of components (or units) in EPS allow
bidirectional power flow. During normal operation, compo-
nents facilitate the power flow from sources to loads. In the
case that the motor runs in regenerative mode, power flows
from loads to sources, e.g. batteries. However, the regenerative
power is typically much less, and unlikely goes beyond the
power ratings of units. Hence, the EPS sizing is concerned
about the normal operation mode, where the EPS delivers
power to produce thrust. Thus analysis here presumes that the
EPS admits unidirectional power flow from sources to loads.

The topology of the unidirectional EPS is characterized by
a directed acyclic graph (DAG) G(V, E), where V and E are
the finite sets of nodes and directed edges, respectively. For
a set V , |V| denotes the number of its elements. Node q ∈
V represents an electricity processing component and edge
E(qi, qj) denotes the power flow from qi to qj . For node q, we
denote the set of its parent nodes as Vp(q) ≜ {qp1, · · · , qpkp}

and the set of its child nodes as Vc(q) ≜ {qc1, · · · , qckc
},

where kp = |Vp(q)| and kc = |Vc(q)|.

q1 q2 q4q3

q5 q6

Fig. 2: The directed acyclic graph for a hybrid EPS where
battery q5 operates in the discharging mode.

In the sequel, a DAG is referred to as “graph” for concise
presentation. Without loss of generality, we assume that the
DAG is connected. We denote the EPS as ΣEPS. A graph can
contain multiple root nodes and multiple target nodes. The
former represent the power sources; and the latter represent
the loads. Fig. 2 shows a graph comprising a node set V :
{qi, 1 ≤ i ≤ 6} and an edge set E : {E(qi, qi+1) for 1 ≤ i ≤
3}

⋃
{E(q5, q6), E(q6, q3)}. Specifically, q1, q2, q3, q4, q5, q6

represent AC generator, AC/DC converter, DC/AC converter,
motor, battery, and DC/DC converter, respectively.

We are interested in the EPS’s capability to deliver rated
power to each load. Assume that load qL fails to receive the
rated power at the failure rate λqL . We say EPS fails if any one
of its load could not receive rated power. The EPS reliability is
characterized by its failure rate λΣEPS

, representing the highest
failure rate of all loads.

Remark II.1. The DAG G(V, E) characterizes the EPS of
fully or partially turboelectric aircraft. For hybrid electric
aircraft, one can readily use three directed acyclic graphs
to represent the scenarios where battery operate at discharg-
ing, charging, and non-operative modes, respectively. During
charging mode, there exist two power flows: 1) q1 → q2 →
q3 → q4 and 2) q1 → q2 → q6 → q5. Considering the
fact that battery will take and store whatever surplus power
from generators, the second power flow will not jeopardize
the EPS’s capability of delivering propulsive power, and thus
the second power flow can be eliminated.

We note that the number of generator, converters, and motor
at each node can be more than 1: multiple units work in
parallel. Let us denote the number of installed and used
components as nt

q and nu
q , respectively.

C. Problem Statement

This work deals with the reliability-based design of EPS,
which involves three coupled pieces: topology (configuration)
selection, reliability analysis, and EPS sizing. For simplicity,
we ignore the topology selection problem and concentrate on
the reliability analysis and EPS sizing.

Established methods of the propulsion system sizing during
the conceptual design determines the rated powers of turbofan
engine and the EPS on the basis of aircraft configuration/ge-
ometry and mission [28]. In this work, the rated power P r

Σ of
the EPS is given and the EPS sizing investigates the size and
number of each component to ensure the successful delivery
of the rated power. For the component at node q, its size



TABLE I: Node Properties

λq failure rate
ηq efficiency
Vi information of input bus
Vo information of output bus
Pr rated (input) power
i the layer number
Vp set of parent nodes
key priority used in power allocation
Pi input power
Po output power
pA probability of delivering rated output power

typically means the rated power P r
q , which is closely related to

how many components nu
q are deployed during operation and

how many nu
q are installed. Given the topology G, component

technology λq and sizing nt
q, n

u
q , one can quantify λΣEPS

.
Define Θ = [nt

1, n
u
1 , · · · , nt

N , nu
N ]⊤ ∈ R2N where N

indicates the number of nodes in ΣEPS. The reliability-based
sizing problem is stated as follows.

Problem II.2. Given an EPS with the topology graph G(V, E),
determine the number of components at each node such that

(i) each load node receives rated power with a failure rate
below a threshold λ; and

(ii) given a function J(Θ) : R2N → R+ evaluating an EPS
design, find Θ∗ = argminΘ J(Θ).

Problem II.2 is divided into two steps: 1) assessing the
reliability of a given EPS; and 2) searching for the best Θ∗

under reliability constraint.

III. EPS RELIABILITY ANALYSIS

This section deals with the reliability analysis of an EPS
with topology G. It establishes the probability that all loads
successfully receive rated power from sources.

A. Modeling Node Probability

Node q has properties listed in Table I. As shown in Fig. 3,
node q receives input power q.Pi from its parent nodes in
Vp(q), processes the power at the efficiency ηq and the proba-
bility of failure λq , and outputs power q.Po to its child nodes in
Vc(q). Both q.Pi and q.Po are random variables taking values
over certain closed intervals in {0}

⋃
R+. Particularly, q.Po

depends on q.Pi as well as the failure rate λq . Define a binary
random variable sq take values over {0, 1}, with 1 meaning
“function properly” and 0 otherwise. Variable sq is governed
by λq . Assuming that λq is independent from its input power,
we have q.Po = ηq × sq × q.Pi, i.e.,

q.Po =

{
ηqq.Pi, if q works properly or sq = 1

0, otherwise.

We compute the following two probabilities for node q:

(i) the probability of random variable q.Po, i.e., Pr(q.Po)
(ii) the probability of the event Aq that node q outputs at

least its rated power, i.e., Pr(q.Po ≥ q.Pr).

q

qp1

qpkp

qp2

qc1
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Fig. 3: Node probability

By applying Total Probability Theorem, probability Pr(q.Po)
can be obtained as follows

Pr(q.Po) =

∫
Vp(q).Po

Pr(q.Po|Vp(q).Po) Pr(Vp(q).Po), (1)

where Vp(q).Po ≜ {qp1.Po, · · · , qpkp
.Po},Pr(q.Po|Vp(q).Po)

is conditional probability and Pr(Vp(q).Po) is the joint prob-
ability of its parent nodes.

Because a parent node might serve multiple child nodes, the
limited output power of the parent node has to allocated among
the child nodes. Hence, Pr(q.Po|Vp(q).Po) depends on how
the power is allocated. We introduce scheduling decision S to
represent how the power of parent nodes is allocated among
child nodes. The conditional probability is reparameterized as
Pr(q.Po|Vp(q).Po, S) to reflect its dependence on S. As long
as S is deterministic and pre-defined, Pr(q.Po|Vp(q).Po, S)
can be computed for the given power of parent nodes, and
thus is treated as a priori. Combining with joint probability
Pr(Vp(q).Po), one can readily calculate Pr(q.Po) according
to formula (1). Given Pr(q.Po), we can readily compute

Pr(Aq) =

∫
q.Po∈Aq

Pr(q.Po).

Remark III.1. Since the EPS sizing determines the rated
capacity of each node, it is reasonable to say that node q
always outputs rated power q.Po, if working properly. That is:
q.Po takes values over the set {0, q.Pr}. By applying Total
Probability Theorem, Pr(q.Po) is computed as follows

Pr(q.Po) =
∑

Vp(q).Po

{Pr(q.Po|Vp(q).Po, S) Pr(Vp(q).Po)} . (2)

Because q.Po is binary, Vp(q).Po contains 2kp elements.
Hence, joint probability Pr(Vp(q).Po) is defined at 2kP pos-
sible instances. One can calculate Pr(q.Po|Vp(q).Po, S) for
each possible instance. If qqki

.Po is independent from the rest
variables, (2) can be rewritten as (3).

B. Constructing Layered Tree

As shown in (1), the joint probability of parent nodes is
necessary to calculate Pr(q.po). Since each node might have a
distinct set of parent nodes Vp(q), calculating joint probability
for the parent nodes of each node q becomes tedious and
redundant. Next we show that the DAG G can be reduced
to a layered tree, i.e., each node is assigned to a unique layer.
All nodes in the ith layer is denoted by qi. All nodes in the
same layer have all nodes in the previous layer as the set of



Pr(q.Po) =
∑

Vp(q).Po

{
Pr(q.Po|Vp(q).Po, S)× Pr(qp1.Po, · · · , qpki−1.Po, qpki+1.Po, · · · , qpkp .Po) Pr(qpki .Po)

}
. (3)

parent nodes. Specifically, for nodes in the ith layer, the parent
node set comprises all nodes of the i − 1th layer, i.e., qi−1.
We only need to calculate the joint probability of the same set
of parent nodes for all child nodes in the successive layer.

Given a DAG G(V, E), we propose Algorithm 1 to con-
struct a layered tree T . Let Vs ≜ {qs1, · · · , qs|Vs|},Vl ≜
{ql1, · · · , ql|Vl|} be the sets of source nodes and load nodes,
respectively. Tree T contains three priority queues Q,Qo, Qe,
and n lists Li, 1 ≤ i ≤ n where n represents the number of
layers. Here n is unknown in the beginning. List Li stores
nodes in the ith layer. A closed list Lc contains the nodes
which have been popped out of the priority queue. Note that
all priority queues, Q,Qo, Qe, are ordered according to the
g-value (or depth) of nodes. The pop operation returns and
removes the node with the lowest g-value.

Queue Qo stores junction nodes which connect to different
source nodes and have different depth values. This is illustrated
by Fig. 4 where q3 is a junction node, because two source
nodes qs1, qs2 can arrive. Particularly, the path from qs1 to q3
consists of two edges, and the node depth is 2; whereas the
path from qs2 to q3 consists of one edge, and the node depth
is 1. This inconsistency needs to be resolved.

qs1

qs2

q3q2

Fig. 4: Process junction node q3

Queue Qe stores the pairs of nodes whose depths are
inconsistent due to the presence of multiple paths between
them, where the multiple paths are originated from one source
node. As illustrated in Fig. 5, there exist two paths from qs1
to q3: path #1 passes q2 and path #2 directly connects qs1.
Thus, q3 has depth values 2 and 1, corresponding to paths #1
and #2, respectively. We record q3 for further processing to
determine its appropriate layer number.

For a DAG with multiple source nodes, starting from one
source node and performing a modified breadth first algorithm
(MBFA) on the DAG necessarily leaves other source nodes un-
visited. Hence, we need to perform MBFA for all source nodes
to construct T , as shown in line 4 of Algorithm 1. Based on
Qo and Qe in T , PostProcessing resolves the inconsistency
of depth values for all junction nodes and multi-path nodes.

qs1

q4

q3q2

Fig. 5: Process multi-path node q3

Algorithm 1: Layered tree construction
1 input G(V, E),Vs,Vl;
2 T ← ∅ ;
3 for i = 1 : |Vs| do
4 T ← MBFA(T , G, qsi);

5 T ← PostProcessing(T );
6 return T ;

MBFA is given in Algorithm 2. When invoked for the first
time with qs1, MBFA constructs a layered tree T1 where all
load nodes are visited and constitute all the leaves. Running
MFBA with source node qsi will visit two types of nodes and
update their g-value (Lines 13-16):

(i) nodes serviced by qsi but have not been expanded; and
(ii) nodes giving a larger g-value if following the path from

qsi (more distant from qsi than all previously visited
source nodes qs1, · · · , qsi−1).

FetchChild(q) returns the set of child nodes for node q. If
a child node qci has been visited and belongs to the closed
list Lc, which implies node qci is a multi-path node, then we
push node qci into Qo. In fact, any node having more than
one parent node will appear in Qo.

Algorithm 2: MBFA
1 input T , G(V, E), qsi;
2 Q← ∅; Qo ← ∅; Qe ← ∅; Lc ← ∅, qsi.g = 0;
3 Q.push(qsi);
4 while Q is not empty do
5 q ← Q.pop, Lc.push(q);
6 Vc(q)← FetchChild(q);
7 // breadth first forward search;
8 for i = 1 : |Vc(q)| do
9 // add new junction nodes ;

10 if qci ∈ T .Lc and q /∈ T .Lc then
11 Qo.push(qci);

12 // add multi-path nodes rooted at qsi;
13 if qci ∈ Lc then
14 Qe.push(qci);

15 // record the max depth value of node;
16 if not qci.visited or qci.g < q.g + 1 then
17 qci.g = q.g + 1;
18 qci.visited = true;
19 Q.push(qci);

20 T .Qo ← Qo

⋃
T .Qo;

21 T .Qe ← Qe

⋃
T .Qe;

22 T .Lc ← Lc

⋃
T .Lc;

23 return T ;

Proposition III.2. After invoking MBFA for all source nodes,
any node in G has been visited and assigned a g-value
representing its depth from a certain source node. The g-value



of any node in Qo and beyond (toward load nodes) represents
the number of steps of the longest path from source nodes to
the node.

Proof. Proof is omitted due to space limitation.

The MBFA does not address the two cases depicted in Figs.
4-5. Particularly, for Fig. 4 scenario, q3.g = 2 whereas qs2.g =
1. For Fig. 5, after MBFA, we have qs1.g = 1 by following
the path qs1 → q1 → q2 or qs1.g = 1. However, the g-value
should be 1 if following the path qs1 → q3. PostProcessing
resolves these inconsistencies. In Lines 4-9 of Algorithm 3, we
visit multi-path nodes one by one, and for each node, insert
(q.g − qpi.g − 1) number of virtual nodes between q and qpi.
In Fig. 5, we embed node q4 into the path qs1 → q3 so that
qs1.g is well-defined. Note that this operation does not alter
g-values of all existing nodes. In Lines 11-20, we conduct
a backward breadth first search: given a node q ∈ Qo, we
update the g-values of nodes whose g-values are inconsistent
with their child nodes.

Algorithm 3: PostProcessing
1 input T ;
2 Qo ← T .Qo; Qe ← T .Qe;
3 // process multi-path nodes;
4 while Qe is not empty do
5 q ← Qe.pop ;
6 Vp(q)← FetchParent(q);
7 for i = 1 : |Vp(q)| do
8 if qpi.g ̸= q.g − 1 then
9 T ← AddVirtualNodes(T , q, qpi);

10 // process junction nodes;
11 while Qo is not empty do
12 q ← Qo.pop; ;
13 Q← ∅; Q.push(q) ;
14 while Q is not empty do
15 q ← Q.pop;
16 Vp(q)← FetchParent(q);
17 for i = 1 : |Vp(q)| do
18 if qpi.g < q.g − 1 then
19 qpi.g = q.g − 1;
20 Q.push(qpi);

21 return T ;

By applying Algorithms 1 - 3 to an EPS topology in DAG,
one can obtain a layered tree structure.

q21

q22

q31

q32

q41

Pr(q21|q1)

Pr(q22|q1)

Pr(q31|q1)

Pr(q32|q2)

Pr(q41|q3)
q1

Pr(q1)

Pr(q42|q32)

q42

Fig. 6: An example of the layered tree structure

C. Calculating Node Probability

The discussion below is based on the layered tree structure
which is exemplified by Fig. 6. The EPS admits a layered tree
with n layers, where the ith layer contains ki nodes, and qi,j
denotes the jth node in the ith layer. All nodes at the ith layer
have the same parents: all nodes at the i− 1th layers.

Given the n layered tree, probabilities of all source nodes,
specification of all nodes, and failure rates of all nodes, one
can calculate the joint probability of all nodes in each layer
iteratively in a forward propagation manner. That is: at the ith
layer for i = 2, · · · , n, we calculate Pr(qi) of the ith layer,
based on the joint probability distribution of all nodes at the
previous layer and conditional probability Pr(qi|qi−1, S). We
repeat the process until i = n.

Generally, the sum of the rated output power of nodes
qi has to be greater than the rated input power of nodes
qi+1. This means if all nodes operate well, then the power
balance always holds. This is not true if some nodes in qi
fail. In such cases, the output power of qi is allocated to
qi+1, preferably in a deterministic manner. How to assign
the power to child nodes is a scheduling problem. Different
scheduling problems can be formulated to optimize individual
objectives, and thus render distinct solutions, referred to as
schedules. Solving scheduling problems through optimization
could be time-consuming. Instead, certain heuristic rules can
be defined to choose which child node gets the power first.
From system safety perspective, a simple but realistic rule is:
the parent nodes always try to meet the power demand of the
most critical child nodes at first. Another rule, from system
efficiency perspective, is: the parent nodes prioritize power
toward most efficient child nodes.

Given qi and scheduling decision Si, one can con-
struct conditional probability Pr(qi+1|qi). Considering that
qij is a binary variable, one writes Pr(qi+1|qi) as a
transition matrix Mi+1,i(Si), which is a 2ki+1 × 2ki -
dimensional matrix. Then formula (2) admits a vector
form: vec(Pr(qi+1)) = Mi+1,i(Si)vec(Pr(qi)), where
vec(Pr(qi+1)) and vec(Pr(qi)) are vectors in appropriate
dimensions. Once we have the joint probability Pr(qi), the
probability of Pr(Aq) for node q can be readily calculated.

Example III.1. For illustration purpose, assume all nodes
have efficiency 1. Let node q11.po = q21.pi = q22.pi = 1, and
node q12.po = q21.pi + q22.pi = 2. The non-zero conditional
probability Pr(q2|q1) is given by Table II. Here we prioritize
the power supply toward q21 over q22. ■

IV. RELIABILITY-BASED SYSTEM SIZING AND
CONFIGURATION TRADE STUDY

In this section, Problem II.2 is formulated as an INLP.
For illustration purpose, let us consider the EPS shown in
Fig. 7, where generator, AC/DC converter, DC/AC converter,
and motor are connected in series. The EPS topology has
been put into the layered tree structure. All generators and
converters are assumed fully connected: any generator can
serve any converter if needed. Similarly, inverters and motors



TABLE II: Conditional probability

(q11.Po, q12.Po) (q21.Pi, q22.Pi) = (0, 0) (q21.Pi, q22.Pi) = (1, 0) (q21.Pi, q22.Pi) = (0, 1) (q21.Pi, q22.Pi) = (1, 1)
(0, 0) 1 0 0 0
(1, 0) 0 1 0 0
(0, 2) 0 0 0 1
(1, 2) 0 0 0 1

are fully connected. Node q might contain a total number of
nt
q units installed, where nu

q is the number of units in use
to deliver rated power, and nr

q = nt
q − nu

q is the number
of backup units. We further assume that any unit failure
can be mitigated instantaneously by deploying a backup unit
without the interruption of service. Problem II.2 is reduced to
determine parameters in Table III.

TABLE III: System design parameters

Notation Description Note
nt
1, n

u
1 total and used number of generators integer

nt
2, n

u
2 total and used number of AC/DC converters integer

nt
3, n

u
3 total and used number of DC cables integer

nt
4, n

u
4 total and used number of DC/AC converters integer

nt
5, n

u
5 total and used number of motors integer

nt
6, n

u
6 total and used number of propulsors integer

To simplify presentation, we introduce a set of node indices
I : {1, · · · , 6}. System power is related to decision variables
nt
q, n

u
q . We have for the kth node,

nu
kρ

p
kmk ≥ Sp, ∀k ∈ I,

where mk and ρpk are the weight and the specific power
density, respectively; and Sp is the power supplied to load
nodes. For a unit, denote the unit power Pk for k ∈ I.

Heat balance arises from the fact that power losses of all
units turn into heat and have to be dissipated properly. For the
kth unit, with the rated power P r

k and power efficiency ηk,
the power losses is P r

k (1−ηk). In many cases, the heat has to
be removed by using coolant, which incurs additional system
weight and power consumption.

Optimization-based system design problem formulation
boils down to turn system physics and customer requirements
into constraints and objective function. We have constraints

− nu
kP

r
k ≤ −Sp, power balance for k ∈ I

λΣEPS
≤ Sf = 10−9, reliability requirement∑

k∈I

nt
k ≤ SN = 100, complexity requirement

nt
k, n

u
k are positive integers, ∀k ∈ I

1 ≤ nu
k ≤ nt

k.

(4)

The objective function is the system weight given by J =
Sw1 + Swc with

Sw1 =
∑
k∈I

nt
kmk, component weight

Swc =
∑
k∈I

ckn
u
kP

r
k ηk, coolant weight,

where ck is the coefficient from power loss to coolant weight
for the k component. Finally we formulate the EPS sizing as
the following MINLP problem:

min
{nt

k,n
u
k ,k∈I}

J subject to (4). (5a)

Remark IV.1. Given the SPD of kth unit and the number of
units to be used, the power constraint can be satisfied as long
as the component weights more than Sp/(n

u
kρ

p
k). With this, the

power constraint can be removed, while the component weight
admits the following formula Sw1 =

∑
k∈I

nt
kSp

nu
kρ

p
k
. This makes

the cost function nonlinear in nu
k .

V. SIMULATION

We conduct reliability assessment for a system represented
by Fig. 7. Assume that all units in a particular layer have
the same specifications. With the data shown in Table IV, we
calculate the probability that each node receives rated power
as shown in Fig. 8. The calculation shows that the system’s
failure rate does not meet the requirement.

TABLE IV: Component specifications

Notation Rate power Failure rate Power density
q11, q12, q13 1MW 10−6 9kW/kg

q21 2MW 5× 10−6 20kW/kg
q31 2MW 10−10 10kW/kg

q41, q42, q43 1MW 5× 10−6 20kW/kg
q51, q52, q53 1MW 1× 10−6 10kW/kg

q6 2MW 10−10 10kW/kg

Fig. 7: EPS example in layered tree structure

Given the topology of EPS, we can further conduct sizing:
determine the number of units to be installed at each node.
For the EPS as shown in Fig. 7, reliability analysis shows
that installing 1 unit in the second layer does not provide
required reliability. In order to determine how many units are
needed at each layer, we first simplify the topology into a
string, by collapsing all units in a layer into one node. Hence,
Problem II.2 is solved to determine the number of units. Let
the upper and lower bounds of units can be installed for layer
{1, · · · , 6} be 5, 8, 3, 8, 5, 5, respectively. We formulate the
INLP to minimize the system weight using CasADi [29], and
use Bonmin® to solve for the solution given by

nt
1 = 5, nu

1 = 4, wt
1 = 277.78kg



nt
2 = 8, nu

2 = 7, wt
2 = 114.29kg

nt
3 = 3, nu

3 = 2, wt
3 = 300kg

nt
4 = 8, nu

4 = 7, wt
4 = 114.29kg

nt
5 = 5, nu

5 = 4, wt
5 = 250kg

nt
6 = 5, nu

6 = 4, wt
6 = 250kg.

The system has a failure rate 10−9 and weight 1306.3kg.

Fig. 8: Reliability assessment: node failure probability.

VI. CONCLUSIONS AND FUTURE WORK

This paper presented a probabilistic algorithm to assess the
EPS reliability. Based on the reliability assessment, the EPS
sizing problem was formulated as an INLP which can be
solved by using open-source optimization software. Simulation
validated the proposed methods. We note that both the original
INLP and its relaxation are challenging to solve. The former
is mainly because of its combinatory nature, whereas the
latter is due to lack of accurate gradient approximation. Future
extensions are 1) developing methods to solve the relaxation
problem; and 2) integrating reliability estimate, sizing, and
topology selection in a systematic manner.
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