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The synthesis of power distribution architecture for More Electric Aircraft requires
optimization of weight in order to reduce energy consumption. Optimal weight of the power
distribution system of the aircraft mainly depends on compliance of stringent safety
requirements, as well as component selection and location. Safety is dictated by the reliability
constraints that ensures distribution adequacy to maintain critical loads powered at all times.
Optimal component selection and location is a combinatorial problem that determines a set of
interconnected devices located in specific positions such that the resultant topology has
minimum weight. Given the complexity in producing and solving such optimization
formulation, this paper realizes a linear optimization design that is subject to reliability
constraints to comply with safety requirements, and component selection and location
constraints such that the weight of the electrical distribution system is minimized. The design
formulation is presented as a Mixed Integer Linear Programming problem and a case study
is used to exemplify the synthesis of a power distribution architecture that is optimal.

I. Nomenclature

set of available generators

set of available distribution paths (generator — load connections)

set of available distribution components

set of available connections between distribution components

set of selected distribution paths (generator — load connections), K € €

SR
7]

Generator Selection and Generator-Load Pairing

G=(9¢8) = graph containing set of generators g and distribution paths £

wy, PS = weight, and power rating for generator s

Ly, rarceT, 1 = load demand and reliability target for load [

Js = Boolean selection for generator s

Vst = Boolean selection for distribution path that connects generator s with load !
Tyl = reliability of distribution system or path that connects generator s with load !
Ugp, Wh = weight linearization Boolean variable and coefficient

Power Distribution Design
G=(,A) = graph containing set of components V' and connections A
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k, g = distribution path (k € K, k € &), reliability target for distribution path k
Pijg, Pig = power flow on connection i, j and component i for distribution path k
Wij, Wi = fixed weight for connection i, j; fixed weight for component i

w}}"", wiW = variable weight for connection i, j; variable weight for component i

Xij, X = Boolean selection for connection i, j and component i

TijpTi = reliability of connection i, j, reliability of component i
dkoAD qGEN load demand and power generation of the distribution path k

Zij ks Bik Boolean variables to associate connection i, j, component i with distribution path k
m;,n; = Abscissa and ordinate position of component i

cAWG = Boolean variable to select a unique standard wire gauge if connection i, j is selected
[AWG 4 AWG = ampacity and resistance per-unit-of-length of standard gauge type o

wiwe = weight per-unit-of-length of standard gauge type o

= Boolean variable to select alternative paths for distribution path k
permissible voltage drop (in p.u.), and operational voltage for connection i, j

D) OoP
DROP
Vp.u. , Vij

I1. Introduction

The More Electric Aircraft (MEA) power distribution system consists of a set of interconnected components that
performs power transmission and conversion to supply all loads with power at the required voltage level and format
(AC or DC) [1], [2]. DC systems are very attractive in MEA due to the reduced number of conductors [3] and the
inexistence of reactive power compared to AC systems [4]. In addition, among several wiring electrical configurations
studied for MEA, DC systems proved to be the candidate that provides maximum power transfer and maximum weight
to power ratio capability for the same voltage range [3]. Several DC distribution topologies have been proposed in
MEA to provide adequate number of power conversion levels, high reliability, and high-power density [1], [5]-[7].
Hence, the main objective in determining a power system architecture for MEA is minimizing the amount of weight
(reduce the system’s payload) while exploiting safety and power transfer capabilities.

Safety specifications can be translated into a set of reliability constraints that ensures the power system comply
with a certain reliability level (reliability metric) by assembling sufficient number of components and distribution
paths [8], [9]. Several approaches based on reliability-based optimization problems [10] have included safety
specifications as reliability constraints in linear optimization formulations which resolves for an optimum topology
[11], [12]. These techniques can be applied either with iterative or sequential algorithms. In the former, the number of
reliability constraints increase depending on the reliability requirements [11], so that the connectivity complexity is
increased only if required by specification (otherwise, simpler topologies are feasible). In the latter, starting at an
abstract representation (platform) of the system’s functional and safety specifications, the design walks through a
certain number of refinement steps until the platform is very close to final implementation [13]. Although these
formulations synthesize a power system architecture based on functional and reliability requirements, there are further
steps to be performed in order to bring the solution closer to a final implementation. This paper pretends to close this
gap by exploring weight minimization via component selection and location while complying to a set of reliability
constraints. The design exercise is formulated as a Mixed Integer Linear Programming problem (MILP) to experience
the advantage of reaching optimality in polynomial time (depending on the number of variables) and using powerful
MILP solvers available commercially. The rest of the paper is outlined as follows. Section Il develops the design
formulation to synthesize a power distribution architecture considering connectivity, reliability, component selection,
and location constraints. Then, Section IV presents a linear transformation of the design problem. Section V
exemplifies the use of the proposed formulation in the case study. Finally, Section VI comes to the conclusion of the

paper.

I11. Design Formulation

The power system design must comply with the functional and safety specifications through the enforcement of a
set of connectivity and reliability constraints. In addition, constraints on the components’ selection and location are
included in an attempt to get closer to a final implementation where the MEA power distribution’s weight is
minimized.

The MEA power distribution system comprises a set of interconnected power sources and distribution devices that
performs power generation, transmission, conversion, and distribution to supply power to loads. For the rest of the



paper, the power sources are assumed to be generators driven by the aircraft’ turbine engines. Given that the power
conversion is driven by a power density (kW/kg) and the amount of power to convert, the weight of the power
distribution system is independent from the generator-load combination. Hence, following a PBD methodology [14],
the MEA power system is synthesized in two sequential steps [13], [15]: generator selection and generator-load pairing
(GS&GLP), and power distribution design (PDD). The former selects a number of power sources (generator selection)
and determines which loads are supplied by those power sources at any time (generator-load pairs or distribution
paths). Then, the latter synthesizes a power distribution topology whose number of components and their
corresponding sizes depend on the previous generator-load pair arrangement or number of distribution paths [13],
[16].

The design exercise requires to supply a pre-specified set of critical loads L with functional and reliability
requirements. Let a set of g generators and a set of £ distribution paths (generator-load connections) be represented
by a template (graph) G = (g, £€). Each generator s has a set of parameters, i.e. weight ws, reliability r;, and power
rating PY. The GS&GLP step attempts to select subsets 8 € ¢ and K € £ of generators and distribution paths
respectively that minimizes generation weight w, supply each of the critical loads [ (from the set L), and satisfies the
connectivity and reliability constraints. Let Boolean g, determine the selection (g; = 1) or rejection (g, = 0) of a
generator s of the set g. The generation’s weight minimization can be written as:

mivraimize (Z Wst) D
.9,y -

In (1), ws is the weight of generator s and the product w, g, equals w; if g; = 1 (otherwise, generator s is not
selected and its weight contribution is 0). The generator weight w; is assumed to be a function of the power rating
PE. The weight of the distribution system is not included in (1) because in the GS&GLP step, the distribution system
is represented as a set of parameter-less generator-load connections (distribution paths) whose humber depends on the
loads’ reliability requirements. The power distribution parameters (which are considered independent from the
generator-load arrangement) are optimized in the PDD step. The functional requirements are determined by a set of
connectivity constraints and the reliability requirements enforces sufficient power generation capacity and distribution
paths to supply critical loads.

The connectivity constraints allow each load [ to be connected to a generator s. Each of the selected generators s
must have a power rating PS greater than the minimum power rating PS,y but less than the maximum power rating
available PG ,y. A set H of h commercial power rating values P¢ can be used to select a specific P¢ for generator s.
Let a Boolean ug, select a power rating value h € H for generator s. Each generator has a unique power rating if
selected, then,

Z Ush < s Vs (2)

h

Let the Boolean yg; determine the selection (y,; = 1) or rejection (y,; = 0) of the distribution path sl connecting
generator s to the load [. A load [ is connected to a generator s if that generator has been selected, then,

Yo < Z Ugh Vi, Vs 3)
h
Each load is connected at least to one generator, then,
Z Ya=1 vl 4)
S

The power rating P{ of the generator s is greater than or equal to the total load connected to it, then,

Z Liyg < Z Pfugy, Vs ®)
7 7

For each load [, the reliability is considered as the availability of power supply on the load’s terminal. Hence, there
is a certain reliability target rrapger, ; for each load [ that needs to be achieved. Let r; be the reliability of the generator
s, and rg; the reliability of each distribution path y,; (generator-load connection). When a load [ is connected to a
generator s, the reliability on the load terminals is rg; 1y, which is the reliability of a series-system. When a load [ is



connected to more than one generator, the reliability of a parallel series-system can be applied. Then, the reliability of
a load ! connected to multiples generators must be greater than or equal t0 rrapget, 1, then

1- 1_[(1 — YsiTsiTs) = TTARGET, 1 vi (6)
S

The product yg,;rg in (6) allows to set ry; to 0 if the distribution path yg,; is not selected (y; = 0). As mentioned
before, the outcome of the GS&GLP step is a group of generators s € g with their corresponding ratings P¢ and a
group of distribution paths (generator-load connections) K < & with their corresponding reliabilities ry;. The reliability
constraint in (6) contains the distribution path’s reliability variable ry; which is used as the reliability target of the
distribution path in the PDD step.

The PDD step aims to synthesize a power distribution architecture that implements the distribution paths
arrangement (generator-load connections) found in the GS&GLP step. Consider a set N of power distribution
components and a set A of feasible connections between the power distribution components. Let these two sets be
represented by a template (graph) G = {V', A}. Each component i has a set of parameters, i.e. weight w;, reliability
13, and power conversion/transmission capacity P;. Similarly, each connection i, j has a set of parameters, i.e. weight
wy;, reliability r;;, and a power flow P;;. The PDD attempts to select a subset of components n € V" and a subset of
connections a < A that minimizes power distribution weight, while satisfying a group of connectivity and reliability
constraints. The power distribution weight consists of a fixed weight (installation payload) and a variable weight that
depends on the amount of power flow converted/transferred.

Let a Boolean x; select a component i from the set V" (all selected components will form the subset n). Also, let
component i have a fixed weight w;, a variable weight wX"W that represents the ratio between a unit of weight and a
unit of power converted/transferred, and a power flow P;. Similarly, let a Boolean x;; select a connection (from the
set A) between component i and j (all selected connections will form the subset ). Let each connection i, j have a
fixed weight w;;, a variable weight w}(j"" that represents the ratio between a unit of weight and a unit of power
transferred, and a power flow P;;. The parameters wiW and w}j-w (in kg/kW) are the inverse of the power density (in
kWi/kg) for components and connections respectively. Then, the total power distribution’s weight (fixed weight plus

variable weight) can be written in terms of selection variables x;, x;; and power flows P;, P,

minimize Z wijxij + Z wix; |+ Z WEWPL',- + Z WL}(WPL' 7
Pxv

(LN)EA = (NEA iEN

The first term in (7) is the summation of all fixed weights, and the second term is the summation of all variables
weights (which depends on the amount of power flow converted/transferred). Given that the PDD step implements
the solution of the GS&GLP (constructing the selected distribution paths yy;), there is a number of K distribution paths
that are built with selected components x; and connections x;;. Each distribution path k (k € K, k exists if and only
if y; = 1) connects the generator s and the load [ of its corresponding yq;. It is possible that two or more distribution
paths k could share the same component i and connection i, j (depending on the reliability constraints also). Also, all
the component’s power flows can be expressed in terms of the connections’ power flows P;;. Let a connection i, j
have a power flow P;;, for every distribution path k such that P;; = ¥y P;j i (if connection i, serves only one
distribution path k, then only one P;;, # 0, and all other P;;, = 0), and let a component i have a power flow P; ; for
every distribution path k such that P; = Y,k P;, (if component i serves only one distribution path k, then only one
P; # 0, and all other P;;,, = 0). Note that P; , can be expressed in terms of the incoming (or outgoing) connections’
power flows, i.e. P = ¥,; P;;x such that the flow through component i is the summation of all incoming (or outgoing)
flows coming from other components 7. As P = ¥.; Pk, the component i flow is P; = Yyex X Pjix- FOr any
component i, it is assumed that summation of all incoming flows is equal to the summation of all outgoing flows, i.e.
% Pji = X Py k., in other words, losses are negligible by considering highly efficient components (otherwise, losses
must be modelled). Now, the power distribution’s weight in (7) can be written as,

ming‘r’?ize Z wijx;; + Z wix; |+ Z (wi'jwz Pij,k> + Z wiW Z z Pjik 8

(i,j))eA EN (i,j))eA kEK IEN keK j



Similarly to (7), the first term in (8) is the summation of all fixed weights, and the second term is the summation of
all variables weights (which depends on the amount of power flow converted/transferred). In (8), all power flows are
expressed in terms of connections’ power flows P;;,. The functional requirements are enforced with a set of
connectivity constraints and the reliability requirements enforce sufficient number of components and connections to
maintain the critical load [ of the distribution path k (for which y,; = 1) connected to the generator s.

The first connectivity constraint is the flow balance (nodal equation) on every component i € V. Within the
distribution path k, it will be assumed that only generator s provides the power supply d$EN which is equal to the
power demand needed on load [, or d:4P. Thus, for generators, dg£V # 0 and d:°4P = 0, and for loads, d¢ZN = 0
and di%4P # 0. For the rest of components (step nodes), dk°4P = d%EN = 0. Then, the flow balance for every
component i that is part of the distribution path k can be written as,

Pji,k - Z Pij,k + dkOAD - dgEN = 0 Vi e N, Vk EK (9)
i|GDEA i@ )eA
Constraint (9) is the nodal flow equation for every component i € V' that is part of distribution path k € K. By

convention, incoming flow and load demand is positive, while outgoing flow and generation power is negative. For
every component i that is selected, its incoming (and outgoing) connections and also be selected, then,

Xij < Xx; V(l,]) EA,VIiEN (10)

Power flow is allowed only on selected connections and components (otherwise, it is 0). Given that distribution path
k delivers power demand d%%4P from a generator supplying dgE", the flow of the distribution path k is limited to
dk%4P  For simplicity notation, let d,, be equal to dk°4P, then,

Pijx < dyxij V(i,j) EAVkEK 11
Z Pjij < dix; VieN,VkEK (12)
JEN

Constraints (9)-(12) allow connectivity between power distribution components and connections. Now, the
reliability constraints enforce that a sufficient number of components and connections are selected in order to ensure
that the distribution path k supplies its critical load from the corresponding generator. Recall that the template G =
{V, A} contains all permissible interconnections between components (from generators to loads) so that the critical
load receives power from an adequate power conversion level or bus. A distribution path k is, on its simplest structure,
a series system that connects a generator with a critical load. Then, the reliability constraint of a distribution path k
(series system) can be written as,

1_[ xi}'Ti}' <1_[ xm) > st \v k EK (13)
jlt.pek

i€k

where 7; is the reliability of component i, r;; is the reliability of connection i, j, and r; is the reliability target (equal
to the reliability of the distribution path k of the GS&GLP step). In this case, (13) implements the distribution path k
as a series system. However, there are other ways to implement k. There are a number of network design approaches
that can be used to build a power distribution system (network is a system of interconnected components in this
context). These approaches are known as resilient designs [] and they propose a number of v alternate paths in the
case that any component or connection of the distribution path k (series system) fails. A reliability constraint
considering the alternate paths connecting the generator-load pair of the distribution path k can be written as,

1- 1_[ 1- 1_[ XijTij (1_[ xm) 271y VkeK (14)

w jl(i))ek i€k

The left-hand side of (14) is the reliability of a parallel-series system. Depending on the reliability target ry;, (13) could
not synthesize a distribution path and (14) will be introduced so that alternate paths are available and the reliability
target ry; can be achieved. Up to this point, a minimum-weight topology for a power distribution system can be
synthesized using (1)-(14). In order to get closer to a final implementation, additional constraints on the components’



selection and location are included. These constraints allow to determine the impact of location and sizing on the
overall system’s construction.

Let the 2- dimensional space availability on a MEA airplane be represented with two straight lines, one (horizontal)
spanning from the left- to the right-wing tips (wing line), and the other (vertical) crossing from the cockpit to the APU
at the back of the plane (fuselage line). The components are located in any position along each one of these two lines.
If selected, a component i is located in a unique position (m, n), then,

m{-VHNx,- < m; < m?/[AXxi VieN (15)
nMNx, < n; < nMAy; VieN (16)
where m;,n; are the abscissa and ordinate location variables for component i; mM™N, mMAX are the minimum and

maximum abscissa location, and nM™N, nMAX are the minimum and maximum ordinate location. If x; = 0 in (15)-(16)

(component i is not selected), the location variables m;,n; are automatically set to 0. The connection’s length I;;
connecting two components i and j (i.e. the length of connection i, j) can be determined by,

Lij = |m —my| + n; — ny V(i,j) €A 17)

In (17), the length is measured as the sum of the absolute difference of the components’ locations (1-Norm). There is
no need to use Euclidean distance (2-Norm) because the components are only located along the two lines (the wing
line, and the fuselage line). To ensure that each component has a unique location (no two components are placed on
the same position), the constraint for unique location is,

lij = exij V(l:]) EA (18)

where € is atolerance gap (distance gap) to force either |m; — m;| > € or |n; — n;| > € when connection x;; is selected
(recall that components are located only along the wing line or along the fuselage line), hence m; # m; or n; # n;.
The selection of components is completed by including the location constraints (15)-(18). However, there is a set of
constraints that are required to complete the selection of connections.

It is assumed that a component’s location does not influence the component’s size, i.e. component is selected only
by the compliance of the connectivity and reliability constraints. In fact, adding other connectivity or reliability
constraints would only intensify the search over the available components in the template G = {IV', A}. However, the
connection’s size is heavily influenced by the location of the components that it connects. There are two main
characteristics that change in a connection depending on its length: 1) ampacity (gauge type), and 2) voltage drop.
The selection of the connection’s ampacity depends on the power flow transferred between any components i, j, while
the voltage drop depends on the maximum permissible voltage drop and connection’s length.

Consider a set O of standard wire gauges that are available for use. Let a Boolean ¢;; , select a standard wire gauge
o (o € 0), then, each connection x;; that has been selected has a unique standard wire gauge, so,

Z Cijo < Xij V(i j) € A (19)
0€0
Each standard wire gauge o has an ampacity IAV¢, a resistance per-unit-of-length »2W¢, a weight per-unit-of-
length woWE. waWG is different from wi" (inverse of the power density or power-to-weight ratio). Let the operating
voltage of the connection i, be VL-‘]?P (this voltage is pre-defined according to the power conversion components
considered in the template G = {WV', A}). The ampacity constraint enforces that the current flowing through connection
i, j is less than or equal to the ampacity cA™¢ of the wire gauge o, then,

P: .
oF < z 18%%¢ij0 V(i,j) €A (20)
i 0€0

where Pl-j/V,-‘}P represent the current flowing through connection i, j. Now, let the maximum permissible voltage drop
(inp.u.) be Vp'?lﬁop. The voltage drop constraint ensures that the voltage drop across the connection is less than or equal
to the maximum permissible voltage drop, then,

P..
V—gflmoAWGlij < VPROPYOP 4+ VOP(1 — i) V(i,j) €A, Vo €O (1)
ij



where (21) is written using Big-M method. When ¢A"6 = 1 (i.e. a wire gauge is chosen for a selected connection),
constraint (21) enforces the actual voltage drop to be less than or equal to VP V0% if c4WS = 0, the actual voltage
drop is arbitrarily set. In summary, constraints (15)-(21) are introduced as location and selection constraints and these
constraints aim to determine the cabling size of the power distribution system. If these constraints were not considered
in the design, the topology’s weight would still need to be adjusted in further refinement steps during the PBD. In the

following section, the linearization of constraints (6), (13), (14), and (21) will be discussed.

IV. Linear Transformations on Non-linear constraints
The reliability constraints in (6), (13), and (14) are non-linear because of the products between Boolean variables.

In fact, these Boolean allow reliabilities to be set to 0 when the components or connections are not selected. In the
case of (6), the products can be linearized by taking the logarithm on both sides of the constraint, then,

Z ysiIn(1 — r75) < In(1 — rragger, 1) vi (22)
S

where the Boolean y,; has been taken outside the logarithm because In(1 — y1r;75) = 0 when yg; = 0, then if yg; is
multiplied by In(1 — ry7) the result is the same for y;; = 0 (same results are obtained for y,; = 1). Similarly, the
products in (13) can be linearized by taking the logarithm on both sides of the constraint, then,

zij In(ri;) + Z 3 In(ry) = In(rg) vk €K (23)

Jl(j)€EeA iEN
where z;;, and z;, are Boolean variables that determine if a connection x;; and component x; are used for a
distribution path k (note that constraint (13) is a product series over connections (i, j) € k and components i € k).
Linearization of constraint (14) is more complicated (reliability of a parallel-series system). Let a Boolean q,,, be set
(9, = 1) if an alternate path w is constructed. Also, let the series system of the inner product have a reliability 7,

and let this series system be linearized in the same way as presented in the left-hand side of (23). Then, the linearization
of a parallel-series system is,

Z g In(1—-17) <In(1 —1rg) VkeK (24)
w
Ziji In(ri;) + Z Zii In(ry) = In(7,) vk €K (25)
jlGeA iew

Finally, the left hand-side of (21) presents a product of two continuous variables, P;; (that depends on the amount of
power flow) and ;; (that depends on the location of components). There are a number of alternatives for linearizing
products of continuous variables (this product can be thought of as a surface). One alternative is to discretize the
product so that a small section is represented by a point in the middle of the section. Other alternative is to use surface
approximations [17] in order to have intermediate values. A third alternative is to use McCormick envelopes [18]
which are linear envelopes that provides lower and upper boundaries for each section. In any case, the product P;;1;;
is replaced by a third variable which is solved with the linearization method that fits best.

V. Case Study

A case study is presented to exemplify the use of the design formulation detailed in Section 11l. A MEA power
distribution system is synthesized to fulfill the requirement of supplying electrical power to 4 loads (total demand is
125kW) in a small MEA. The loads’ requirements (power demands and reliabilities) are shown in Table 1.

Table 1 Load requirements

Ly L, L3 Ly
Loads L; [kW] 50 25 40 10
1 — TraRGET. 1.0 x 107° 1.0 x 107¢ 1.0 x 107° 1.0 x 107°




The load’s reliability target is expressed as the probability of not being supplied with electrical power, i.e.
1 — rrarger,- Loads Ly to Ly are LV DC, and L, is the only HV DC load. The templates G = {g, £} for the GS&GLP
and G = {WV, A} for the PDD steps are shown in Fig. 1. Because there are LV DC and HV DC loads, the power
distribution system is assumed to have two voltage levels (high voltage DC and low voltage DC) and one power
conversion level to convert HV DC to LV DC. Power conversion is performed by HV/LV DC power converters which
can be fed from several generators (power sources) and its LV DC output can be paralleled to other power converters
to supply the same load bus. In the LV DC side, LV DC buses distribute the power to the LV DC loads. In the HV
DC side, there are source matrix contactors (HV box) that distribute the generation power. The source matrix contactor
(HV box) is a device that receives power inputs from multiple generators, routes the received power to the HV/LV
DC power converters, and supplies power to the HV DC loads directly. It is assumed that the source matrix contactor
(HV box) is configured in such a way that there is no risk of cross-connecting generators. Thus, there are three types
of power distribution components: source matrix contactor (HV box), HV/LV DC power converter, and LV bus.

/ GS3GLP ™ /POD @Q N
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Lﬂ/7 sz LSV L4v Loads ‘ H H h H
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Fig. 1 Templates for GS&GLP step (left), and PDD step (right)

The parameters of the generators are listed in Table 2 (all generators have the same range of parameters). The
generator’s power rating PCspans from 25kW to 150kW. The generator’s weight w, is modelled as a function of the
power rating PE, i.e. ws(PY), and this function is linear. The generator’s reliability 7; is presented as the probability
(of generator s) of not supplying power, i.e. 1 — ;. The selected generators can have different power ratings and
weights, depending on the optimal solution found in the GS&GLP formulation. The reliability of the distribution path
T IS assumed to be in the range of 0.9000 to 0.9997 (it can also be expressed as 1 — ry,;, or the probability of the
distribution path of not delivering power from generator s to load [. The GS&GLP optimization problem is:

min Eq.(1) (26)
subject to Egs. (2) — (5),Eq. (22) 27)
Table 2 GS&GLP input specification for MEA design
PE[kW] PMIN = 25, pMAX = 150
w,(PE) [kg] 12.2 + 0.1428PF
Generators
1—1, 1.0 x 1075
g [0.9000, 0.9997] or 1—r1g: [1.0Xx107%3.0x 1074]

The parameters of the power distribution components and connections are listed in Table 3 (all components of the
same type have the same parameters). The fixed weight for components and connections w;, w;; is in kg, and the

variable weight wV, w}‘j"" is in kg/kW. The reliabilities r; and r;; are expressed as the probability of not performing
the intended function (or the probability of failure) 1 —r; and 1 —r;;. The PDD optimization problem is:

min Eq. (8) (28)
subject to Egs. (9) — (12),Eq. (23) or (24) — (25), Egs. (15) — (21) (29)



Table 3 PDD input specification for MEA design

HV box Converters LV DC buses Connections (ij)
Power wi, W;j [kg] 1.8 8.5 1.8 0.2
distribution kW WiV [kg/kw] 0.1 0.3 0.1 0.05
1-1,1-r1 5.0 x 1076 1.0 x 107* 5.0 x 10~¢ 2.0x 107

The position (location) of the generators and loads is fixed. The four loads are located according to the following
arrangement: two LV DC loads are located in the wings (one on the left wing, and the other on the right wing), one
LV DC load is located in the airplane’s cockpit, and the HV DC load is located at the back. The generators can be
located in the engine area (left and right), and the location in the tail is also available. The rest of the power distribution
components are located according to the PDD formulation. The MEA power system architecture synthesis is solved
in two steps: GS&GLP problem (26)-(27), and PDD problem (28)-(29). The case study is solved using a Windows
High Spec PC Intel Xeon 64-bit 3.60GHz running CPLEX Studio IDE 12.9.0 [19]. The results of the MEA synthesis
is shown in Fig. 2.

3500

Generator
HV/LV converter
HV box

LV bus

3000

¢ 00

2500

2000

Ordinates (cm)

1500

1000

500

1 I
0 500 1000 1500 2000 2500 3000

Abscissa (cm)

Fig. 2 Results for MEA power system architecture synthesis, location (left), topology (right)

The topology of the MEA power system is shown in Fig. 2. The connections shown in Fig. 2 only reflects the
topology’s connectivity and the optimal location for the power distribution components (for illustrative purposes). In
reality, the connections are wired only along the wing-line and the fuselage-line. The optimal solution has taken this
condition into consideration and the optimal solution has been reached.

V1. Conclusion

An optimization-based formulation for the design and synthesis of a MEA power system architecture that has
minimum weight has been proposed. Functional constraints have been translated to a set of connectivity constraints
and the safety requirements have been translated to a set of reliability constraints. Given the non-linearity of the
reliability constraints which ensures that critical loads are supplied at all times, linearization is performed to allow
mixed integer linear programming solvers to find an optimum solution. A set of location and selection constraints are
introduced to improve the accuracy of the minimum weight solution. A case study for a small MEA plane has been
presented.
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