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Abstract

The trend of cost-effective access to space and satellite technologies’ evolution is increasing the small satellite market.
However, small payloads usually ride as piggyback, being a secondary passenger of a space vector, with very low flexibility in
target orbit and launch schedule. The micro-launchers are designed to answer the needs of the small satellite missions, with a
payload capacity up to 350 kg to Low Earth Orbit, aiming to low turn-over time and competitive prices. This paper explains the
work performed by Politecnico di Torino in support of the ESA-ESTEC activities on micro-launchers. The aim is to provide
preliminary guidelines for choosing and evaluating new innovative micro-launcher flight vehicle engineering processes. A
trade-off methodology is proposed and defined based on the Analytically Hierarchical Process (AHP). This methodology
considers, among other features, the flight profile, maximum payload, and physical characteristics. To support the trade-off
analysis, a software tool is built for the automatic generation of the aerodynamics and propulsion parameters needed for the
completion of the preliminary designs, enabling the performance estimation. The launcher’s performance models, with an
analysis of the take-off sites and target orbits, are also produced. This allows the definition of performance maps where the
maximum payload is graphed as a function of the orbit altitude and inclination. A set of innovative micro-launchers exploiting
different technologies is also assessed as a case study.

Keywords Micro-launchers - Trade-off - Conceptual modelling - Propulsion aerodynamics

1 Introduction During the last decade, the near-Earth space paradigm

has shifted from powerful, large, and sometimes overly-

The micro- and nano-launchers are of great interest to glob-
ally strengthen the access to the space sector. In particular,
the micro-launchers, designed for a maximum payload of
around 350 kg, are now under investigation. The develop-
ment of these new launch systems answers the request for
dedicated and flexible access to space for the small satellite
platforms. Moreover, it provides a solution to a new regula-
tory framework that will reduce the piggyback missions that
conventional launchers can perform [1,2].
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expensive solutions to cost-effective and small-sized satel-
lites. The technological advancements in electronics, avion-
ics, and software reliability facilitate and support this ten-
dency. The tasks once performed by massive satellites can
now be achieved by a small satellite, a CubeSat, or Cube-
Sats swarm. Both the scientific and the commercial market
are pointing towards those solutions, creating new needs for
dedicated launchers.

Usually, because of their small dimensions, most of those
satellites ride as piggyback alongside the primary payloads,
e.g., as secondary payloads of the International Space Sta-
tion resupply cargo. Those solutions’ main problems lay in
the lack of flexibility on the target orbit parameters and slots
availability of the conventional launchers. As the potential
applications of small satellites rise, a new market opens its
opportunities: new space launchers, many private-led [3],
totally dedicated to small satellites. Those companies point
towards reduced launch prices, launch location flexibility,
and a high launch rate per year.
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A large number of micro-launcher projects are undergoing
(more than 80 different concepts are estimated [3]). The inno-
vative space vectors are proposed featuring quick turn-over
time, several launches per month, and competitive prices.
Some of them aim towards green or innovative solutions,
others towards the application of off-the-shelf technologies
reducing the development risk. The variety of concepts raises
the need for an evaluation methodology addressing this inno-
vative space system.

Politecnico di Torino, in collaboration with the European
Space Research and Technology Centre (ESTEC), is per-
forming a study to compare the performances versus costs of
several micro- and nano-launchers.

This article focuses on a trade-off methodology for the
assessment of innovative micro-launcher concepts. The work
is supported by an ad-hoc conceptual design tool and a
database of current and prospective micro- and small launch-
ers. This approach allows the estimation of data either not
publically available or not existing in those concepts at an
early development stage. The debate on the small-sat mar-
ket’s actual size, the reliability of the business case, and the
competitiveness of those launch services are still open points.
This work aims at providing a helpful tool to evaluate differ-
ent concepts and provide awareness on the criteria that drive
the evaluation.

2 Methodology

Several trade-off methodologies have been considered for
this work. No literature has been found for applications on
micro-launchers. The proposed methodology addresses the
need for new criteria definition and the implementation of
also qualitative assessments.

These may be grouped by categories constituting the dif-
ferent levels of the so-called Figures of Merits (FoMs), i.e.,
quantifiable criteria reflecting the stakeholders’ values for the
system’s attributes [4].

The stakeholder analysis is in this article omitted due to
the variability of the analysis output.

The set of criteria influencing the choice are hence defined
and evaluated with their related weights. The AHP (Analyt-
ically Hierarchical Process) method is used for this analysis
[5].

The main drivers in evaluating the micro-launcher con-
cepts need to be identified. These are implemented in a
trade-off analysis that will compare the concepts with respect
to the criteria defined by the stakeholders. The sensitivity
analysis assesses the robustness of the results. Due to the very
early stage of definition of the micro-launcher systems, and
due to the confidentiality of some launcher characteristics,
e.g., aerodynamic characteristics, sizing tools are developed
for the conceptual modelling.

@ Springer

2.1 Database

To define the main system’s attributes and to provide ref-
erence data for the estimates of the missing information,
a database is produced. This includes the characteristics
of similar systems, i.e., launchers of small-medium size.
The database also includes programmatic, mass, propul-
sion, dimensions, and performances data when available.
The entries in the database are extracted from available user
manuals, e.g., Electron [6], on the Federal Aviation Admin-
istration (FAA) annual compendiums of commercial space
transportation, e.g., the 2018 edition [7], and on literature,
e.g., [8]. Figure 1 shows example pages from the database.
The index is divided into the following sections:

— General: launcher status (e.g., in development, opera-
tional, etc.), manufacturer, typical launch sites, and price
per kg.

— Dimension: dimensions in terms of length and diameter
for each stage and the overall vehicle.

— Mass: inert and propellant masses for each stage or, at
least, the overall vehicle take-off mass.

— Propulsion: motor performances, namely thrust, throat
area, chamber pressure.

— Fairing: fairing dimensions.

— Environment: launcher allowable axial and lateral loads,
dynamic pressure, and acoustic environment.

— Performance: injection orbit inclinations and altitudes.

The trade-off analysis may hence rely on the database to
identify the attributes that characterises the FoMs.

2.2 Criteria

Inidentifying the FoMs, the availability of data influences the
quality of the evaluation and the usability of some system’s
attributes. The conceptual design modelling tools presented
in this article, Sect. 2.6, are proposed as tools to cope with the
lack of data for some system’s attributes. Moreover, the stake-
holders may also want to consider non-quantifiable attributes.
For this reason, a qualitative score is given to the attribute,
or criteria, from 1 to 9, with 9 being the best score and 1 the
worst. For each case, an unambiguous scale will be defined.
The identified FoMs, i.e., the most important attributes, are
listed with the relative division in criteria and sub-criteria.
The criteria categorisation may aid the stakeholders in keep-
ing the awareness of the link between the FoM and the
system.

A brief definition of the FoMs follows, in which for each
criterion, it is specified if the data used are quantitative or
qualitative.
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— Payload (PL), concerns the capability and performances
of the system to carry a payload.

Mass (PL-M), is the nominal payload mass (in LEO)
as stated by the launcher’s manufacturer (quantita-
tive).

Volume (PL-V), is the maximum allowable payload

volume. The mass and dimension sizing tool, dis-

cussed in Sect. 2.6.2 of this article, provides an
estimation of the fairing dimensions allowing the pay-
load bay volume estimation (quantitative estimation).

— Shareability (PL-S), is the capability to accommo-
date and release multiple payloads at different orbits.
Including the last stage manoeuvrability and the max-
imum number of re-ignition (qualitative).

— Price (PL-P), is the rate per kilo. This criterion con-
siders the price, not the cost of the launcher. Indeed,
the aim is to take into account the predicted and adver-
tised price by the manufacturer. For this reason, this
criterion will not have the common high weight as
it is usually attributed to the launcher’s cost. When
the price value is not available or obtainable from the
business plan, the price is approximated through the
relation with the Gross lift-off mass of the relative
launcher, as discussed further in this section (quanti-
tative).

— Ownership (PL-O), is the launcher manufacturer,

builder, vendor, and company. This attribute allows

the stakeholder to consider possible influences and or
preferences for collaborations among specific coun-
tries (qualitative).

— Physical characteristics (PH), is the main specific
launcher’s physical properties.

— Impulse (PH-I), is the vacuum specific impulse (/)
of the first stage. This attribute is chosen as a general
indicator of the propulsive capabilities including by
relation any consideration on the thrust value. Only
the I, of the first stage is considered, since most of
the alternatives under study maintain the same aver-
age Iy, among the different stages (quantitative).

— Propellant (PH-P), is the type of propellant used by
the proposed launcher. Depending on the stakehold-
ers, the propellant may indeed be a decision-making
driver due to the propellant features, e.g., low emis-
sions (qualitative).

— Dimensions (PH-D) are twofold, the overall length,
and the main launcher diameter (neglecting possi-
ble boattails). A less encumbrance launcher may be
preferred for handling convenience due to the conse-
quential reduction in operation costs. This criterion
is independent of the others for being the only one
considering the operation costs (quantitative).

@ Springer
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Fig. 2 Identified criteria for the micro-launchers’ trade-off analysis,
grouped in two levels

— Flight profile (FP), is the flight and mission achieving
capabilities.

— Complexity (FP-C), concerns the number of stages,
boosters, and their composition (quantitative).

The gross lift-off weight was omitted due to the interde-
pendence with the PL-P. The two criteria are not independent
in this study only due to the early stage of concept develop-
ment characterising the analysed systems. In further stages
of development, this constraint will easily be untied.

All the alternatives may be launched from the same launch
site and may target the same orbit, a scenario considered
to enhance comparability. It is worth mentioning that the
stakeholders’ needs may also influence the launch site. For
instance, the stakeholder may be interested in developing
a local economy by establishing a launch site, being this
unrelated to the space access capability of the system.

Additional criteria not reported in the list have been con-
sidered. As a risk parameter, the reliability of the launcher is
defined through heritage, the number of failures, and success-
ful flight. Likewise, the availability is characterised in terms
of flight rate and time-to-flight (TTF). Both parameters are of
great interest; however, due to the current early stage design
of the micro-launchers and the limited data availability, these
criteria have been excluded.

Cost and price

The micro-launcher concepts are strictly linked to the con-
cept of sustainable space access, aiming, among all, to a
reduction of the launcher’s cost.

The cost estimation for a launcher of this category may
be even more critical than what already is considered crucial
for conventional launchers. A research group at Politecnico
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di Torino is already working on the cost estimation method-
ology for micro-launchers, and an ad-hoc tool is under
development. The currently favoured approach relies on cost
estimating relationships (CERs) for development, manufac-
turing, and operations costs, where the most are aggregating
with considerations at equipment level [9].

For the same reasons, the micro-launchers’ service price
will determine the magnitude of the market, shaping the
industry and the number of new applications that will start
accessing space. In this work, the choice is to highlight the
price estimated by the launchers’ manufacturers more than
the cost. This choice is also due to the limited availabil-
ity of data at the equipment level to perform a robust cost
analysis. The commercial price per kilo, if not explicitly
mentioned, can be derived through extrapolation from the
market/business plan.

For the alternatives of which the price value is not
available, this is roughly approximated with respect to the
proportion of the Gross Lift-Off Weight (GLOW), as for
Eq. 1. The assumption of a direct relationship between the
service price and the GLOW is accepted only in the prelimi-
nary analysis stage as the case study presented in this work.
However, the price obtained through estimation is in several
cases in line with the price extrapolated through the business
plan, validating the rough estimation

price;

Price; = GLow,
1

* GLOW;. (M

Qualitative criteria The trade-off analysis is an analytical
method of comparison. However, the decision drivers may
be of qualitative nature, i.e., not directly link to a quantifiable
attribute of the system.

To cope with the need of taking into account also qualita-
tive attributes, a scale is defined. Since this work is focused
on the evaluation of innovative concepts, the scale parame-
ters are the performance and the innovation potential, and it
will be referred to as the concept’s attribute assessment.

In Fig. 3, a graphical depiction of the defined scale is
reported. In the horizontal axis is the performance param-
eters, from low to high (left to right), defined as for the
performing capabilities of the system’s attribute to assess.
In the vertical axis is the potential, from low to high (bottom
to top), defined as the potentiality of innovation of the sys-
tem’s attribute to assess. Ideally, the highest value for both
features is preferred. Therefore, it is possible to position the
alternatives for a system’s attribute in the grid to obtain a
value from 1 to 9, where 1 is the lowest score and 9 is the
highest. In the configuration presented in this work, the per-
formance parameter is preferred with respect to the potential
parameter, justifying the allocation of the values in the grid.
However, this may be re-configured case by case.

The scale is inspired by the most common policies and
representations in risk assessment and by the nine-box grid
used during the talent review process by HR experts. The
application is similar to the scale of Table 1 in the next section.

2.3 Prioritisation

The stakeholders may attribute different importance, i.e., pri-
ority, to the different criteria. Such importance is defined
by the criteria weights, i.e., relative importance, indicating
the influence of each criterion in the ranking, derived from
pairwise comparison. Each criterion is compared to each
other through values from 1 to 9 and their reciprocals (for
inverse comparison), being 1 ”of equal importance” and 9
”of extreme more importance” [10], as reported in Table 1.
These values, scoring the criteria with respect to each other,
populate the so-called prioritisation matrix.

Hence, a priority vector may define the criteria priorities,
proved to be best represented by the principal eigenvector
(when priorities are derived from a positive reciprocal pair-
wise comparison) [5]. The eigenvector and eigenvalue are
calculated on the matrix resulting from the pairwise compari-
son, i.e., the prioritisation matrix, to define the priority vector,
hence the criteria weights. The priority vector is derived by
the normalisation of the eigenvector for the maximum eigen-
value.

It needs to be underlined that the pairwise comparison,
leading to the criteria weight, is influenced by the stake-
holders performing the analysis. This step of the trade-off
analysis presents an inherently subjective judgement. How-
ever, the effects of the criteria weights are monitored through
sensitivity analysis.

For the reasons above, the values attributed by the stake-
holders may result in inconsistent evaluations. Hence, the
principal eigenvalue is also used to calculate the consistency
index and the consistency ratio. The latest shall be equal or
less than 10%, the threshold to consider the inconsistency in
the pairwise comparison acceptable. [11].

If different stakeholders take part in the decision, each
stakeholder may populate a different prioritisation matrix,
and the result will consider the aggregation of the different
evaluations.

The results for the criteria weights may be placed in a
Pareto chart, underlying the most influencing criteria but
most of all providing awareness on criteria that have almost
no influence in the trade-off. Indeed, it is often displayed in
the Pareto charts only the first most influencing 95%.

2.4 Synthesis

The alternative micro-launchers may be scored with respect
to the sub-criteria (indirectly also to the higher level criteria).

@ Springer



Fig.3 The concept’s attribute
qualitative assessment scale
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Table 1 The absolute comparison values’ scale [10]
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*Moderate
performances

*Moderate potential -
S
*High performances
*Low potential

Performance High

Intensity of importance Definition

Definition explanation

Equal importance
Weak or slight

Moderate importance

Moderate plus
5 Strong importance
6 Strong plus

Very strong or demonstrated importance

Very, very strong
Extreme importance

Reciprocals of above

Two activities contribute equally to the objective

Experience and judgement slightly favour one activity over
another

Experience and judgement strongly favour one activity over
another

An activity is favoured very strongly over another; its
dominance demonstrated in practice

The evidence favouring one activity over another is of the
highest possible order of affirmation

If activity i has one of the above non-zero numbers assigned to it when

compared with activity j, then j has the reciprocal value when compared

with i

The scores depend on the system’s attribute the criteria are
referring to (as defined in Sect. 2.2), then to be normalised,
such that the sum of the scores per criterion equals 1, as for
the ideal mode AHP method [12]. The overall score, result-
ing from the aggregation of the scores per criterion, takes
into account the obtained criteria weights, i.e., the scores per
criterion are multiplied by the criterion weight and the result
for all criteria summed per alternative.

The decision matrix is hence populated, combining all the
previous elements and methodology steps, i.e., synthesis. An
example is provided in this article for the case study discussed
in Sect. 3. The decision matrix may be considered one of the
principal trade-off results.

@ Springer

Performance maps and rate per kilo may be compared
with the decision matrix, the latest reflecting the parameters’
combination beyond the performances.

Moreover, it could be possible to extract the results per
pair of criteria to assess the local result [13].

2.5 Sensitivity analysis

To assess the results of the trade-off, a sensitivity analysis is
performed.

The final ranking is influenced not only by the parame-
ter’s score but also by the weights assigned to the criteria.
Being the score per the criterion of the different parameters
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depending mainly on the launcher characteristics and model,
we may focus the sensitivity analysis on the criteria weights.

The sensitivity analysis assesses the criteria sensitivity and
the identification of the most critical criterion.

Awareness of the most influencing criteria may sometimes
lead the stakeholder to revise the early steps of the analysis,
such as the pairwise comparison.

Each criterion may be more or less critical, being a criti-
cal criterion the one for which a slight change in its weight
may determine a different result in the final ranking of the
alternatives. The most critical criterion may differ from the
criterion with the highest weight [12].

It is possible to calculate the minimum change in the
criteria weight to vary the ranking of alternatives. This is
possible considering the aggregate score with respect to the
score obtained per criterion. The computation is performed
per couples of alternatives (i.e., launchers).

The minimum changes § are evaluated for each combi-
nation of alternatives (A; — Aj) per criterion. When the
minimum changes are expressed in absolute value, this is
the necessary increase or decrease of the weight to change
the final ranking order. However, if the evaluated change is
higher in magnitude than the previously assigned criterion
weight, the change may be considered not feasible [12].

The relative minimum change value may instead be
obtained relating the absolute minimum change with the cri-
terion weight. Among the relative minimum changes, we may
consider only the values less than 100, given that if the value
is greater than 100, no changes will affect the ranking of any
of the alternatives, and hence, it may be considered robust
[14].

The minimum value per each criterion obtained is often
referred to as the criterion criticality degree [12]. Hence, the
most critical criterion is the most sensitive criterion, with the
highest sensitivity coefficient obtained by the reciprocal of
the criterion criticality degree, i.e., the ranking of the alter-
natives is most sensitive to a change in weight of the most
critical criterion which has the highest sensitivity coefficient.

The most critical criterion may be different if considering
the influences on the result as for the first position in the
ranking or as the whole list and its order [13].

In the case study presented in Sect. 3, the final ranking of
alternatives may also be sensitive to the score per criterion
of the alternatives, since many of the scores are obtained by
approximation and modelling to cope with data lacking. The
uncertainty margins shall be evaluated in this analysis at a fur-
ther development step to assess if the margins are within the
ranking affecting minimum changes. However, in this work,
possible margins for the scores are left within the modelling
tools presented and the data provider, i.e., references.

2.6 Conceptual design modelling

The evaluation of the micro-launcher main characteris-
tics at their concept stage requires generating estimates of
their shape, mass, size, and performance. Because micro-
launchers are new technologies, privates companies and
space agencies are not prone to share their data.

This section provides an overview of some conceptual
design tools applied to the micro-launchers framework. The
objective is filling the gap of the parameters needed for trade-
off methodology previously presented and not found in the
literature.

It will particularly provide the means to generate the
launcher’s preliminary trajectories and performance maps
starting from the target values of payload and insertion orbit.
The presented approach uses both literature and historical
data as main inputs. Then, it applies conceptual design sys-
tem modelling to size in terms of mass and dimensions and
its the main systems and subsystems.

First, a preliminary aerodynamics estimation tool is anal-
ysed. After, the mass, dimensions and thrust estimation tool
is discussed in detail. The preliminary aerodynamics estima-
tion tool starts from a guess of shape and dimensions derived
from the database 2.1. It inputs its data to the second tool that
evaluates the new mass, shape, and size of the system. At the
end of this process, the first tool is called until convergence.

2.6.1 Aerodynamic model

The aerodynamic is built as a sum of skin friction drag [15],
base drag [16] [17] [18], supersonic and transonic wave drag
[17][18], as for Eq. (2). Drag is the only aerodynamic force
considered in the preliminary launcher design. The data flow
is depicted in Fig. 4. The problem of the estimation of a
launcher drag during the preliminary phases of a project is
widely debated and different solutions in the literature may
be found, e.g., [19], [17]. The main novelty of the PoliTO
is a simple aerodynamics modelling that gives quick outputs
based on the launcher shape. These outputs are still affected
by error; however, they are reliable enough to model the first
part of the launcher ascent. The objective is not the optimi-
sation of the shape, instead the search of reliable data to test
the feasibility of a launcher project. The tool is intended to
be used during a phase-0 or pre-phase A of the design, where
few data are known, but the output should be the design space.
The tools inputs are: (i) the dimensions (e.g., length, diam-
eter) of the stages, (ii) the Mach interval that the user wants
to analyse, (iii) the surface parameters (e.g., type of coating
of the stages), (iv) the presence of fins, protuberances, boat-
tails, and (v) the nose shape (e.g., conical, ogive,..). If the
nose shape is still unknown, it is advisable to use an ogive
fairing: the drag will be a little overestimated, but it can be a
good compromise in an initial design phase.
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Fig.4 Data-flow of the
aerodynamics tool
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Fig.5 Comparison with the 0.9
aerodynamics tool results (in
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The validation of the aerodynamics has been performed
using the data at null angle of attack from [20], Fig. 5. The
maximum difference between the proposed model and the
VEGA data is around 10%, an acceptable margin during
preliminary design phases. A further validation analysis has
been performed using the aerodynamic data of the DNEPR,
assessed by ESA-ESTEC by means of inviscid CFD simula-
tions. The drag contributions considered in this validation are
the skin friction drag and wave drag, Fig. 6. The aerodynam-
ics tool seems to underestimate the pressure drag just after
the transonic region with respect to the inviscid calculations
[htD]Cp,,, = CDfriction + Cppse + Dy 2

The high-level drag estimation starts with the study of the
skin friction drag [15] [21]. It is the easiest contribution to
evaluate. The friction drag is defined as the sum of the main
body friction drag, the fins friction drag, the protuberances
friction drag (e.g., feedlines), and the excrescences friction
drag, Eq. (3). The simulation estimates the speed of sound,
the kinematic viscosity, and the Reynolds number for each of
the friction drag elements. Then, the skin friction coefficient
is evaluated with a surface roughness that varies with the
coating applied [21]:

CDfriction = Cdf (bOdY) + Kf : Cdf (flns)

+K ¢ - Ca; (protuberance) + Cy,, S

where K ¢ is the mutual interference factor of fins with respect
to the body and it is set at 1.04 [21].
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The base drag is difficult to estimate and depends on the
shape of the launcher and the skin friction drag. Thus, a
hybrid method that combines mathematical expressions and
data from NASA tunnel testing is used [17,18,22]. An ana-
lytic method is used up to Mach 2 [23], then the data from
[22] and [17] are fitted up to Mach 10, and then again, an
analytical expression is employed [16]. The transonic and
supersonic drag is derived from [18] and from [23]. These
entries are again quite difficult to estimate and are deeply
linked with the shape of the fairing. Usually, the drag rise
start is set at Mach 0.8, while the end is set around Mach 1.2.

2.6.2 Mass and dimensions model

The mass, dimension and propulsion model is needed to esti-
mate crucial system’s attributes.

The required inputs are (i) the nominal mission orbit, (ii)
the desired payload, (iii) the diameter of the vehicle, and
(iv) the overall probable delta-V. If known, the overall ini-
tial mass, overall dry mass, and length of the launcher can
be fed to the program, but they are not mandatory inputs.
The tool analyzes the quantity of propellant and inert mass
in each stage, the thrust per stage, the minimum tank dimen-
sions, and the length of the stages (Fig. 7). The launchers of
interest are characterised by two or three stages. Thus, the
analysis starts with a launcher restricted body problem [24].
This assumption is used in the first iteration of the code as a
preliminary initial guess. This method’s main assumption is
that the stages have the same payload ratio of A, Eq. (4).

The method above shows a difference from the actual mass
values of a two-stage or three-stage launcher around 10%
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Fig.6 Comparison between PoliTO tool (in orange) and Euler equations results for the DNEPR launcher (in blue)

in the worst case scenario, as shown in Table 3. The main
assumption of this method is that the stages have the same
payload ratio A, Eq. 4.

A= —TPL 4)
moy—mpyp,

where (i) mg is the overall mass of the vehicle; (ii) mpy is
the mass of the payload.

The payload mass may be set as the mass of the second
stage with respect to the first stage, or the mass of the third
stage with respect to the overall mass of the second stage. For
a two-stage to orbit, considering that A1 = A;, the modelling
equations are reported in Egs. (5), (6), and (7), [24]:

mo
A= —a (&)
mol — m02
Ay = __Mmer (©6)
mo, —mpp
I’}’l()2 = 4/Ifll()24/1ﬂ1JL. (7)

For a three-stage to orbit, the related equations are reported
from Egs. (8)-(13), [24]:

m
A= — (3)
m()l — I’I’l()2
mo,
g =——— ©)
ﬂl()2 — m03

Ay = —PL (10)
mo; —mppL
mpr 2/3
mo, = ;{’LL (11)
1/3
mo, = mprL (12)
TpL
m
wpL = —2F . (13)
mo

The assumptions of the same specific impulse and the
same structural ratio reported in [24] can be relaxed. There-
fore, the inert and propellant mass allocation in the stages is
obtained through the structural ratio € (reported in Table 2),
which may be different for the different stages. The related
equations for a two-stage to orbit are reported from Eqs. (14)—
(17). The equations related to three-stage to orbit follow the
same pattern:

Mipert; = €1 * (m01 - m()z) (14)
Minerty = €2 * (m()z - mOPL) (15)
Mprop; = Mo, — (minert1 + mOz) (16)
M prop, = M@, — (minerlz +mpp). (17)

After the preliminary mass estimation, the tool evaluates
the available delta-V with Tsiolkovsky formula. This value
is then compared with a needed overall delta-V set at 8 km/s
for Low Earth Orbits (LEO) [25]. If the delta-V available
is less than the overall one, the payload and the structural

@ Springer



Aerospace Systems

Fig.7 Mass and dimensions
estimation tool data workflow
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Table2 Structural ratio for different type of propulsion [25]

Structural ratio Liquid propulsion Solid propulsion
Max 0.12 0.2
Min 0.05 0.15

Table 3 Comparison between Epsilon second and third stage gross
mass values [21] and the estimated restricted body problem values,
considering a payload mass of 700 kg

2nd Stage mass 3rd Stage mass

Actual [Mg] 17 3.30
Simulation [Mg] 15.8 3.32

ratios are adjusted until the convergence of the delta-V is
reached. To perform this task, maximum and minimum alti-
tudes for stage separation are set. These values differ from a
two and three stage to orbit and they depend on the literature
data from the micro-launchers database. At the end of the
iterations, the payload ratios may be slightly different from
those of the restricted body problem, that are just assumed
as an initial point for the in-loop design. The various stages’
length is estimated from propulsion data from [26] and from
the propulsion-related database data. Likewise, the database
is used to estimate the level of thrust for the first stage, Fig. 8.
While, the other stages have a thrust level estimated taking
into account a conventional value of thrust over weight ratio,
& =13=2024].

The thrust of the different stages is estimated considering
that usually, the thrust over weight ratio is % =13+2,
[24]. The values are then refined through an iterative pro-
cess, inside the trajectory generation tool. In the case of this
study, all the simulations are performed with ASTOS (Anal-
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ysis, Simulation and Trajectory Optimization Software) [27].
The stages length is guessed using correlation data from
the database as for Sect. 2.1, built for the analysis of
micro-launchers. Those first data are then refined with the
propulsion data from [26].

3 Case study

This section aims in applying the methodology proposed in
the previous section to a case study referring to a limited set
of micro-launchers.

The name of the analysed micro-launcher or its manufac-
turer will not be mentioned in this article, since it is out of
the scope of this work to advertise or discourage one concept
with respect to the other.

The information available on the four micro-launchers
includes general dimensions (overall length, main body
diameter), the proposed propulsive strategies (type of pro-
pellant per stage and, sometimes, thrust level), the number
of stages, the reference mission, and the nominal payload.
The preliminary accessible data are reported in Fig. 4. As
expected, the payload capability of those launchers spans
from 100 up to 300 kg.

The reference mission orbits are a sun-synchronous orbit
(SSO, 500 km of altitude for 98° of inclination), a polar
orbit (700 km of altitude for 90° of inclination), and an
equatorial low earth orbit (LEO, 0° of inclination). The
interest in these orbits is determined by their suitability for
Earth observation missions (e.g., PRISMA mission [28])
and Earth weather monitoring missions (e.g., Aeolus mis-
sion [29]). Those satellites are usually small: there are many
concepts in development of constellation of CubeSats to per-
form Earth observation mission tasks. The four launchers
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point towards flexibility: many launches per year, small turn-
over time in between the launches and different launch sites
[30]. At the same time, there is a technology push towards
innovative propulsion systems. One launcher adopts an inno-
vative propulsive system, a sub-cooled liquid petroleum
gas and Liquid Oxygen (LPG-LOX) [30] (green propel-
lant). While another one exploits a hybrid propulsion system
(H202-HTPB) with re-start capabilities and wide throttling
capabilities [30].

The European potential launch sites of great interest are
five. Besides the already existing spaceport in Kourou, the
location of Santa Maria in the Azores (Portugal) seems con-
venient. On the safety reasons side, the trajectory progresses
towards the south pole over the Atlantic Ocean. While keep-
ing high performances in terms of deliverable payloads, as
shown by the trajectory simulations. The location of Andgya
(Norway), Esrange (Sweden), and Sutherland (United King-
dom) seems more ideal to target SSO missions. To analyse
their potentiality, a first iteration on performance maps for the
various spaceports was performed. The performance maps’
results presented in this article are evaluated in the Santa
Maria spaceport. The performances recorded in Santa Maria
are a good compromise with the ones in Andgya and Kourou.

3.1 Trajectory generation and performance maps

Implementing the conceptual design modelling tools, as illus-
trated in Sect. 2.6, enough data are available to start the
trajectory analysis. The different flight phases and their dura-
tion time are derived from the database data, during the first
trajectory estimation. Those preliminary guesses are then

Lift-Off Mass [kg]

refined during the various study iterations, 9. All the pre-
liminary trajectories are studied using ASTOS (Analysis,
Simulation and Trajectory OptimiSation Software) [27]. The
software enables not only the analysis of launchers trajecto-
ries, but it incorporates a useful optimisation routine. The
PoliTO tool reasoning flow starts from the launcher guide-
lines and the database entries, and then, it moves to the
subroutines where the mass, the dimensions, and the aero-
dynamics are evaluated and eventually enters the ASTOS
simulation. At the end of the ASTOS trajectory generation
and optimisation, the outputs are compared with the expected
results. If they are not compliant, another iteration will start
up to convergence.

The phases for a two-stage to orbit are: (i) lift-off, (ii) pitch
over, (iii) constant pitch, (iv) first-stage burn out, (v) coast,
(vi) second-stage first ignition, (vii) coast, and (viii) second-
stage second ignition and insertion in orbit. Likewise, the
phases for a three stage to orbit are: (i) lift-off, (ii) pitch over,
(iii) constant pitch, (iv) first-stage burn out, (v) coast, (vi)
second-stage ignition, (vii) second-stage burn out and third-
stage first ignition, (viii) coast, and (ix) third-stage second
ignition and insertion in orbit. The polar trajectories exploit
a long coast arc for the orbit insertion, Fig. 10. The primary
objective of a launcher is to maximise the amount of payload
that it can transport toward an orbit. Using the ASTOS opti-
misation routine, a cost function to maximise the payload can
be defined. The simulation needs the definition of the outside
world: the environment is set as a spheroid (equatorial radius
of 6378 km, polar radius of 6356 km) and US standard atmo-
sphere 1976 is used. No hydrosphere or wind is considered.
For each of the launcher stages, the overall dimensions, the
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Table 4 Known characteristics
of the four launchers under

analysis

Launch vehicle Launcher 1 Launcher 2 Launcher 3 Launcher 4
Number of stages 2 3 2 2

GLOW [tons] 18 25 15 32

Total length [m] 19 17 18 27

Main body diameter [kg] 1.3 1.8 1.6 1.6
Nominal payload [kg] 150 100 100-200 300
Nominal orbit SSO SSO and LEO Polar orbit SSO
Propellant LPG-LOX HTPB-H202 LOX-CH4 LOX-RP1

Fig.9 Simulation reasoning
flowchart

Similar launchers’
trajectory data from
database

Launcher design
guidelines (final orbit,
launch site, etc.)

Aerodynamic
Database

Mass and
dimensions

propellant mass, and inert mass are defined. The rockets are
modelled defining the nozzle area, the vacuum thrust, and
the vacuum I;,. The set constraints are the initial position
(altitude, latitude, and longitude) and velocity (north, east,
and radial) of the launcher and the final orbit altitude and
inclination. An upper limit of 1135 W /m? for the heat flux is
set as a path constrain. This is the same value of the VEGA
rocket simulation example in ASTOS [31]. Starting from the
data of the preliminary design phase, a set of iterations on
throttle settings and propellant mass were performed using
ASTOS. At the end of this first set of simulations, the focus
shifted towards the maximisation of the payload. The simu-
lations are run for the five different spaceports considering a
nominal payload reported in Table 4. The simulation settings
used for each launcher are reported in Table 5. For the last
launcher, the propulsion levels of the first and second stages
are given in [30]. To properly design the trajectories, the
missing information such as the mass and dimension for the
stages has been derived using the tools defined in Sect. 2.6.
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3.2 Case study trade-off

The four micro-launchers presented in the previous section,
with both the available and generated data, may be com-
pared and evaluated through the trade-off analysis proposed
in Sect. 2.

Attributes evaluation For the criteria identified and applica-
ble for the case study, the considered attributes and system’s
features may be evaluated. The values will serve as input in
the trade-off analysis.

Besides the straight-forward quantitative criteria, e.g.,
the payload mass in kg for the criterion PL-M, it is worth
mentioning the evaluation of the qualitative criteria. The
qualitative criteria identified in Sect. 2.2 are PL-S, share-
ability, PL-O ownership, PH-P propellant.

Assuming that the main interest in considering the country
ownership of the alternatives may be related to the funding
process, the ESA’s Industrial Policy has been considered to
evaluate the PL-O criterion. Nevertheless, one of the main
elements of the policy is the geographical distribution [32].
The microlauncher owners’ countries and their budget con-
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Fig. 10 Preliminary trajectory of launcher n. 2 from Andgya Spaceport

tribution to ESA activities and programmes for 2019 are
considered [33]. In the case of collaborations among more
countries, the budget contribution of both countries is con-
sidered. As for the other scores, the result is normalised, such
that the sum equals 1.

To score, instead, the alternatives with respect to the
criteria PL-S and PH-P, the concept’s attribute qualitative
assessment scale, Fig. 3, is used. In particular

PL-S - 9 is attributed if the launcher allows multiple re-
ignition (high performance and high potential)

— 6 is attributed if the launcher uses a propellant
suitable for the Reaction and Control Systems
(moderate performance, moderate potential)

— 4 is attributed if the launcher aims to multiple
re-ignition, but no proof has been found (low per-
formance, high potential)

— Oisattributed if the launcher uses an innovative and
green propellant (high performance, high poten-

tial)

PH-P

15.0
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140
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13.0
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15
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—85
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=75
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Mach Number of QUEST_Rocket [-]
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=55
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—45
~ 4.0
- 35

— 3.0

— 7 is attributed if the launcher uses an innovative
propellant (moderate performance, high potential)

— Sisattributed if the launcher uses a non-innovative
propellant but already tested and reliable (high per-
formance, low potential)

The green propellant is in this case study defined as an
environment-friendly propellant. It is here preferred over
conventional propellants due to the recent political interest
in emissions reduction, e.g., the LPG propellant may reduce
emissions up to 80% [34]. This choice may change at the
change of whom is performing the analysis, i.e., stakeholder.

Furthermore, it is mentioned that for this case study,
the complexity criteria, FP-C, is evaluated considering only
the number of stages, since no other difference have been
identified from the data available of the micro-launchers
concept. The maximum allowable payload volume, PL-V,
is instead estimated using the dimensioning tool presented
in Sect. 2.6.2. The launch site and orbit access criteria, FP-S
and FP-O, are instead omitted from the case study trade-off,
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Table 5 Simulation setting for the four launchers

Launcher n. 1

Structural mass 2t
Propellant mass 16t
Thrust first stage 353 kN
I, first stage 311s
Thrust second stage 32 kN
I, second stage 311s
Launcher n. 2

Structural mass 3.8t
Propellant mass 216t
Thrust first stage 490 kN
I, first stage 270's
Thrust second stage 78 kN
I, second stage 270's
Thrust third stage 12 kN
I;p third stage 270's
Launcher n. 3

Structural mass 2t
Propellant mass 13t
Thrust first stage 280 kN
I, first stage 320s
Thrust second stage 45 kN
I, second stage 300s
Thrust third stage 13 kN
I;), third stage 270's
Launcher n. 4

Structural mass 4t
Propellant mass 28t

Thrust first stage
I, first stage
Thrust second stage

I, second stage

408 kN (sea level)
330 s
65 kN
330s

The thrust levels are referred to the vacuum conditions if not specified

otherwise

since all the alternatives may be launched by the same launch
site, the scenario considered to enhance comparability of the
alternatives.

As for the data acquired and described in the other sec-
tions of this article, all the alternatives (launchers) consider,
as nominal target orbit, an SSO (sun-synchronous orbit),
orbits of known commercial and scientific interest. Since
all the launchers may be conveniently launched from the
same launch site (Santa Maria), to enhance comparability, the
launch site and the orbit access (that would have been sub-
criteria for the Flight Profile) are excluded from this trade-off
as constant for all the alternatives.

In this case study, as previously mentioned, heritage,
number of failures, success flights, and other programmatic
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parameters have been excluded due to the early stage of the
micro-launchers under study.

Another FoM that may seem missing is the cost estimation
of the micro-launchers. The cost is defined through consid-
erations at equipment level [9]. However, the development
of the launchers under study may be considered premature
for such analysis. Moreover, the price and its relation to the
gross lift-off mass are contemplated, PL-P. That may reflect
the cost if a constant profit margin is assumed among the alter-
natives. Additionally, the dimension criterion, PH-D, takes
into account potential disadvantages linked to operational
costs.

Prioritisation

The identified criteria are weighted through pairwise com-
parison: the FoMs are scored with respect to each other with
values from 1 to 9 and their reciprocal, being 9 the ’extremely
more important” and 1 "of equal importance”.

From the pairwise comparison is derived the prioritisation
matrix, Table 6, which may be assessed by the consistency
ratio factor [5].

For this case study, a consistency ratio of ~ 10% is
obtained, assessing the robustness of the scores attributed
to the pairwise comparison to the criteria. The consistency
ratio is obtained through the eigenvector and its maximum
eigenvalue [5], as for the priority vector of which elements
are reported in Table 7 for both criteria and sub-criteria.

The alternatives are scored per each criterion and the deci-
sion matrix may, hence, be fully populated as in Table 8.

The alternatives, i.e., the launchers, are identified with a
number, from 1 to 4, as for the previous section of this article.
The criteria weights are reported in the column next to the
relative criterion, expressed by the identification acronym.
The total is obtained by the sum-product of the score per
criterion with respect to the criterion weight. The total of each
row, i.e., the sum of the scores per criterion of the alternatives,
is equal to one, as in the ideal model of the AHP method [12].

The final ranking is shown in the last row of Table 8, from
the 1st to the 4th position.

Sensitivity analysis

To assess the robustness of the trade-off, a sensitivity anal-
ysis is performed. This helps to identify the most critical
criterion to provide awareness to the decision-makers, i.e.,
stakeholders.

Indeed, the stakeholders are the main driver in the popu-
lation of the prioritisation matrix derived from the pairwise
comparison of the criteria. They may want to revise those
judgements with respect to the outcomes of the sensitivity
analysis.

Considering the aggregate score with respect to the score
per criterion, it is possible to calculate the minimum change
to vary the ranking of alternatives. The computation is per-
formed per couples of alternatives.
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Table 6 Prioritisation matrix

for the case study PL-M PL-V PH-I PH-P PH-D PL-S PL-O PL-P FP-C
PL-M 1.00 9.00 3.00 6.00 5.00 8.00 9.00 4.00 7.00
PL-V 0.11 1.00 0.11 0.20 0.13 0.50 4.00 0.11 0.50
PH-1 0.33 9.00 1.00 7.00 5.00 8.00 9.00 4.00 6.00
PH-P 0.17 5.00 0.14 1.00 0.50 3.00 6.00 0.33 2.00
PH-D 0.20 8.00 0.20 2.00 1.00 6.00 7.00 0.50 5.00
PL-S 0.13 2.00 0.13 0.33 0.17 1.00 5.00 0.14 0.33
PL-O 0.11 0.25 0.11 0.17 0.14 0.20 1.00 0.13 0.17
PL-P 0.25 9.00 0.25 3.00 2.00 7.00 8.00 1.00 6.00
FP-C 0.14 2.00 0.17 0.50 0.20 3.00 6.00 0.17 1.00

TableS Minimum change § A;—A; PL-M  PL-V  PHI PHP PHD PLS PL-O PLP FPC

(absolute change in criteria

weight) 1-2 0.77 0.22 135 068 036 025 026 068 054
1-3 Inf 0.09 1.20 0.08 0.11 0.13 0.10 0.24 0.12
1-4 0.14 0.21 3.00 0.19 0.16 Inf 0.23 0.23 Inf
2-3 0.60 0.35 1.40 0.53 1.05 0.32 0.47 0.32 Inf
2-4 0.29 0.76 1.68 1.05 2.10 0.38 0.25 1.68 0.84
3-4 0.19 4.20 2.10 Inf 0.53 0.47 0.17 0.23 0.42

Table 7 Weights for the identified criteria Table 8 Decision matrix

Payload (PL) 0.54 Alternatives (launchers)

Criteria w 1 2 3 4

PL mass 0.33

PL price 014 PL-M 0.33 0.21 0.14 0.21 0.43

PL shareability 0.03 PL-V 0.02 0.12 0.37 0.25 0.26

PL volume 0.02 PH-I 0.26 0.26 0.22 0.25 0.27

PL ownership 001 PH-P 0.06 0.35 0.27 0.19 0.19

Physical characteristics (PH) 0.42 PH-D 0.10 0.36 0.21 025 0.17

PH Isp 026 PL-S 0.03 0.17 0.39 0.26 0.17

PH dimensions 010 PL-O 0.01 0.20 0.41 0.32 0.07

PH propellant 0.06 PL-P 0.14 0.29 0.21 0.34 0.16

Flight profile (FP) 0.04 FP-C 0.04 0.30 0.20 0.20 0.30

FP complexity 0.04 Tot 0.26 0.21 0.25 0.29

FP orbit access N/A 2nd dth 3rd Ist

FP launch site N/A

The minimum changes § for the case study are reported in
Table 9, for each combination of alternatives (A; — A ), per
criterion. This, expressed in absolute value, is the necessary
increase or decrease of the weight to change the final ranking
order.

The smallest values are those which more easily may vary
the trade-off results. It may be noticed that the smallest val-
ues, in bold, are found for the couple of alternatives A — A3
and A| — Ay, respectively, positioned at the second—third and
second—first position in the final ranking. This refers to the
trade-off result: first (A4), second (A1), third (A3), and fourth

(A») position as reported in Table 8. The sensible results of
the trade-off are hence the first three positions, excluding the
fourth.

Moreover, besides the & values for the first criterion (PL-
M), 0.14 for A} — A4, 0.29 for Ay — A4, and 0.19 for Az —
A4 which are less than the criterion weight (0.33), all the
other exceed the value of the criterion obtained weight W,
Table 7, and hence are changes that may be considered "Not
Feasible”, Sect. 2.5 [12].

The changes in Table 9 are in absolute value, therefore
indicate an increase or decrease of the weight necessary to
change the order of the final ranking, without considering
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Table 10 Minimum change §’

! : ) A — A PL-M PL-V PH-1 PH-P  PH-D PL-S PL-O PLP  FPC

in percentage (relative change in

criteria weight)0 12 232 1012 518 1132 348 869 1871 484 1320
1-3 Inf 433 460 126 105 472 728 172 293
1-4 41 1004 1150 314 153 Inf 1679 165 Inf
2-3 181 1640 537 880 1014 1144 3396 231 Inf
24 87 3579 644 1761 2029 1352 1798 1203 2053
3-4 57 19685 805 Inf 507 1652 1222 167 1027

Table 11 Feasible minimum i—A; PLM  PL-V PHI PHP PHD PLS PLO PLP FPC

change 4’ in percentage (relative

change in criteria weight) 1-2 N/F N/F N/F N/F N/F N/F N/F N/F N/F
1-3 N/F N/F N/F N/F N/F N/F N/F N/F N/F
1-4 41 N/F N/F N/F N/F N/F N/F N/F N/F
23 N/F N/F N/F N/F N/F N/F N/F N/F N/F
2-4 87 N/F N/F N/F N/F N/F N/F N/F N/F
3-4 57 N/F N/F Inf N/F N/F N/F N/F N/F

I(a):fl‘g(;llintii)?stlltllev ic?,iter ia for the PL-M PL-V PH-I PH-P PH-D PL-S PL-O PL-P FP-C

study case 0.0244 0.0023  0.0022  0.0080  0.0095  0.0021  0.0014  0.0060  0.0034

the influence already produced in the result by the chosen
weight. To consider the criterion weight used in the analysis,
we may obtain the relative minimum change value, reported
in Table 10.

This relates the absolute minimum change value with the
criterion weight. However, only values lower than 100 are
considering within the boundaries of the sensitivity analysis,
as discussed in Sect. 2.5.

Table 10 can be reprinted as in Table 11.

Fig. 11 The criteria weights and

Only one among the minimum values per criterion is less
than 100: the change of 41% in weight of the criterion PL-
M (in bold in Table 11), affecting the final position between
alternatives 1 and 4, A; — A4. In other words, a change in
weight of the criterion regarding the payload mass of more
than the 40% would be necessary to switch positions in the
final ranking, obtaining launcher 1 being the preferred one
instead of launcher 4.

Criteria weights and sensitivity

sensitivity graphed in Pareto
chart (Tables 12 and 7)

PL-M PH-1
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The presence of a feasible relative minimum change only
for one criterion may be considered already an indicator of a
robust trade-off result [14].

The most critical criterion will be the one for which a
relative” minimum change in the criterion weight will deter-
mine a different final ranking of the alternatives (Sect. 2.5).
The change is described as relative, since it is obtained
with respect to the criterion assigned weight. The mini-
mum among the relative minimum changes per each criterion
defines its criticality degree. The sensitivity coefficient may
be derived from the reciprocal of the criticality degree value.
The sensitivity coefficients for the case study are tabled in
Table 12, being the highest sensitivity coefficient the one
referring to the most critical criterion (in bold), i.e., PL-M
with a sensitivity coefficient equal to 0.0244.

The most sensitive criterion is the payload mass, PL-M, by

coincidence being also the criterion with the highest weight
allocated.
Pareto chart The Pareto chart results in being a valuable tool
to understand the trade-off results. Representing and com-
paring the criteria weights and criteria sensitivity, Fig. 11,
the stakeholders can increase awareness in what are the main
criteria influencing the ranking of alternatives.

Moreover, it proves how the highest weight is not always
related to the most sensitive criteria. Indeed, besides the PL-
M, keeping the first position for both weight and sensitivity,
the other criteria are placed differently in the Pareto charts.
The sensitivity considers not only the weight but also the
criterion score, i.e., the attribute evaluation. For example,
the stakeholder may attribute a high weight to a criterion for
which the alternatives obtain a very similar score. In this case,
there will be probably another criterion that will influence
more the ranking of alternative, even with a lower weight.
Only the first most influencing 95% data is printed in the
Pareto charts.

4 Conclusions

The trade-off methodology proposed fits the needs of com-
parison for the systems under analysis, with enough flexi-
bility. The choice of the criteria, the criteria weights, and
the scores per criterion are influenced by the abundance and
quality of the available and estimated launchers’ data. This
may and should be revised following the design development
of the micro-launchers. The identified weights are influenced
by the uncertainties in the data used and do not reflect the
absolute preference of the criterion. Moreover, a qualita-
tive assessment scale is proposed based on performance and
potential for innovation of the system’s attributes. For both
the aerodynamics and the overall dimensions, data have been
inferred from a database or the PoliTO’s described tools.
Those assumptions affect the results of the trade-off but not

the methodology per se. However, in the parameters’ iden-
tification phase of the trade-off methodology, the database
was of fundamental importance. Among all, the pairwise
comparison may change at any iteration or replica of this
work depending on the stakeholders’ evaluation. Single or
multiple stakeholders and their different evaluations may be
considered. The sensitivity analysis shows a robust ranking
of the alternatives for the obtained criteria weights, which
are demonstrated to be consistent.
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