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Abstract

The master’s thesis work presented in this paper was carried out at the offices and
with the resources of AvioAero in Rivalta (TO) and presents the results of an analysis
on the effectiveness of the Full Authority Digital Engine and Propeller Control
(FADEPC) on a turboprop engine, following a structural re-design that involved
the low-pressure compressor and which became necessary during development.
In particular, it was intended to demonstrate that, despite the modification, the
control system would maintain the functionality of the engine within its functional
limits, ensuring its performance and safe operating conditions.

The analysis includes the verification that this modification will impact the
engine-system in accordance with the project team’s expectations, i.e. that it
respects the already agreed limits on controllability and that it does not affect
engine performance except within the expected and accepted engine-to-engine
variability, i.e. the expected small differences in performance between one prototype
and another.

The results of the analysis confirmed that the effect of the re-design remains
limited in the order of engine-to-engine variability, fixed in the ±1.5% percentage
variation band.

The subsequent parametric analysis focused on the effect of the expected inertia
variation and showed that, up to an increase of more than 2% - all other structural
and functional characteristics being equal - the change does not have an appreciable
impact on the control system.

All analyses were performed with computing tools. Ground and altitude ma-
neuvers were simulated, representative of the operating conditions that the engine
system will experience during typical missions within the planned flight envelope,
from which parameters of interest were extrapolated to investigate the responses
of the control system. The results were obtained with a company’s proprietary
software, developed in an NPSS (Numerical Propulsion System Simulation) envi-
ronment; then processed with a MATLAB script developed ad hoc by the author
and finally reorganized on an Excel spreadsheet.

All the results presented in this work are part of the risk mitigation activity
(derisking), i.e. a design criterion that prescribes to carry out a set of analyses
downstream of each significant change to the architecture of the engine-system:
the aim is to demonstrate that the modified system continues to meet the design
requirements, as well as to identify in advance all the risks related to its functionality
and safety and possibly activate corrective measures, in preparation for the next
testing phase.
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Chapter 1

Introduction

1.1 What we knew
This paper contains the master’s thesis work carried out by the author as part of
his work activity in the corporate context of AvioAero – GE Aerospace, at
the plants of Rivalta (TO), Bari, Prague and Hradec Králové (CZ).

The work focuses on the analysis of a turboprop engine in an advanced state
of design, integration and testing, which has undergone a hardware redesign of
its LPC (Low Pressure Compressor) component. The redesign required thickening
the rotor blades of some stages: this consequently caused a new distribution of
the rotating masses and therefore an increase in the overall rotational inertia of
the gas generator, the group composed of compressor-turbine assembly. Since the
hardware modification was not scheduled in the life-cycle of the engine, the decision
to pursue this path was long and meticulously considered, as an intervention of
this magnitude could have meant significant delays in the delivery of the final
product to the customer. This paper will not deal with the mechanical-structural
design process of the engine, but rather a subsequent step that directly involved the
Controls team. Therefore, following the validation of the hardware modification by
the Mechanics, Vibrodynamics and Performance teams, the question to be resolved
was whether this intervention would have modified the intrinsic characteristics of the
turboprop so much that its operating points would change as well as the dynamic
response to the automatic control system, consisting of the software developed
by the Controls team and installed on the electronic control unit, the FADEPC. If
the engine had behaved too far from the design points, this would have caused a
re-working of the control logic, which could not be immediately assessed in advance
in terms of costs and working hours. The decision of the Controls team was to start
a de-risking activity, performing a set of tests and numerical simulations, in order to
assess the real impact of the re-design in a safe and controlled manner, identifying
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Introduction

in advance any critical issues and risks on the functionality of the engine and its
ability to operate at the level of the declared performance and in safe conditions.

1.1.1 Overview
This thesis deals in detail with this derisking analysis: in Chapter 2 we offer
an overview of the state-of-art on the architecture of a classic turboprop, its
development and implementation process as an aeronautical product and its synergy
with the control system, the FADEPC (Full Authority Digital Engine and Propeller
Control), specifying which parameters are physically correlated with its rotational
inertia and which are therefore eligible for evaluation metrics for the analysis;
in Chapter 3 the set of theoretical and numerical tools used for the analysis is
examined in detail; in Chapter 4 the comparison analysis between the nominal
version of the engine and the modified version (Ruggedized) is addressed, referring
to graphical representations of the study metrics; Chapter 5 extends the analysis to
hypothetical scenarios in which the increase in inertia is greater than the nominal,
with a view to developing the engine for other applications that may require further
hardware modifications; finally, in Chapter 6 there is a brief account of the results
of both analyses.

De-Risking

The term de-risking indicates a set of strategies designed to systematically reduce
exposure to uncertain events that can compromise the achievement of the objectives
of a project or organization, without necessarily eliminating the risk completely, but
lowering its probability and impact within acceptable thresholds. In engineering and
industrial design, this translates into methodological, technical and organizational
choices that shift the risk from the late and expensive phases of the life-cycle (final
prototyping, production, operation, etc.) to earlier phases, where the effects of
errors are less expensive.

De-risking, in a broad managerial/engineering sense, is a proactive and iterative
process that includes identifying, analyzing, prioritizing, and reducing exposure to
key risks with respect to technical, economic, time, and security objectives. [1]
In industrial design, de-risking is typically integrated into the design process through
risk management practices by design:

• early identification of risks: systematic analysis of failure modes, interfaces,
regulatory and security constraints, supply chain, costs, and times from the
early stages of conceptual design

• analysis and prioritization: assessment of the probability and impact of each
risk and prioritization, focusing de-risking efforts on risks with high severity
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and high uncertainty [2]

• countermeasure planning: definition of strategies such as reduction, relocation,
sharing, controlled acceptance [3]

• continuous iteration: de-risking is not a one-time activity, but is updated as
the design is refined, test data is acquired, and constraints and context change;
a PDCA (Plan–Do–Check–Act) cycle is applied [4]

Some typical methods by which de-risking is implemented in industrial design
are: [2]

• FMEA/FMECA analyses

• availability/reliability analyses

• incremental prototyping and early testing

• numerical simulation and modeling

• redundancy and robust design

• project risk management

3



Chapter 2

Technical Context

2.1 Where we are

Automatic control systems are nowadays widely integrated into modern technology
and play a fundamental role in ensuring the correct functioning and efficiency of a
vast set of systems. The integration of automatic control systems into everyday
technologies mainly brings benefits in terms of efficiency, safety, quality, and comfort
perceived by the end user. [5]
Common examples can be found in everyday applications: thermostats and home
air conditioning [6], automated lighting [7], home appliances [8], automotive cruise
control systems [6], where control algorithms continuously adjust key variables in
response to external disturbances or user input. These systems operate by capturing
real-time data via sensors, processing it according to predefined control laws, and
triggering appropriate responses to maintain the desired operating conditions. This
closed-loop approach allows for improved performance, increased safety, and less
reliance on human intervention.

The first widely recognized automatic feedback control system on an industrial
machine is James Watt’s flyball governor applied to his steam engines between 1769
and 1788, with the first documented practical realization in 1788–1789. He adapted
the centrifugal regulator to automatically control the speed of the steam engine by
varying the steam intake as a function of the speed deviation, thus introducing a
clear mechanical negative feedback loop [9]

The same fundamental principles can be applied, with the appropriate scaling,
to aeronautical propulsion systems, where automatic control becomes essential to
manage the behavior of the engine throughout the operating envelope.
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2.1.1 Turboprop architecture
A classic turboprop consists of a gas-turbine core mechanically coupled to a gearbox
that drives a propeller at (often) constant pitch; most of the power is extracted on
the shaft, while the thrust from the jet is secondary.
A turboprop typically includes: air intake, compressor, combustion chamber, turbine
(usually in several sections), gearbox assembly, propeller, and exhaust nozzle.
The core (air intake–compressor–combustor–turbines that drive the compressor)
constitutes the gas generator, while the power train (power turbine + gearbox +
propeller) converts the torque developed at the shaft into propulsive thrust [10]

Components

• Intake - It conveys the inlet air flow, reducing total pressure losses and
distortions, ensuring stable conditions for the compressor even in the presence
of angles of attack or crosswind

• Compressor - Increases air pressure: it can be axial, centrifugal, or combined
axial-centrifugal, increasing the temperature and density of the fluid

• Diffuser and Combustor - The diffuser slows down the flow out of the
compressor, the chamber mixes compressed air and fuel, achieves stable
combustion, and distributes the heat load between the primary, intermediate,
and dilution zones

• Gas generator turbine - It expands the flue gases by taking sufficient work
to drag the compressor and accessories (pumps, generators, etc.)

• Power turbine - In free-turbine architectures, it exploits the residual energy
of the gases to provide torque to the shaft that feeds the gearbox and the
propeller, kinematically decoupled from the gas generator

• Reduction gearbox - Converts the turbine’s high rotational speed (tens
of thousands of rpm) into the low speed required by the propeller (typically
1,900–2,200 rpm), via planetary stages and auxiliary gears

• Propeller - Generates aerodynamic thrust by converting shaft power; pitch
control maintains rated speed, optimising propulsive efficiency and limiting
peripheral blade speeds

• Exhaust nozzle - Conveys exhaust gases; in a turboprop, its contribution to
the total thrust is modest compared to that of the propeller [11]
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Control systems and auxiliaries

• Propeller Control Unit (PCU): steers pitch and beta/reverse modes,
including main governor, overspeed, and often fuel-topping to limit torque in
overspeed conditions

• Fuel system: doses the fuel flow to the gas generator according to the
FADEC/PCU commands in compliance with temperature, speed, and transient
constraints

• Accessory gearbox: draws power from the gas generator to operate oil
pumps, fuel pumps, electric generator, and other on-board services [12]

Figure 2.1 shows a classic turboprop architecture with direct-flow, i.e., the air intake
flows in the same direction as the aircraft moves forward. A reverse flow turboprop
instead features airflow that enters from the rear side of the gas generator, makes a
180° turn, and proceeds forward before entering the combustion chamber, making
the engine more compact than direct-flow designs. [13]

Figure 2.1: Classic turboprop architecture [14].

2.1.2 FADEC
A FADEC (Full Authority Digital Engine Control, sometimes referred to as
FADEPC when the control is also emphasized on the propeller system) is a
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digital control system that manages all the operating parameters of the aircraft
engine with total (full) authority, without manual override modes. [15]

The FADEC consists of a digital computer (EEC - Electronic Engine Control /
ECU - Engine Control Unit) and a set of sensors and actuators dedicated to the
engine, which implement control and protection laws in software form.
The system samples dozens of quantities (temperatures, pressures, revolutions,
throttle position, ambient conditions) many times per second and processes com-
mands for fuel metering, stator vane, bleed, ignition, etc., ensuring efficiency and
compliance with limits at every point of the flight envelope. [15]

Architecturally, the FADEC is typically mounted on or near the engine, with
point-to-point interfaces to sensors (temperatures, rotational speed, variable vane
position, oil and fuel pressures) and actuators (fuel system, valves, electro-hydraulic
actuators). [16] The FADEC closes the control loops inside the engine (e.g., on
speed control, turbine temperature or compression ratio control) and acts as a
supervisor that coordinates start, shutdown, thrust limitation, health monitoring,
and diagnostic functions. [15]

From the pilot’s point of view, the main command is the power lever/throttle;
systems with FADEC are often said about single-lever power control: the pilot
only sets the power/thrust request and the FADEC automatically calculates all the
internal parameters (fuel, propeller pitch, mixture, etc.). [17] The pilot inputs are
acquired as electrical signals and interpreted by the FADEC as torque, thrust, or
rpm set-point, with logics that include automatic protections (e.g., over-temperature,
over-speed, surge/stall prevention), also against any improper pilot maneuvers. [15]

The FADEC acquires environmental parameters such as outside air temperature
and pressure and, based on altitude and density, recalculates the optimal thrust
set-points, compression ratios, and margins with respect to mechanical and thermal
limits. [15] The system is integrated into the avionics system via digital buses for
data exchange with the Flight Management System, allowing functions such as
autothrust, fuel optimization, engine fault management, and maintenance data
logging. [18]

The FADEC is normally with redundant channels (twin-lane or dual-channel), in
which each channel is able to control the entire motor, with lane management and
fault detection & isolation logics to maintain control even in the presence of sensor,
actuator or software failures. Hardware and software are developed according
to aeronautical standards (DO-178C, DO-254, DO-160), given the safety-critical
nature: a true FADEC does not provide for manual bypasses, so a total failure
implies the loss of the engine, mitigated by the redundancy and multi-engine
philosophy of the aircraft. [18]
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The first fully electronic FADEC without backup hydromechanical compo-
nents was operationally introduced on the Pratt & Whitney F100-PW-200 engine,
mounted on the F-16 Fighting Falcon fighter, with its first certified flight in
1978 and entered service in 1981. [19]

2.1.3 Inertia correlated parameters
In the control model of a turboprop, the rotational inertia of the core does not appear
as a measured state, but is intrinsically contained in all parameters that describe
the speed dynamics of the shaft(s) and their coupling with the fuel/propeller control.
[20]

The inertia of the core explicitly enters the equation of motion of the shaft(s) as
the moment of inertia J or constant of inertia H. From the point of view of the
control system, this J is incorporated into: [21]

• core speed time constant τ in reduced gas turbine models, often in the form

τNṄ = f(Wf , N, p3, T4, ...)

, with Wf fuel flow, Ṅ e N rotational acceleration and speed of the shaft, p3
discharge compressor pressure, T4 gas temperature from the combustor exit
[22]

• equivalent inertia and damping parameters in multi-mass torsional models
(core, power turbine, gearbox, propeller) [23]

• inertia constant of the generator/turbine in power generation applications
(H parameter in frequency models), conceptually identical for a turboprop
coupled to a mechanical load [21]

In summary, any model parameter that multiplies Ṅ or that determines the
rise/settle time of the core velocity is directly related to rotational inertia [20]

The control does not measure J , but some dynamic quantities are strongly
correlated with core inertia or equivalent drive train inertia:

• shaft rotation speed (NG/core speed, NP/power turbine speed, Nprop/pro-
peller rotation): the slope Ṅ = dN

dt
(t=time) with respect to a known fuel or

load step is inversely proportional to the equivalent inertia [20]

• power shaft torque allows to identify an equivalent inertia value, and is used
in torsional models with two-three masses to calibrate the governor
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• frequency and amplitude of torsional oscillations (torsional vibrations, rpm
oscillations in the drive train): the proper modes and their damping depend
on the J of the various rotors, the shaft stiffness and the gearbox (multi-mass
models) [23]

Identification quantities used to estimate inertia

From an experimental and control system point of view, the inertia of the core is
quantified through:

• responses to load or fuel flow steps: input signal (step in Wf or applied torque)
and N response, plus any torque measurements, allow J to be estimated by
fitting first/second order models

• start-up and shutdown transients: the slope of acceleration during start-up
(at known torque of the starter) and deceleration slope at fuel off provides a
direct estimate of the moment of inertia of the core [21]

• vibrational and modal measurements of the rotor system: identification of
torsional and flexural modes allows tracing the moments of inertia of the
various subsystems, which then enter the advanced control models [24]

9



Chapter 3

Methods and Tools

3.1 How we did it: test cases, control parameters,
and maneuvers

In this chapter, the method, parameters, and tools of comparative and parametric
analysis between engine versions are presented. Please note that, in accordance
with the company’s confidentiality constraints, in the development of this chapter,
data and technical details will be presented exclusively for dissemination purposes,
therefore, in a non-dimensional form: whenever necessary, they will be used in a
normalized form using reference values not numerically declared.

More than 340 cases have been numerically simulated, to study each version
of the engine, with and without hardware modifications (hereinafter defined as
Ruggedized and noRuggedized): they consist of elementary maneuvers, frequent
during typical engine missions, performed in various external conditions of altitude,
relative air speed and temperature. The simulated maneuvers were chosen to
highlight the engine functions and the critical issues faced by the control system
during characteristic transients. External conditions fall within and on the edges
of the engine envelopes, in accordance with its certified operating limits. The
parameters used to analyze the engine response under the effect of pilot commands,
ambient conditions, and FADEC control are some of the typical quantities of a
turboprop with a classic architecture.

3.1.1 Engine Operating Envelope: steady, Start and Take
Off

For an aeroengine, the operating envelope represents the set of stationary operating
points that simultaneously respect the aerodynamic, mechanical, and thermal
constraints of the engine, within which it can work without incurring stalling,
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overheating, or other risky phenomena [25]. It is often represented as altitude vs
Mach for the entire engine (altitude range and number of Mach in which thrust
is available and limits are respected) or as a compressor/turbine map, in which
the whole set of constraints (stall surge line, choke, temperature limits, maximum
revolutions, etc.) generates an allowed area in the space compression ratio –
flow rate – rotation speed [26].

In modeling and simulation, the envelope is used to establish the area in which
the model is valid and stable, for example by extending the operation below sub-idle,
or up to the maximum certified regime. In engine controls it is used to design
and calibrate the FADEC: the envelope is translated into limiters (max rpm, max
temperature, max fuel, etc.) as for each thrust request, the control searches for an
allowed operating point on the map and limits the commands if there is a risk of
exceeding the envelope [26]. In the definition of performance maps, the operating
envelope is systematically covered with a grid of speed and load points, on which
consumption, efficiencies, and emissions are measured or estimated. [26]

The flight envelope also depends on the engine envelope: in certain combinations
of altitude and speed, the engine cannot deliver the necessary thrust or cannot be
started, and this restricts the overall operational envelope of the aircraft. [27]

Steady Operating Envelope

An altitude–CAS envelope is the diagram that shows, in the altitude–speed plane
(expressed as Calibrated Air Speed1), the set of flight conditions allowed for a
certain aircraft (or for a certain configuration), i.e., its operating range in terms of
height and indicated/corrected speed. [27]

On the horizontal axis, the CAS range is entered, and on the vertical axis, the
altitude (barometric or pressure). [28] The various limit curves are drawn on the
plane: minimum CAS at each altitude (stall limit), structural maximum speed limit,
any engine limits (area where there is no more power for level flight), regulatory or
system limits (pressurization, ice, etc.).
The set of points inside these curves is the operational envelope in terms of altitude
and CAS, similar to a classic flight envelope expressed in Mach–altitude or V–n.
[27]

1Calibrated Air Speed (CAS) is the relative air speed indicated by the aircraft’s sensors and
then corrected for errors in instrument calibration and positioning; it is useful because it provides
a more faithful measurement of the dynamic pressure acting on the probe, therefore of the
aerodynamic performance (lift, stall margin, maneuverability) regardless of altitude, temperature
and wind
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Figure 3.1: Engine Operating Envelopes [alt-CAS]

Start & TakeOff Operating Envelopes

Figure 3.1 shows how the start and takeoff simplified envelopes are narrower,
because in these phases the engine operates in transient and thermally critical
conditions, with smaller safety margins than the steady conditions for which the
base envelope is defined. To avoid thermal damage, compressor stability problems,
and exceeding certified limits (ITT, NG, torque, vibration), additional or stricter
limits are imposed on time, power, and operating conditions [29]. Moreover, during
start-up, the flow is still weak and the internal cooling is limited, so ITT can rise
rapidly and as consequence there are specific limits to prevent hot start and hung
start [30]; during take-off the engine is almost maximum thrust and the thermal
margin is the most critical of the entire mission profile so the maneuver is limited in
time and environmental conditions. [31] Figure 3.2 shows more clearly the various
envelope shapes correlated to the maneuvers exploited for the Rugged analysis and
detailed in Chapter 4.
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Figure 3.2: Engine Flight Envelopes [alt-CAS]

3.1.2 Test points
The ISA (International Standard Atmosphere, or ICAO Standard Atmosphere)
model is a stationary atmospheric model that specifies the temperature, pressure,
density, and viscosity of dry air as a function of altitude, assuming ideal air, absence
of humidity, wind, and turbulence. The ISA model is used to calibrate aircraft
instruments, define aircraft performance, and standardize aerodynamic calculations.
The atmosphere is modeled into layers with linear or zero temperature gradient,
hence imposing hydrostatic equilibrium

dp

dh
= −ρg

and ideal gas equation
p = nRT

the laws of variation of pressure and density are derived with altitude [32].
In the above mentioned formulas: p = pressure, h = altitude, ρ = air density, g =
acceleration of gravity, R = universal gas constant, T = temperature.
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EHD (Extremely Hot Day) and ECD (Extremely Cold Day) are extreme envi-
ronmental conditions used in aeronautical performance analyses for gas turbines,
defined with respect to ISA as significant thermal deviations:

• EHD: T = TISA + 35◦ ÷ 40◦C, ρ
ρISA

< 0.8 for hot air has low density

• ECD: T = TISA − 30◦ ÷ 40◦C, ρ
ρISA

> 1.2 for cold air has high density [33]

These deviations alter the ISA parameters δ = p
pSL

, θ = T
TSL

, σ = ρ
ρSL

2, without
changing layers, but require off-design corrections for cycle matching and component
maps:

• EHD: it reduces air mass flow, net power, compressor efficiency [33]

• ECD: it increases air mass flow and specific power, but reduces surge margin
[34]

By cross-referencing these atmospheric conditions with the altitude and velocity
ranges of each operating envelope, sets of test points were derived, evenly distributed
over the entire internal area, and on the upper and lower altitude edges3 and the
minimum and maximum CAS margins, to be representative of the behavior of
the engine system. These cross-conditions then served to generate the input test
cases described in Section 3.2.1 for the Rugged and Parametric analyses, which are
discussed in the following chapters. The following figures show these distributions
with respect to the envelopes presented in Figure 3.2.

3.1.3 Control parameters
As explained in Chapter 2, some parameters of a turbomachinery are indirectly
influenced by the rotational inertia of the gas generator and can be used as metrics
of the robustness of the control system.

Below is a list of the acronyms used and their meanings
PLA: Power Lever Angle, is the throttle, expressed in angular degrees of

actuation; it is the main command with which the pilot transmits the power

2δ, θ and σ are respectively pressure, temperature and density dimensionless normalized ratios
with respect to their own reference value at SL (sea level): are used in aeronautical fields to define
not standard atmospheric conditions and to scale those data from ideal ISA to real environment
[32]

3It is relevant to notice that the upper and lower limits of altitude are not always covered by test
points since in some cases the certified envelope is wider than some current real constraints, such
as the current physical altitudes of the highest and lowest airports in the world [35]: consequently,
they have not been taken into account in subsequent analyses
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Figure 3.3: Flight Operating Envelope with Test Points

requests to the FADEC, which is then interpreted and converted - taking into
account the ambient conditions and the punctual operating status of the engine -
into references for the rotational speed of the generator gas, the fuel flow in the
combustor, the actuation of any accessory valves, the torque control at the propeller
shaft and the propeller pitch.

NG: number of revolutions of the gas generator, expressed in rpm (revolutions
per minute) or more conveniently as a percentage of the maximum operating value;
since the compressor and the turbine are mounted on the same shaft, this value
represents their common speed.

ITT: Internal (or Intermediate) Turbine Temperature, the temperature mea-
sured between the turbine stages, in ◦C or F (more rarely in K ); it is the main
safety control parameter in a turbomachinery because it is related to the thermo-
mechanical stress to which the moving parts of the turbine are subjected.

Nprop: number of revolutions of the propeller, expressed in rpm (revolutions
per minute); since the design choice of the turboprop under investigation was to
maintain the rotational speed fixed, varying only the pitch of the propeller to
obtain the different power/torque speeds, this parameter has a limited variability
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Figure 3.4: Take Off Operating Envelope with Test Points

at IDLE4, cruising power and maximum power, obviously excluding transients.

PWR: share of the mechanical power supplied by the gas generator to the
propeller, to be converted into propulsive thrust. It is given by the product of the
torque developed at the propeller shaft, multiplied by its angular velocity. It is
expressed in lbs*ft (pounds force per foot) as per the Anglo-Saxon metric system.

To correlate these parameters to the control system, the maximum value (to
evaluate performance and safety) reached at the critical points of each maneuver
and the settling times to the reference value (to monitor the controllability by the
FADEC) required by the pilot command will be analyzed, between the Ruggedized
version and the noRuggedized version, in each flight condition assigned by the test
points: if the difference falls within a fixed band of variability accepted by the

4IDLE indicates the minimum self-sustaining speed of a turbomachine, i.e., the minimum
rotational speed that allows the engine to sustain combustion and remain on and running without
external energy aid
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Figure 3.5: Air Start Operating Envelope with Test Points

project5, the noRuggedized version can be considered acceptable and safe to test
with subsequent methods (e.g., in a test cell).

3.1.4 Maneuvers
The maneuvers used to test the response and performance of the Ruggedized version
are listed and elaborated below, with an overview of their peculiar phases, pilot
commands, critical issues faced by the engine and the highlights of the control
exercised by the FADEC.
Some observations

• Take Off & Climb - The maneuver begins with the engine already running,
to save computational resources and simulation time already used for the
Ground Start maneuver; it is the maneuver with the fewest test cases because
since it is a particularly complex maneuver, which includes strong variations

5The so-called engine-to-engine variability is the small difference in performance and responses
observed between the engine specimens produced at the time of analysis, caused by the construction
tolerances of the various prototypes
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Figure 3.6: Ground Start Operating Envelope with Test Points

of many parameters at the same time, it was based on an approximate
reconstruction starting from data from a real flight test; however, to remain
conservative, we limited ourselves to a portion of the maneuvering envelope
around the available conditions

• Burst & Chop - The dwelling time when the commanded power is reached
is such as to allow the engine to reach a steady state at all operating points
of its envelope, regardless of the ambient conditions. There are two drives,
one high-power and one maximum: the latter is a power regime that is rarely
exploited in classic missions, but is representative of the engine’s operational
maximum

• Slow Ramp - There are two maneuvers to test two different ramp time
profiles, with twice the duration of each other

• Air Start - Also in this case there are two maneuvers: in the first, at high
rpm, the time between the voluntary shutdown of the engine and its re-ignition
is such as to allow the gas generator to slow down roughly below a minimum
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NG threshold such that the FADEC can control the restart safely and avoid
too abrupt pressure and/or temperature peaks; the second one, at low rpm,
slows the engine below an even more critical threshold to observe its dynamic
behavior in a more disadvantageous situation. The lower constraint on the
altitude was obtained from a real flight test

Ground Start

The Ground Start maneuver is the continuous transition from a static condition,
with the aircraft stationary on ground and the engine cold (or hot, in the case of
ignition immediately following a phase with the engine active), to a ground IDLE
regime stabilized and protected by the FADEC. Initially, the aircraft is parked, with
brakes engaged, the area in front of the propeller is clear, and the configuration of
the accessory systems is verified. If temperatures are very low, the manufacturer
may require the oil to be preheated to a minimum temperature, typically not less
than -40 °C, to allow starting and ensure acceptable viscosity. [36]

At this stage, the FADEC is already powered by the on-board electrical system:
it performs the initialization of logical channels and the verification of critical
sensors, preparing to automatically manage the start sequence. The pilot sets the
power lever to the position corresponding to the ground IDLE and moves the fuel
selector to RUN (or FUEL ON, according to the engine’s specific nomenclature).
The subsequent action on the START command engages the starter, an electric
APU (Auxiliary Power Unit) or air-turbine that drives the gas generator up to a
predefined NG value, while the free turbine and the propeller remain substantially
unloaded or constrained by appropriate pitch devices (propeller in feather position,
to limit torque). The first part of acceleration is generally a dry motoring phase:
the rotor is dragged without fuel, with the aim of verifying that NG increases,
that the oil pressure rises above zero within a time limit, and that no obvious
mechanical anomalies emerge. [36]

When the compressor speed exceeds a set threshold, the FADEC enables the
ignition system (igniters) and commands the opening of the fuel delivery valve
to the nozzles, applying an ignition flow rate calculated to maintain the stability
range in the combustion chamber without exceeding the turbine temperature limits.
Light-off is recognized by the increase in turbine gas temperature (ITT) within
a prescribed time window. In parallel, the compressor’s air management system
positions variable vanes and bleed valves in a start-up configuration to maximize
the margin with respect to sub-idle surge conditions. [37]

Once the correct light-off has taken place, the thermal energy developed in the
chamber allows the gas generator to accelerate beyond the threshold guaranteed by
the starter. The fuel control law passes under acceleration conditions, in which the
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FADEC simultaneously limits the NG gradient and the ITT, balancing the demand
to reduce start-up time with the need to contain thermomechanical loads on hot
components. The starter continues to contribute to the torque up to a cut-out speed,
above which the turbine is able to support the compressor autonomously. Once
this threshold is reached, the FADEC disengages the starter, keeps the ignition
still active for a short safety interval, and then deactivates the igniters, leaving
combustion to continue by autoignition. [37]

Consequently, the power turbine hit by the gases leaving the gas generator
begins to accelerate and, through the gearbox, transmits torque to the propeller.
To avoid excessive loads in a phase when the oil may still be cold, the propeller
control unit (PCU) keeps the propeller pitch in a dedicated start position (feather
or controlled end of step, depending on the design philosophy) in order to reduce
the resistive torque on the power turbine. Only when the engine has reached a
speed close to idle and the oil pressure is stabilized, the PCU allows the transition
of the pitch towards the values provided for taxiing, coordinating with the FADEC
which controls the torque through the fuel flow: the balance between the available
energy of the generator gas and the propulsive speed is thus maintained, keeping
Nprop at the target value through pitch variations. [37]

Once NG, Nprop, and ITT have been stabilized, the control logic abandons
the start mode and moves to the idle regime of government. With the aircraft on
the ground and PLA in the minimum position, the ground idle is automatically
selected: the FADEC adjusts the fuel flow rate to keep NG at a minimum value
compatible with full combustion stability and an adequate margin with respect to
surge, taking into account any open bleeds (air for cabin conditioning, anti-icing,
on-board services). Meanwhile, the propeller control imposes a propulsive speed of
IDLE on the ground, typically lower than that used in flight, obtained by bringing
the propeller pitch to a small positive angle (or slightly negative to compensate for
the residual thrust of the core) so as to minimize traction during taxiing operations.
At this point, the system is ready for warm-up at idle and for the subsequent
transition to flight idle and take-off, climb, and cruise power ratings, which are also
managed according to thrust/torque management laws derived from the position
of the power lever. [37]

During Ground Start, the FADEC monitors the status of the engine and adjusts
its parameters to ensure its performance and safety: at any time, it is able to
interrupt the procedure autonomously when it detects abnormal starting conditions.

For thermal protection purposes, the FADEC tightly controls the gas temperature
in the turbine or exhaust, using it as a limiting variable to modulate the fuel flow
rate during ignition and acceleration ramp. It also uses characteristic pressures
(e.g., high-pressure compressor outlet pressure, P3) to monitor the development
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of the air flow rate and derive surge margin indices, thus adapting the fuel law to
remain in a safe operating envelope.

A second critical issue is the management of the dynamics coupled between
the gas generator, the power turbine and, in the case of turboprops, the propeller:
the ignition of combustion takes place while the starter imposes a minimum speed
on the gas generator, and the subsequent transition from external drag to self-
sustaining must take place without dangerous oscillations or overshoots of speed
and temperature. In addition, the surge margin of the compressor is minimal in
the early stages of acceleration, so the fuel law must avoid dangerous air/fuel flow
combinations that would lead to surge or flame out.

In the presence of auxiliary actuators (Inlet Vane or bleed valves), the FADEC
coordinates their position to improve the surge margin during start-up and promote
a smoother transition to idle mode, always keeping critical parameters (speeds,
temperatures, stage pressures) within certified limits. [38]

Figure 3.7: Ground Start maneuver

The example in Figure 3.7 shows the time profiles of throttle PLA, engine rpm
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NG and propeller rpm Nprop, during the Ground Start maneuver: it is easy to see
how the procedure is completed without pilot intervention on PLA which remains
stably at 0°, in the ground IDLE position, NG which follows its acceleration ramp
up to its IDLE value and Nprop which similarly follows an increasing profile up
to its IDLE regime, except for some intermediate oscillations related to control
dynamics during the start-up phase that are automated and fully controlled by the
FADEC.

Take Off & Climb

In the case of a single-engine aircraft, the TakeOff maneuver is probably the most
critical phase of the flight, since the implications for safety are significant: the
redundancy of the digital channels of the FADEC becomes essential, as well as
the implementation of fault-tolerant logics that allow the continuation of the flight
even in the presence of partial failures of the control system. The FADEC’s ability
to continuously monitor engine health and adapt control strategies to external
conditions and component deterioration is a critical benefit for operational safety.
[39]

During this phase, the pilot and the FADEC are required to have the integrated
management of thermodynamic, mechanical, aerodynamic and stability constraints
in a rapid and high-power transient regime: the pilot must monitor torque, ITT, NG
(gas generator speed), Nprop (propeller speed) and aircraft speed, while the FADEC
autonomously manages fuel flow, propeller pitch angle and any air bleed systems.
In the most modern systems with single-lever control, the FADEC completely
assumes the management of these parameters, simplifying the pilot interface but
increasing the dependence on the correctness of the control software. [40]

The procedure begins with the configuration obtained from the previous Ground
Start sequence, i.e., with the engine running and at idle: the pilot positions
the throttle lever in the extreme forward position to obtain maximum engine
rotational speed. The FADEC receives these inputs and automatically calculates
the appropriate torque and ITT targets as a function of environmental conditions,
site altitude, take-off speed, and aircraft weight. [39]

Subsequently, during the take-off run, the FADEC continuously monitors the
fuel flow to maintain the target torque while monitoring the ITT to avoid exceeding
thermal limits, balancing the balance between providing the maximum available
power and not exceeding the thermomechanical limits of the engine. In parallel, it
automatically adjusts the pitch angle of the blades to absorb the available power
while keeping the propeller rotation speed constant (during take-off, it is typically
at the maximum possible). [40]

As can be guessed, the main operational criticality during take-off concerns the
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control of torque in relation to temperature limits. In turboprop engines, torque is
indicative of the effort that the propeller exerts on the mechanical transmission
to produce the required traction: at low altitude and low ambient temperature,
the high density of the air is favorable to both combustion and propeller efficiency,
allowing mechanical torque limits to be quickly reached. However, at higher
altitudes and temperatures, the operating limit becomes the thermal limit of the
ITT, which is a critical redline for engine integrity. [41]

However, the motor may be subject to other effects that must be taken into
account in the design of the control:

• during the runway, the acceleration of the aircraft increases the total pressure of
the air entering the engine (a phenomenon called ram air), which consequently
increases the power delivered even with the same throttle position, risking an
overtorque condition [42]

• the compressor surge occurs when the flow of air through the compressor
becomes unstable, causing a reversal of the flow with sudden expulsion of the
previously compressed air; during take-off, conditions of high power demand,
low initial velocity and possible ingestion of foreign object debris (FOD) or
birds make the engine particularly vulnerable to surge [PLACEHOLDER
BIBLIO]

• the risk of propeller overspeed is particularly accentuated during rapid power
transients and can cause excessive structural stress on the blades and hub,
with the risk of structural failure [43]

The FADEC, for its part, must implement protection logics that limit the
pilot’s authority to prevent dangerous operating conditions. During takeoff, these
protections are guaranteed by acceleration schedules that implement: [39]

• torque and acceleration limiters of rotating components (NG, Nprop) to
counteract the effects of ram air and reduce mechanical stress on the gear
transmission and propeller shaft [42]

• pressure limiters in the combustor that limit the maximum flow of fuel to
prevent surge conditions, ensuring adequate stability margins during the rapid
transients typical of take-off [40]

• temperature limiters to prevent thermal damage from exceeding the maximum
ITT, as excessive temperatures can irreparably damage turbine blades, rings,
fixed components, and combustion chamber elements [44]

These protections operate transparently with respect to the pilot, as the FADEC
automatically selects the most restrictive limiter at all times. However, this control
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architecture has as its counterpart the impossibility for the pilot to exceed the
limits even in emergency situations. [39]

For fixed-wing aircraft (including many mono turboprops certified according to
similar criteria to transport), the climbing path is often conceptually divided into
segments [45]:

• first segment: from about 35 ft AGL6 (screen height or lift-off altitude) up to
fully retracted landing gear

• second segment: retracted landing gear, take-off configuration, V2 climb up7

to approximately 400 ft AGL

• third segment: acceleration and retraction of flaps and/or slats, from about
400 ft AGL up to final climb speed

• fourth segment: from clean configuration and final climb rate up to 1500 ft
AGL, which conventionally represents the end of the takeoff flight path

Therefore, from a performance-regulatory point of view, takeoff is finished as soon
as the aircraft has completed the initial climb up to 1500 ft above-ground-level in a
clean configuration (retracted lift devices) and with continuous climb power; from
there on it enters the ascent phase towards cruising.

The example in Figure 3.8 shows the time profiles of the throttle PLA, engine
rpm NG and propeller rpm Nprop, during the TakeOff & Climb maneuver, starting
with the engine already running: the PLA throttle is brought in a very short time
almost to the end of the stroke in the very first takeoff phase and actual ascent
ramp of the aircraft and so Nprop is also pushed to its maximum value; similarly,
NG rapidly rises almost to its operational limit. In a second phase, the throttle
is reduced to a value that maximizes the rate of climb (max climb), and Nprop
stabilizes at its cruising operating value. Once the climb is complete, PLA is
returned to IDLE, and NG stabilizes at its Flight IDLE value.

6AGL: above-ground-level
7V2 is defined as the minimum speed that must be reached at 35 ft AGL and maintained in

the first phase of climb, such as to ensure an adequate margin above stall and good control/ma-
neuverability characteristics in the take-off configuration. In the texts and performance tables of
SETs (single-engine turboprops), V2 is more of a reference speed for the initial climb with all
engines operating, than a real parameter linked to OEI (one engine inoperative) scenarios, such
as for twin-engine engines
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Figure 3.8: TakeOff & Climb maneuver

Stair Steps

The Stair Steps maneuver is characterized by discretized, controlled, and rapid
variations in the operating speeds of the engine and propeller, and can be represen-
tative of a test for the analysis of the dynamic response of the propulsion system.
[46]

In the configuration of a turboprop aircraft, the typical maneuver involves the
gradual increase (or decrease) of the power required through a series of steps,
and each level is maintained for a set time (dwell time) necessary for the system
to stabilize and reach pseudostationary conditions before moving on to the next
level. The procedure may also include the reverse and symmetrical decrement (or
increase) maneuver. [46]

This test also allows the mapping of the engine performance throughout the
flight envelope, providing the data necessary for the calibration of the power maps
and for the verification of the linearity of the response to the throttle command
[37]. The risks that must be faced in any case, and which then affect the design of
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the control system are:

• control of thermodynamic transients during the acceleration steps, the ITT
can go beyond the reference redline: the FADEC must therefore implement
logics to limit the rate of increase in the fuel flow to prevent damage to the
turbine [37]

• combustion instability - rapid transitions can cause flameouts or combustion
instabilities, especially at intermediate power regimes where the fuel-to-air
ratio is critical: again, the FADEC will have to manage the rate of change in
the fuel flow to avoid these events [37]

• mechanical stresses on the rotors - the torque variations generated by the
steps create torsional transients on the crankshaft and propeller – a stair-step
endurance test can be specifically designed to induce these loads and assess
fatigue strength [46]

• compressor depressurization - during rapid decelerations, the risk of compressor
stall or surge increases significantly: the control system must manage the air
bleed valves and the deceleration rate to maintain the stall margin [37]

For FADEC in short, the stair steps maneuver is useful for verifying:

• the simultaneous management of overlapping limits: rotor speed, turbine
temperature, torque, and fuel flow; during the maneuver, these limits can
be reached in rapid sequence, consequently requiring an appropriate priority
selection logic [37]

• the accuracy of setpoint tracking and characterization of control loop timing
[47]

The example in Figure 3.9 shows the time profiles of throttle PLA, engine rpm
NG and propeller rpm Nprop during the Stair Steps maneuver: the PLA and NG
profiles are similar in the two symmetrical rising and falling step phases, with the
NG variation less abrupt than the PLA counterpart because it is transparently
regulated by the FADEC with respect to the pilot; Nprop remains substantially
constant net of small transitory fluctuations at the steps.

Slow Ramps

The Slow Ramp maneuver in some ways represents a complement to the Stair
Steps maneuver for the complete validation of turboprop propulsion systems.
While the Stair Steps focuses on maximum transient stresses and robustness to
large transients, the Slow Ramp highlights phenomena of long duration, thermal
accumulation, possible control delays, and convergence of predictive models. [48]
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Figure 3.9: Stair Steps maneuver

Unlike the Stair Steps maneuver, which uses discretized variations, the Slow
Ramp is characterized by continuous and gradually controlled temporal variations
of the operating parameters of the engine and propeller.

The typical configuration includes:

• a monotonically increasing (or decreasing) acceleration (or deceleration) profile,
according to a ramped profile with a predetermined and constant slope (linear)
or a variable-controlled by the test system one

• progressive modification of the propeller pitch angle to keep its rotation speed
constant

• pseudostationary conditions maintained along the entire ramp, allowing the
study of the dynamic transient without discontinuity [48]

Usually, the throttle covers the entire power range, from idle to maximum/take-off
power (and vice versa), in an assigned time interval, causing a relatively low rate
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of thrust variation (usually 5-20 seconds for the full transition, but under test
conditions it can be as high as 60 seconds) [48]

During the maneuver, the engine will come up against:

• thermal heat soak: the prolonged slow ramp, especially if repeated at short
intervals, leads to an accumulation of heat inside the engine, causing a thermal
effect - known as hot re-slam - which significantly changes the behavior of the
system. These effects, critical for turboprops, cause: [48]

– reduction of boundary layer thickness in compressors
– changing the position of the operating line towards the stall boundary
– unpredictable change in the available stall margin

• slow changes in fuel-to-air ratio during slow ramps can excite natural combustor
frequencies, causing: [48]

– combustion roughness (pressure fluctuations in the combustor)
– flame extinction
– inhomogeneous temperature in the combustor due to uneven air distribu-

tions

For FADEC, on the other hand, the slow ramp is essential to verify:

• the accuracy of thermodynamic predictive models, during the transient regime:
if the model does not capture thermal heat soak effects, combustion reactions
with delayed dynamics, and the variability of the air-fuel mixture, unforeseen
violations of temperature limits may occur

• tracking the desired thrust profile without oscillations or instability

• communication delays, control latencies, and model errors without the masking
due to fast transients, since the delay in the control loop could be comparable
to the ramp time and bring out delays between the pilot command and the
actual available thrust response or overshoot/undershoot

• similarly to the stair steps, the slow ramp also allows to verify the transition
without discontinuity in the fuel flow control [49] between the different FADEC
control modes, having to deal with the management of overlapping limits
during the transition: overspeed, ITT, torque, air bleed valves. The priority
selection logic must manage these limits in real time and continuously, without
fluctuations [48]
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Figure 3.10: Slow Ramp maneuver

The example in Figure 3.10 shows the time profiles of throttle PLA, engine
rpm NG and propeller rpm Nprop, during the Slow Ramp maneuver: the PLA and
NG profiles are similar in the ascending and decreasing sections, from IDLE to high
power and return; Nprop remains substantially constant net of small oscillations
at power transients. In the test cases, two slow ramps are carried out, the second
with twice the duration of the first.

Burst & Chop

It is a transient test maneuver that is used in aeronautics fields to evaluate the
performance and control systems of turbine engines, particularly turboprops. It
consists of two symmetrical but opposite activations of the throttle (PLA – Power
Lever Angle) by the pilot, from IDLE to maximum power (burst) and vice versa
(chop); their peculiarity is the extreme speed with which they are completed,
just a few seconds - i.e., the maximum actuation speed that the throttle lever
physically allows. In the test phase, the time interval between the two parts may
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vary depending on the need for the test itself, while in flight, the time will be
determined by the specific needs or intentions of the pilot; the sequence of throttle
activations can also be repeated several times in a row, depending on the specific
need of the moment.

The maneuver helps to test the response of the control system in extreme
transient conditions and thus verify the effectiveness of the FADEC in managing
engine operating limits or as a stress test for control models or engine management
algorithms. In terms of performance, it is also used to evaluate the stability of the
compressor during rapid acceleration and deceleration. [50]

The maneuver has several critical aspects: [51]

• During acceleration (burst)

– the High-Pressure Compressor (HPC) is at risk of stalling
– the temperature at the inlet (T41) or inside (T45) of the turbine may

exceed the structural limits
– the core can experience overspeed, i.e., exceeding the speed limits of the

shafts
– thermal imbalance between contiguous mechanical parts, with rapid dif-

ferential thermal expansions

• During deceleration (chop)

– the Low Pressure Compressor (LPC) is at risk of stalling
– risk of combustor blowout, i.e., shutting down the combustion chamber

due to insufficient fuel flow
– fluid-dynamic instabilities due to the temporary reversal of the air flow in

the compressor

From the point of view of FADEC, the critical issues to be managed during the
maneuver are [51]:

• the control of the limits on
ϕ = Wf

P3

i.e., the ratio between fuel flow and static pressure at the combustor inlet, to
be maximized during the burst to prevent HPC stalling and turbine over-
temperature, and to be minimized during the chop to prevent combustor
shutdown

• the maintenance of stall margins on the HPC during acceleration and on the
LPC during deceleration
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In this way, the burst and chop maneuver helps to demonstrate: the response of
the core speed within the limits, the activation of the limiters, the maintenance of
the safety margins of the parameters involved, and the response time.

Figure 3.11: Burst&Chop maneuver

The example in Figure 3.11 shows the time profiles of throttle PLA, engine rpm
NG and propeller rpm Nprop during the Burst & Chop maneuver: the PLA and
NG profiles are similar in the rising and falling sections, but PLA varies abruptly
while NG follows a less steep ramp, regulated by FADEC to avoid stalling and
flame-out phenomena. Two similar maneuvers are carried out: in the first a high
power speed is reached, in the second the maximum level allowed by the throttle
beyond the end of the stroke (overshoot) which, however, does not correspond to a
similar increase beyond the NG threshold due to internal limitations to the control
logics and the simulation model, but instead increases Nprop up to its maximum
takeoff level.
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Air Start

The Air Start (or more appropriately Air Restart) maneuver is a procedure for
restoring engine operation during flight in the event of accidental (flameout) or
controlled shutdown. For single-engine turboprop aircraft, the reliability and
predictability of this maneuver are of crucial importance for the safety of the pilot,
the payload, and the continuity of the flight. Unlike the Ground Start procedure,
the Air Start represents a thermodynamically complex operation for the control
system, and it has more stringent constraints related to the operating altitude, the
Mach number, and the thermal conditions of the engine at the time of shutdown
[52]

The procedure begins by verifying that the flight conditions fall within the
certified restart envelope, i.e., assigned altitude and speed conditions [53]. The
verification also includes: checking the pressurization of the fuel for its correct
atomization and combustion; the amount of fuel available in the tank; quantity
and pressure of engine oil in the hydraulic system - critical for the control of the
propeller pitch and the lubrication of mechanical components [37]. For the rest, the
Air Start procedure coincides with the sequence previously described in Ground
Start, when it is carried out manually by the pilot.

In the event that the FADEC, based on instantaneous flight parameters, au-
tomatically determines that the gas generator RPM is sufficient for spontaneous
combustion (windmilling relight), the procedure allows operation without the aid of
the starter, so as to reduce the operational dependence on any pneumatic systems
(APU or cross-bleed) and to increase operational efficiency, at the cost of more
restrictive altitudinal envelopes. [54]

The certified windmilling relight envelope represents the intersection of two
physical constraints: the minimum speed of the compressor for ignition, and the
combustor load parameter to maintain flame stability. For representative turboprop
engines, the typical envelope [52] is defined by:

• lower speed limit expressed in Mach number range, below which the dynamic
flow does not provide sufficient ram pressure8 to the compressor;

8The ram pressure at the compressor indicates the total pressure increase at the compressor
inlet. The airflow in the inlet duct is slowed down (ideally in a quasi-isentropic manner) and part
of the dynamic pressure pd = 1

2 ρV 2 it is converted into an increase in total pressure with respect
to the undisturbed atmosphere (ρ is the density of the air fluid, V is the flight speed) due to the
conversion of the dynamic flow pressure into static/total pressure due to the effect of the flight
speed (ram effect or ram compression) [55]
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• upper altitude limit, function of maximum combustor load9;

During windmilling relight, the compressor works by stirring the air, generating
a significantly lower increase in pressure and temperature at the combustor inlet
than with an assisted starter, without performing efficient compression, making
ignition more difficult at high altitudes. [57]

The ignition phase of the fuel in the combustor represents the critical and most
decisive point for the success or failure of the maneuver. From a thermodynamic
point of view, combustion conditions vary significantly with altitude and speed: low
altitude and low Mach number are favorable conditions for ignition, high altitude
and low Mach number are adverse conditions until critical margins for ignition are
reached

This is because the operating altitude changes the conditions of entry to the
combustor according to the following

p30 = p2 · p3

p2

T30 = T2 · T3

T2

where the pressure and temperature ratios depend themeselves by rotation speed
of the compressor and the flight Mach number [56]

Similar to Ground Start, during Air Start, the FADEC has complete control
over fuel ignition and regulation, accessory valves, propeller pitch, diagnostics, and
engine limit protection [39]

• gas generator speed (NG), used as a fuel scheduling parameter and to monitor
core acceleration

• Interstage Turbine Temperature (ITT), to monitor both the maximum oper-
ating limit and as an incipient hot start index

• compressor discharge pressure (p3), to monitor its variation as a function of
incipient stall detection and to derive the p3

p2
ratio, parameter for combustor

load

9The combustor load defines the stability margins of the flame

L = Wa,p · p1.8
30

∨comb

where Wa,p is the mass flow rate of air in the primary zone, p30 is the compressor discharge
pressure and ∨ is the volume of the primary zone [56]
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• propeller speed (Nprop), adjusted to the engine architecture by controlling
the propeller pitch

Figure 3.12: Air Start maneuver

The example in Figure 3.12 shows the time profiles of the throttle PLA, engine
rpm NG and propeller rpm Nprop, during the Air Start maneuver: the entire
maneuver takes place without the pilot intervening on the PLA trigger, but only on
the start control (not shown in the figure); in the first quarter of the image, the reset
of the signals for a time unit during the engine shutdown is recognizable, coinciding
with the collapse of the NG and Nprop values while the engine and propeller slow
down due to their intrinsic mechanical resistance (the propeller even comes to a
complete stop because it is exposed to the flow of outside resistant air); at the cusp
point it is the moment of restarting, with the following increase in the number
of rpm, until it returns to IDLE conditions. Again in this case, two conditions
were simulated, high rpm (HiNg) and low rpm (LoNg): they are distinguished by
the dwelling time between switching off and on again, thus obtaining two different
initial NG values for the Air Start and thus testing the robustness of the maneuver
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control.

3.2 Numerical Propulsion System Simulation
The test case simulations were performed with proprietary software from the
same company that designed the turboengine, developed in an NPSS (Numerical
Propulsion System Simulation) environment [58]. It is a non-linear, object-oriented
thermo-fluid dynamics modeling environment developed for the simulation of
propulsion cycles (aeronautical gas turbines, liquid rocket engines, supercritical
CO2 systems, etc.). [59]

NPSS was originally developed in the mid-1990s at NASA’s Glenn Research
Center (GRC) by the team of propulsion and software engineers, as part of NASA-
industry cooperation programs. It is therefore a collective product with the
participation of industry partners (GE, Pratt&Whitney, Boeing, Honeywell, Rolls-
Royce, etc.). [59]
Nowadays, NPSS has evolved from a NASA environment for the virtual study of
aircraft engines in research, to a standardized industrial platform, managed by a
consortium and used today in a wide spectrum of applications, including digital
twins and advanced energy cycles [59]

The NPSS software, therefore, implements numerical models of the thermo-
dynamic performance of the engine and integrates them with pilot commands,
FADEC control logic, and external environmental conditions.

3.2.1 List Engine Operations
A List Engine Operations (LEO) text file is used to provide the computational
inputs to the NPSS software. This file contains all the instructions useful for the
code to perform the simulation: the environmental conditions in which the aircraft
operates, the pilot’s throttle control, the control and protection adjustments of
the FADEC; the code thus generates an output that contains the response of the
system in terms of thermodynamic variables and FADEC signals.

A LEO file consists of three parts:

• the first contains general instructions on the format of the simulation output
file, on the type of simulation environment (whether in a test cell or on a
complete aircraft), and on the initial conditions of the engine (if initially off
or already running and at idle); in this section it is also possible to insert
instructions to punctually modify the FADEC control logic in case it is needed
to study the effect of software modifications or simulate off-design engine
conditions, but this will not be covered in this analysis;
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• the second contains the list of all the variables that can be monitored by the
FADEC and by the on-board (or cell) avionics, that are wanted to be in the
output file: it is important to take care of this input section because it directly
influences the simulation time and the size of the output, so it is a sensitive
step to optimize the analysis;

• the third contains the complete and detailed description, time-stamp by time-
stamp, of the maneuver to be simulated, including the pilot’s commands, the
ambient conditions, and any critical events that the simulation should include,
always with a view to studying the response of the control system to external
off-design stimuli.

3.3 MATLAB codes
After generating all the simulation outputs, the data were analyzed with codes
written in MATLAB specifically for this thesis work.

Lc55.m is the main code: it contains all the instructions for the preliminary
acquisition of data and formatting to be provided for the analyses carried out
by the following functions, which it calls depending on the type of maneuver to
examine.

• Sam310.m analyzes the Ground Start. It reports the maximum values of NG
and ITT, and the rise time of NG to its reference IDLE value, for both
Ruggedized and noRuggedized engine versions, comparing them and making
sure that they fall within the engine-to-engine variability range

• Mt82.m analyzes the Take Off & Climb. It reports the maximum values of
NG and ITT, the average value of PWR, and the rise times of NG and Nprop
to their respective reference values in the phase of maximum PLA request,
for both Ruggedized and noRuggedized engine versions, comparing them and
making sure that they fall within the engine-to-engine variability range

• Gv668.m analyzes the Slow Ramp. It reports the maximum value of ITT and
the average value of PWR in the phase of maximum PLA, and the rise time
of NG to its reference value, for both Ruggedized and noRuggedized engine
versions, comparing them and making sure they fall within the engine-to-engine
variability range

• Sal222 analyzes the Stair Steps. It reports the maximum value of ITT, the
average value of PWR, and the average values of Nprop’s derivative at every
step, for both Ruggedized and noRuggedized engine versions, comparing them
and making sure they fall within the engine-to-engine variability range
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• Mc440 analyzes Burst & Chop. It reports the maximum value of NG, ITT,
Nprop, and the average value of PWR in the phase of maximum PLA, and
the rise times of NG and Nprop to their respective reference values, for both
Ruggedized and noRuggedized engine versions, comparing them and making
sure they fall within the engine-to-engine variability range

• AB112 analyzes the Air Start. It reports the maximum values of NG, ITT,
Nprop, and PWR, and the rise times of NG and Nprop to their respective
reference values, for both Ruggedized and noRuggedized engine versions,
comparing them and making sure that they fall within the engine-to-engine
variability range

To these are added two accessory scripts:

• AlexCyc.m to generate in bulk and sequentially all the required LEOs, starting
from the test point conditions defined in Section 3.1.2 and with the two
Ruggedized and noRuggedized engine configurations

• Jacopino.m to convert output files to a .mat or .csv format depending on
later usage in MATLAB or Excel

All the listed scripts contain references to sensitive data or functions developed ad
hoc to deal with the original data format and will not be attached to this thesis,
with the exception of the main code Lc55 reported in Appendix A.
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Rugged analysis

4.1 What we did
In this chapter, the results of the so-called Rugged analysis will be presented,
comparing for each test point described previously in Chapter 3 the results of
each maneuver examined, between the noRuggedized (noRugg) version and the
Ruggedized (Rugg) version of the engine. The results are presented in the form
of Excel graphs: each graph presents the result of a quantity of interest, with the
y-axis suitably muted, in accordance with the company’s requests for confidentiality
on the technical data, plus the series of percentage deviations of the same quantity.
The difference is considered acceptable if the percentage deviation falls within
the range of variability ±1.5%: this threshold value is applied to all the metrics
studied and has been selected to simplify the massive evaluation, as it is the most
restrictive of the applicable values.

4.1.1 Ground Start

NG

Figure 4.1 shows the data related to NG during the Ground Start maneuver. This
parameter allows to verify that no overshoots have occurred during the entire
duration of the maneuver. The graph shows, for each ID Case on the x-axis,
the respective maximum values of NG for the noRuggedized version and for the
Ruggedized version on the primary y-axis, and on the secondary axis is shown the
respective series of percentage deviations between the two previous values. The
comparison shows that the percentage deviations remain in the range of variability
±0.01% and emphasizes the conformity of the parameter between the two versions.
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Figure 4.1: Ground Start - NG

ITT

Figure 4.2 shows the data related to ITT during the Ground Start maneuver. This
parameter allows to verify that no overshoots have occurred during the entire
duration of the maneuver. The graph shows for each ID Case on the x-axis
the respective maximum values of ITT for the noRuggedized version and for the
Ruggedized version on the primary y-axis, and on the secondary axis is shown the
respective series of percentage deviations between the two previous values. The
comparison shows that the percentage deviations remain in the range of variability
±0.1% and emphasizes the conformity of the parameter between the two versions.

Settling time

Figure 4.3 shows the data relating to the settling time of NG at its reference
value during the Ground Start maneuver. This parameter allows to verify that
the performance of the engine is guaranteed throughout the entire maneuver. The
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Figure 4.2: Ground Start - ITT

graph shows for each ID Case on the x-axis the respective rise values of NG for the
noRuggedized version and for the Ruggedized version on the primary y-axis, and on
the secondary axis is shown the respective series of percentage deviations between
the two previous values. The comparison shows that the percentage differences
remain in the range of variability ±2.5% and emphasizes the parameter conformity
between the two versions.

4.1.2 Take Off & Climb
NG

Figure 4.4 shows the data relating to NG in the maximum throttle phase during
the Take Off maneuver. This parameter allows to verify that no overshoots have
occurred during the critical duration of the maneuver. The graph shows for each ID
Case on the x-axis the respective maximum NG values for the noRuggedized version
and for the Ruggedized version on the primary y-axis, and on the secondary axis
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Figure 4.3: Ground Start - NG set time

is shown the respective series of percentage deviations between the two previous
values. The comparison shows that the percentage deviations remain in the ±0.05%
variability band and underlines the parameter compliance between the two versions.

ITT

Figure 4.5 shows the data relating to ITT in the maximum throttle phase during
the Take Off maneuver. This parameter allows to verify that no overshoots have
occurred during the critical duration of the maneuver. The graph shows, for each
ID Case on the x-axis, the respective maximum ITT values for the noRuggedized
version and for the Ruggedized version on the primary y-axis, and the secondary
axis shows the respective series of percentage deviations between the two previous
values. The comparison shows that the percentage deviations remain in the ±0.05%
variability band and underlines the parameter compliance between the two versions.
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Figure 4.4: Take Off - NG

PWR

Figure 4.6 shows the PWR data in the maximum throttle phase during the Take
Off maneuver. This parameter makes it possible to verify that the power delivered
during the entire arc of the maneuver is adherent to the pilot’s command. The
graph shows, for each ID Case on the x-axis, the respective average PWR values
for the noRuggedized version and for the Ruggedized version on the primary y-axis,
and the secondary axis shows the respective series of percentage deviations between
the two previous values. The comparison shows that the percentage deviations
remain in the ±0.01% variability band and underlines the parameter compliance
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Figure 4.5: Take Off - ITT

between the two versions.

NG set time

Figure 4.7 shows the data relating to the settling time of NG at its reference
value during the Take Off maneuver. This parameter allows to verify that the
performance of the engine is guaranteed throughout the entire maneuver. The
graph shows for each ID Case on the x-axis the respective rise values of NG for the
noRuggedized version and for the Ruggedized version on the primary y-axis, and on
the secondary axis is shown the respective series of percentage deviations between
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Figure 4.6: Take Off - PWR

the two previous values. The comparison shows that the percentage deviations
remain in the ±0.01% variability band and underlines the parameter compliance
between the two versions.

Nprop set time

Figure 4.8 shows the data relating to the settling time of Nprop at its reference
value during the Take Off maneuver. This parameter allows to verify that the
performance of the engine is guaranteed throughout the entire maneuver. The
graph shows, for each ID Case on the x-axis, the respective Nprop rise values for
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Figure 4.7: Take Off - NG set time

the noRuggedized version and for the Ruggedized version on the primary y-axis,
and the secondary axis shows the respective series of percentage deviations between
the two previous values. The comparison shows that the percentage deviations
remain in the ±0.1% variability band and underlines the parameter compliance
between the two versions.
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Figure 4.8: Take Off - Nprop set time

4.1.3 Slow Ramp - slow
ITT

Figure 4.9 shows the data relating to ITT in the maximum throttle phase during
the Slow Ramp (slow) maneuver. This parameter allows you to verify that no
overshoots have occurred during the critical duration of the maneuver. The graph
shows for each Case ID on the x-axis the respective maximum ITT values for the
noRuggedized version and for the Ruggedized version on the primary y-axis, and
the secondary axis shows the respective series of percentage deviations between the
two previous values. The comparison shows that the percentage deviations remain
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in the ±0.05% variability band and underlines the parameter compliance between
the two versions.

Figure 4.9: Slow Ramp (slow) - ITT

PWR

Figure 4.10 shows the PWR data in the maximum throttle phase during the Slow
Ramp (slow) maneuver. This parameter makes it possible to verify that the power
delivered during the entire arc of the maneuver is adherent to the pilot’s command.
The graph shows, for each ID Case on the x-axis, the respective average PWR values
for the noRuggedized version and for the Ruggedized version on the primary y-axis,
and the secondary axis shows the respective series of percentage deviations between
the two previous values. The comparison shows that the percentage deviations
remain in the ±0.01% variability band and underlines the parameter compliance
between the two versions. Figure 4.11 shows the data relating to the settling time of
NG at its reference value during the Slow Ramp (slow) maneuver. This parameter
allows to verify that the performance of the engine is guaranteed throughout the
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Figure 4.10: Slow Ramp (slow) - PWR

entire maneuver. The graph shows, for each Case ID on the x-axis, the respective
rise values of NG for the noRuggedized version and for the Ruggedized version
on the primary y-axis, and on the secondary axis is shown the respective series
of percentage deviations between the two previous values. The comparison shows
that the percentage differences are practically zero and underlines the compliance
of the parameter between the two versions.

4.1.4 Slow Ramp - fast
ITT

Figure 4.12 shows the data relating to ITT in the maximum throttle phase during
the Slow Ramp (fast) maneuver. This parameter allows to verify that no overshoots
have occurred during the critical duration of the maneuver. The graph shows,
for each ID Case on the x-axis, the respective maximum ITT values for the
noRuggedized version and for the Ruggedized version on the primary y-axis, and
the secondary axis shows the respective series of percentage deviations between the
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Figure 4.11: Slow Ramp (slow) - NG set time

two previous values. The comparison shows that the percentage deviations remain
in the ±0.05% variability band and underlines the parameter compliance between
the two versions.

PWR

Figure 4.13 shows the PWR data in the maximum throttle phase during the Slow
Ramp (fast) maneuver. This parameter allows to verify that no overshoots have
occurred during the critical duration of the maneuver. The graph shows, for each
ID Case on the x-axis, the respective average PWR values for the noRuggedized
version and for the Ruggedized version on the primary y-axis, and the secondary
axis shows the respective series of percentage deviations between the two previous
values. The comparison shows that the percentage deviations remain in the ±0.05%
variability band and underlines the parameter compliance between the two versions.
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Figure 4.12: Slow Ramp (fast) - ITT

NG set time

Figure 4.14 shows the data relating to the settling time of NG at its reference
value during the Slow Ramp (fast) maneuver. This parameter allows to verify that
the performance of the engine is guaranteed throughout the entire maneuver. The
graph shows, for each ID Case on the x-axis, the respective rise values of NG for the
noRuggedized version and for the Ruggedized version on the primary y-axis, and on
the secondary axis is shown the respective series of percentage deviations between
the two previous values. The comparison shows that the percentage differences are
practically zero and underlines the compliance of the parameter between the two
versions.
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Figure 4.13: Slow Ramp (fast) - PWR

4.1.5 Stair Steps

ITT

Figures 4.15 and 4.16 show the ITT data in the phase of an upward step and a
downward one, with the same final throttle value during the Stair Steps maneuver.
This parameter allows to verify that no overshoots have occurred during a sample
step of the maneuver. The graph shows, for each ID Case on the x-axis, the respec-
tive maximum ITT values for the noRuggedized version and for the Ruggedized
version on the primary y-axis, and the secondary axis shows the respective series of
percentage deviations between the two previous values. The comparison shows that
the percentage deviations remain in the ±0.05% range of variability and underlines
the compliance of the parameter between the two versions.
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Figure 4.14: Slow Ramp (fast) - NG set time

PWR

Figures 4.17 and 4.18 show the PWR data in the phase of an upward step and a
downward step, with the same final throttle value during the Stair Steps maneuver.
This parameter makes it possible to verify that the power delivered during the entire
arc of the maneuver is adherent to the pilot’s command. The graph shows, for each
ID Case on the x-axis, the respective average PWR values for the noRuggedized
version and for the Ruggedized version on the primary y-axis, and the secondary
axis shows the respective series of percentage deviations between the two previous
values. The comparison shows that the percentage deviations remain in the ±0.05%
range of variability and underlines the compliance of the parameter between the
two versions.
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Figure 4.15: Stair Steps (up) - ITT

4.1.6 Burst & Chop

ITT

Figures 4.19 and 4.20 show the ITT data in the low throttle phase and the high
throttle phase, during the Burst & Chop maneuver. This parameter allows you to
verify that no overshoots have occurred during the critical phase of the maneuver.
The graph shows, for each ID Case on the x-axis, the respective maximum ITT
values for the noRuggedized version and for the Ruggedized version on the primary
y-axis, and the secondary axis shows the respective series of percentage deviations
between the two previous values. The comparison shows how the percentage
deviations remain in the ±0.01% variability band and underlines the parameter
compliance between the two versions.
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Figure 4.16: Stair Steps (down) - ITT

PWR

Figures 4.21 and 4.22 show the PWR data in the low throttle phase and the high
throttle phase, during the Burst & Chop maneuver. This parameter makes it
possible to verify that the power supplied during the critical phase of the maneuver
is adequate for the pilot’s command. The graph shows, for each ID Case on the
x-axis, the respective average PWR values for the noRuggedized version and for
the Ruggedized version on the primary y-axis, and the secondary axis shows the
respective series of percentage deviations between the two previous values. The
comparison shows how the percentage deviations remain in the ±0.01% variability
band and underlines the parameter compliance between the two versions.
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Figure 4.17: Stair Steps (up) - PWR

NG set time

Figures 4.23 and 4.24 show the data relating to the settling time of NG at its
reference value during the Burst & Chop maneuver, at high power (low) and
at maximum power (high). This parameter makes it possible to verify that the
performance of the engine is guaranteed during the critical phase of the maneuver.
The graph shows, for each ID Case on the x-axis, the respective rise values of NG
for the noRuggedized version and for the Ruggedized version on the primary y-axis,
and on the secondary axis is shown the respective series of percentage deviations
between the two previous values. The comparison shows that the percentage
differences are practically zero and underlines the compliance of the parameter
between the two versions.
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Figure 4.18: Stair Steps (down) - PWR

Nprop set time

Figures 4.25 and 4.26 show the data relating to the settling time of Nprop at
its reference value during the Burst & Chop maneuver at high power (low) and
at maximum power (high). This parameter makes it possible to verify that the
performance of the engine is guaranteed during the critical phase of the maneuver.
The graph shows, for each ID Case on the x-axis, the respective Nprop rise values
for the noRuggedized version and for the Ruggedized version on the primary y-axis,
and the secondary axis shows the respective series of percentage deviations between
the two previous values. The comparison shows that the percentage differences are
practically zero and underlines the compliance of the parameter between the two
versions.
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Figure 4.19: Burst & Chop (low) - ITT

4.1.7 Air Start
ITT

Figures 4.27 and 4.28 show ITT data during the Air Start maneuver, under high rpm
(high) and low rpm (low) re-ignition conditions. This parameter allows to verify that
no overshoots have occurred during the entire duration of the maneuver. The graph
shows, for each ID Case on the x-axis, the respective maximum ITT values for the
noRuggedized version and for the Ruggedized version on the primary y-axis, and on
the secondary axis is shown the respective series of percentage deviations between
the two previous values. The comparison shows that the percentage deviations of
the high condition are purely zero, while those of the low condition remain in the
±0.2% variability band, emphasizing the parameter conformity between the two
versions. Figures 4.29 and 4.30 show the data relating to the settling time of NG
at its reference value during the Air Start maneuver, in high rpm and low rpm (low)
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Figure 4.20: Burst & Chop (high) - ITT

re-ignition conditions. This parameter allows to verify that the performance of the
engine is guaranteed throughout the entire maneuver. The graph shows, for each
ID Case on the x-axis, the respective rise values of NG for the noRuggedized version
and for the Ruggedized version on the primary y-axis, and on the secondary axis
is shown the respective series of percentage deviations between the two previous
values. The comparison shows that the percentage deviations of the high condition
are purely zero, while those of the low condition remain in the range of variability
between 0% and 0.2%, underlining the parameter conformity between the two
versions.
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Figure 4.21: Burst & Chop (low) - PWR
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Figure 4.22: Burst & Chop (high) - PWR
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Figure 4.23: Burst & Chop (low) - NG set time
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Figure 4.24: Burst & Chop (high) - NG set time

62



Rugged analysis

Figure 4.25: Burst & Chop (low) - Nprop set time
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Figure 4.26: Burst & Chop (high) - Nprop set time

64



Rugged analysis

Figure 4.27: Air Start (high) - ITT
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Figure 4.28: Air Start (low) - ITT
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Figure 4.29: Air Start (high) - NG set time
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Figure 4.30: Air Start (low) - NG set time
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Chapter 5

Parametric analysis

5.1 What we also did
In this chapter, the results of the so-called Parametric analysis will be presented.

The analysis aims to explore the robustness of the control software, varying
the rotational inertia analyzed in Chapter 4 and now exploited as a parameter, in
view of future use of the engine as a development platform for new generations of
models with different characteristics and performance.

Taking as a basic reference the nominal value of the inertia increment ∆i0 of the
Ruggedized configuration, theoretical increments of +50%, +100%, and +150%
have been set, thus defining a total of 5 configurations, as shown in Table 5.1.

R0 (noRuggedized) R1 (Ruggedized) R2 R3 R4
∆i = 0 ∆i = ∆i0 ∆i = 1.5∆i0 ∆i = 2∆i0 ∆i = 2.5∆i0

Table 5.1: Inertial parametric configurations

5.1.1 Test points
Three maneuvers were selected as a representative basis of the test, based on the
thermo-mechanical load on the motor, simulating them all over the respective
envelopes, as already performed in Chapter 4. The data have been processed by
appropriately modifying scripts and functions presented in the Chapter 3. The
results are presented in the form of Excel graphs: each graph represents the result
of the quantity of interest, with the ordinate axis suitably muted, in accordance
with the company’s requests for confidentiality on technical data, plus the series of
percentage deviations of the same quantity between the R0 and R4 versions. The
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difference is again considered acceptable if the percentage difference falls within
the range ±1.5% of variability, for the same reasons explained in Chapter 4.
The results are presented hereafter.

5.1.2 Take Off & Climb

ITT

Figure 5.1 shows the data relating to ITT in the maximum throttle phase during
the Take Off maneuver. This parameter allows to verify that no overshoots have
occurred during the critical phase of the maneuver. The graph shows for each ID
Case on the x-axis the respective maximum values of ITT for each version R on
the primary y-axis, and on the secondary axis is shown the respective series of
percentage deviations between the values R0 and R4. The comparison shows that
the percentage deviations remain in the ±0.1% variability band and underlines the
compliance of the parameter between the two versions.

NG set time

Figure 5.2 shows the data relating to the settling time of NG at its reference
value during the Take Off maneuver. This parameter allows to verify that the
performance of the engine is guaranteed throughout the entire maneuver. The
graph shows for each ID Case on the x-axis the respective rising values of NG for
each version R on the primary y-axis, and on the secondary axis is shown the
respective series of percentage deviations between the two values R0 and R4. The
comparison shows that the percentage deviations are purely zero with the exception
of an outlier value - which does not cause concern if we look at the real values of
the quantities - and underlines the conformity of the parameter between the two
versions.

Nprop set time

Figure 5.3 shows the data relating to the settling time of Nprop at its reference
value during the Take Off maneuver. This parameter allows you to verify that
the performance of the engine is guaranteed throughout the entire maneuver. The
graph shows for each ID Case on the x-axis the respective rising values of Nprop
for each version R on the primary y-axis, and on the secondary axis is shown the
respective series of percentage deviations between the two values R0 and R4. The
comparison shows that the percentage deviations remain in the ±0.05% variability
band and underlines the compliance of the parameter between the two versions.
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Parametric analysis

Figure 5.1: Take Off parametric - ITT

5.1.3 Burst & Chop (high)
ITT

Figure 5.4 shows the ITT data in the maximum throttle phase during the Burst
& Chop maneuver. This parameter allows to verify that no overshoots have
occurred during the critical phase of the maneuver. The graph shows for each ID
Case on the x-axis the respective maximum values of ITT for each version R on
the primary y-axis, and on the secondary axis is shown the respective series of
percentage deviations between the values R0 and R4. The comparison shows that
the percentage deviations remain in the ±0.1% variability band and underlines the
compliance of the parameter between the two versions.
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Figure 5.2: Take Off parametric - NG set time

NG set time

Figure 5.5 shows the data relating to the settling time of NG at its reference value
during the Burst & Chop maneuver. This parameter allows to verify that the
performance of the engine is guaranteed throughout the entire maneuver. The
graph shows for each ID Case on the x-axis the respective rise values of NG for
each version R on the primary y-axis, and on the secondary axis is shown the
respective series of percentage deviations between the two values R0 and R4. The
comparison shows how the percentage deviations remain in the ±0.02% variability
band and underlines the compliance of the parameter between the two versions.
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Figure 5.3: Take Off parametric - Nprop set time

Nprop set time

Figure 5.6 shows the data relating to the settling time of Nprop at its reference
value during the Burst & Chop maneuver. This parameter allows to verify that
the performance of the engine is guaranteed throughout the entire maneuver. The
graph shows for each Case ID on the x-axis the respective Nprop rise values for
each version R on the primary y-axis, and on the secondary axis is shown the
respective series of percentage deviations between the two values R0 and R4. The
comparison shows that the percentage deviations remain in the ±0.05% variability
band and underlines the compliance of the parameter between the two versions.
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Figure 5.4: Burst & Chop (high) parametric - ITT

5.1.4 Air Start (low)

ITT

Figure 5.7 shows the ITT data during the Air Start (low) maneuver. This parameter
allows to verify that no overshoots have occurred during the entire span of the
maneuver. The graph shows for each ID Case on the x-axis the respective maximum
values of ITT for each version R on the primary y-axis, and on the secondary
axis is shown the respective series of percentage deviations between the values
R0 and R4. The comparison shows that the percentage deviations remain in the
±0.5% variability band, showing a slight tendency to positive differences, but still
emphasizing the compliance of the parameter between the two versions.
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Figure 5.5: Burst & Chop (high) parametric - NG set time

NG set time

Figure 5.8 shows the data relating to the settling time of NG at its reference
value during the Air Start maneuver. This parameter allows to verify that the
performance of the engine is guaranteed throughout the entire maneuver. The
graph shows for each ID Case on the x-axis the respective rise values of NG for
each version R on the primary y-axis, and on the secondary axis is shown the
respective series of percentage deviations between the two values R0 and R4. The
comparison shows that the percentage deviations remain in the ±0.4% variability
band, showing a slight tendency to positive differences, but still emphasizing the
compliance of the parameter between the two versions.
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Figure 5.6: Burst & Chop (high) parametric - Nprop set time
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Figure 5.7: Air Start (low) parametric - ITT
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Figure 5.8: Air Start (low) parametric - NG set time
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Chapter 6

Conclusions

6.1 What we know
In light of the conducted analyses, Rugged and Parametric, the results show a
consistent behavior in line with the premises of the project, despite the different
maneuvers, test points, and external conditions. Specifically, the differences ob-
served between basic configuration and Ruggedized configurations systematically
fall within the expected variability band.

• No ITT overshoot occurs

• No mechanical NG/Nprop overshoot, no response delays

• No abnormalities of motor-supplied PWR occur

This consistency of results indicates that the hardware change does not introduce
a significant impact on engine controllability and/or its performance.

In addition, the control system showed its robustness as test conditions changed,
maintaining a stable response behavior that complied with the original design
conditions.

Based on this evidence, it can be concluded that the hardware modification
does not require further modification of the control system, which has proven to be
robust and reliable. The motor and its control system can then go trough the next
steps of testing and certification in safe conditions.
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Appendix A

Lc55 code

1 c l e a r a l l
2 c l o s e a l l
3 c l c
4

5 t i c ;
6

7 a n a l y s i s = input ( ’ I n s e r t a n a l y s i s type (Rugg = 1 , Param = 2) : ’ ) ;
8 codeMan = input ( ’ I n s e r t maneuver code (GS, TO, SS , SR, BC, AS) : ’ , ’ s

’ ) ; % ’ s ’ = s t r i n g
9 codeMan = upper ( s t r t r i m ( codeMan ) ) ; % c l e an ing : remove spaces and use

c a p i t a l l e t t e r s
10

11 f i l e s = d i r ( ’ ∗ . mat ’ ) ;
12

13 switch a n a l y s i s
14

15 % ==================================================
16 % ANALYSIS 1 : Rugg (2 l i s t s : noRugg = R0 , Rugg = R1)
17 % ==================================================
18 case 1
19 % I n i t i a l i z e two l i s t s ( empty s t r u c t array )
20 noRugg = s t r u c t ( ’name ’ , {} , ’ f o l d e r ’ , {} , ’ date ’ , {} , ’ bytes ’ ,

{} , ’ i s d i r ’ , {} , ’ datenum ’ , {}) ;
21 Rugg = noRugg ;
22

23 f o r k = 1 : numel ( f i l e s )
24 nameFile = f i l e s ( k ) . name ;
25 % Find . mat l o c a t i o n
26 [ ~ , nameBase , e s t ] = f i l e p a r t s ( nameFile ) ;
27 i f ~ strcmpi ( est , ’ . mat ’ )
28 cont inue ; % s a f e t y
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29 end
30

31 i f isempty ( nameBase )
32 cont inue ; % s t range r f i l e
33 end
34

35 l a s t D i g i t = nameBase ( end ) ;
36

37 i f l a s t D i g i t == ’ 0 ’
38 noRugg ( end+1) = f i l e s ( k ) ; %#ok<AGROW>
39 e l s e i f l a s t D i g i t == ’ 1 ’
40 Rugg( end+1) = f i l e s ( k ) ; %#ok<AGROW>
41 e l s e
42 f p r i n t f ( ’ Warning : "%s " does not end with "0 " or " 1 " ,

sk ipped . \ n ’ , nameFile ) ;
43 end
44 end
45

46 switch codeMan
47 case ’GS ’
48 Sam310_Rugg(noRugg , Rugg) ;
49

50 case ’TO’
51 Mt82_Rugg(noRugg , Rugg) ;
52

53 case ’SS ’
54 Sal222_Rugg (noRugg , Rugg) ;
55

56 case ’SR ’
57 Gv668_Rugg(noRugg , Rugg) ;
58

59 case ’BC ’
60 Mc440_Rugg(noRugg , Rugg) ;
61

62 case ’AS ’
63 AB112_Rugg(noRugg , Rugg) ;
64

65 otherwi s e
66 e r r o r ( ’ Maneuver code "%s " not v a l i d . ’ , codeMan ) ;
67 end
68

69 % ==================================================
70 % ANALYSIS 2 : Param (5 l i s t s : R0 , R1 , R2 , R3 , R4)
71 % ==================================================
72 case 2
73 % I n i t i a l i z e f i v e l i s t s ( empty s t r u c t array )
74 R0 = s t r u c t ( ’name ’ , {} , ’ f o l d e r ’ , {} , ’ date ’ , {} , ’ bytes ’ , {} , ’

i s d i r ’ , {} , ’ datenum ’ , {}) ;
75 R1 = R0 ;
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76 R2 = R0 ;
77 R3 = R0 ;
78 R4 = R0 ;
79

80 f o r k = 1 : numel ( f i l e s )
81 nameFile = f i l e s ( k ) . name ;
82 % Find . mat l o c a t i o n
83 [ ~ , nameBase , e s t ] = f i l e p a r t s ( nameFile ) ;
84 i f ~ strcmpi ( est , ’ . mat ’ )
85 cont inue ; % s a f e t y
86 end
87

88 i f isempty ( nameBase )
89 cont inue ; % s t range r f i l e
90 end
91

92 l a s t D i g i t = nameBase ( end ) ;
93

94 i f l a s t D i g i t == ’ 0 ’
95 R0( end+1) = f i l e s ( k ) ; %#ok<AGROW>
96 e l s e i f l a s t D i g i t == ’ 1 ’
97 R1( end+1) = f i l e s ( k ) ; %#ok<AGROW>
98 e l s e i f l a s t D i g i t == ’ 2 ’
99 R2( end+1) = f i l e s ( k ) ; %#ok<AGROW>

100 e l s e i f l a s t D i g i t == ’ 3 ’
101 R3( end+1) = f i l e s ( k ) ; %#ok<AGROW>
102 e l s e i f l a s t D i g i t == ’ 4 ’
103 R4( end+1) = f i l e s ( k ) ; %#ok<AGROW>
104 e l s e
105 f p r i n t f ( ’ Warning : "%s " does not end with a v a l i d

d i g i t (0−4) , sk ipped . \ n ’ , nameFile ) ;
106 end
107 end
108

109 switch codeMan
110 case ’GS ’
111 Sam310_Param(R0 , R1 , R2 , R3 , R4) ;
112

113 case ’TO’
114 Mt82_Param(R0 , R1 , R2 , R3 , R4) ;
115

116 case ’SS ’
117 Sal222_Param (R0 , R1 , R2 , R3 , R4) ;
118

119 case ’SR ’
120 Gv668_Param(R0 , R1 , R2 , R3 , R4) ;
121

122 case ’BC ’
123 Mc440_Param(R0 , R1 , R2 , R3 , R4) ;
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124

125 case ’AS ’
126 AB112_Param(R0 , R1 , R2 , R3 , R4) ;
127

128 otherwi se
129 e r r o r ( ’ Maneuver code "%s " not v a l i d . ’ , codeMan ) ;
130 end
131

132 otherwi s e
133 e r r o r ( ’ Ana lys i s type "%s " not v a l i d . Use 1 (Rugg) or 2 (Param

) . ’ , num2str ( a n a l y s i s ) ) ;
134 end
135

136

137

138 di sp ( ’Run completed ’ )
139

140 RunTime = [ num2str ( toc ) , ’ s e c ’ ]
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