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Abstract

Development of a control system for turbofan engines

In the frame of this Diploma Thesis, the structure and design of a generic control system
for turbofan engines is analyzed. In general, the control system ensures the acceptable
operation of the engine during steady state and transient phases in order to deliver the
required thrust by controlling either fan rotational speed (Nf) or Engine Pressure Ratio
(EPR), while it prevents the engine from exceeding its limits.

An initial PROOSIS turbofan engine model with a typical control system was already
available at the Laboratory of Thermal Turbomachines. In that model the controller gains
were manually tuned at a single operating point, meaning that operation was possible only
for a limited range around that point. This is attributed to the fact that the jet engines are
by nature nonlinear systems, which operate in diverse conditions, with varying altitude,
flight Mach number and power level. So, a gain scheduling strategy was needed to simulate
the engine operation throughout its flight envelope. The first step in creating an automated
procedure for calculating the gains of the controllers was to produce the state space model
of the engine for a range of operating points, which was accomplished by applying a
linearization process via a PROOSIS experiment. The gain calculation was performed by
applying the Edmunds’ model matching method, where the inputs were the engine’s
transfer function, the controller’s transfer function (PI control) and a target transfer
function, which had the ideal response characteristics.

The first application of this process was a two-spool turbofan engine model, based on a
commercial engine, delivering 128 kN of thrust at static sea-level take-off conditions. The
engine was linearized and the output file, containing the state space matrices for a wide
range of flight Mach numbers, flight levels and power settings, was exported to MATLAB,
where the gain calculation was implemented. The look up tables of the gains were then
inserted in the PROOSIS model containing the engine and the control system. The method
and model verification were performed by executing several test cases, including both
gradual and fast transient maneuvers, for an extensive range of external conditions. The
achieved controller design proved able to perform the necessary functions.

The second application of this process was a conceptual ultra-high bypass geared turbofan
engine mode, delivering 153 kNN of thrust at static sea-level conditions. The model also
included a variable area fan nozzle to control fan surge margin at take-off conditions and
enable performance optimization at cruise. In this engine, firstly the required schedule of
the fan’s nozzle area was created and subsequently the engine model was linearized. Within
the same simulation structure (experiment) the gain calculation was executed, by directly
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integrating in PROOSIS the MATLAB script as a C static library. Therefore, the process
was simplified and the engine model with the control system was simulated in gradual
transients and in a fast acceleration to test the operation and validity of the controller
design, while evaluating the effect of the nozzle’s dynamic performance.

In conclusion, a generic methodology has been developed that allows model linearization
and controller gain calculation over the entire flight envelope of contemporary and future
aircraft engines, in an automated and transparent manner.
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Nomenclature

BPR: Bypass Ratio

EGT: Exit Gas Temperature (total temperature at the
discharge)

EPR: Engine Pressure Ratio

FAA: Federal Aviation Administration
FN: thrust of the engine

HP: High Pressure

HPC: High-Pressure Compressor

HPT: High-Pressure Turbine

IWG: Integral Wind-up Gain

Ki: integral gain

Kp: proportional gain

LTT: Laboratory of Thermal Turbomachines
LP: Low Pressure

LPC: Low-Pressure Compressor (booster)
LPT: Low-Pressure Turbine

Nc: rotational speed of the core shaft

N,: rotational acceleration of the core shaft

Nf: rotational speed of the fan shaft

OPR: Overall Pressure Ratio

PLA: Power Lever Angle

PROOSIS: Propulsion Object-Oriented Simulation Software
Pt2: total pressure at the inlet of the fan

Pt3: total pressure at the high-pressure compressor discharge
Ps3: static pressure at the high-pressure compressor discharge
Pt5: total pressure at the low-pressure turbine discharge

RU: Ratio Unit

TET: Turbine Entry Temperature

TRA: Thrust lever Resolver Angle
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Tt3: total temperature at the high-pressure compressor discharge
Tt4: total temperature at the combustion chamber

Tt45: total temperature at the high-pressure turbine discharge
VAN: Variable Area fan Nozzle

VBV: Variable Bleed Valve

Wt fuel flow rate

W1: total air mass flow rate
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1. Introduction

The gas turbine engines are highly complex systems, where accuracy during the operation,
is needed and they are used for industrial (power generation and mechanical drive) and
propulsion purposes. In the aeronautical industry, the gas turbines are considered to be
the main source of power and these aircraft engines, in contrast with turboshaft engines
used for industrial purposes, operate in a wide range of environmental conditions and
power settings [1]. So, they are required to perform acceptably within strict bounds under
varying conditions. Hence, the engine control system is vital and especially with scheduled
parameters, in order to satisfy the gas turbine engine’s goal to provide a required level of
thrust in an aeronautical application throughout the operational envelope. These systems
have evolved from the initial hydromechanical operation to the Full Authority Digital
Engine Control (FADEC), but their main functions remain the same:

1. Keeping a constant thrust value, according to a specific throttle position
2. Performing in an acceptable way, during the transient periods, hence
between different thrust levels and external conditions

3. Maintaining specific safety margins

The first two functions are encapsulated in the power management section of the control
system, while the latter function is a part of the protection logic section. These two
sections, along with the actuators and the sensors, are the main components of the control
system.

Generally, there are a few publications that concern the civil aircraft engines’ simulation
along with the accompanying control system. Some relative research exists for industrial
(stationary) gas turbines, which however operate over a limited range of environmental
conditions. Thus, there was a lack of guidelines on how to apply the findings in aero-
propulsion applications [1]. So, the sources, that this Diploma Thesis relied on, start from
2008, when a publication was made [2], describing the capabilities of the Commercial
Modular Aero-Propulsion System Simulation (C-MAPSS) software, which can incorporate
commercial turbofan engines. This software was developed in MATLAB/Simulink, it was
based on a military engine simulation software developed by NASA (MAPSS) and its target
was to create an accessible platform applicable to civil aviation needs. This publication
focuses on the modelling of the aero-thermodynamic aspect of the engine and the solver’s
method, but it also makes a brief description of the control system architecture and its
implementation strategy.

Afterwards, a detailed generic control system architecture was proposed [3], by
implementing a turbofan engine of 40,000 Ibf of thrust (~178 kN) in C-MAPSS software.
In this publication, the complete system including the power management section and the
protection logic section was meticulously described, so it can be implemented in a wide
range of applications. Moreover, a control law suitable for both sections was suggested
and its parameters were analyzed. Hence, the Laboratory of Thermal Turbomachines
(LTT) of the National Technical University of Athens created a two-spool turbofan engine
model with the accompanying control system based on this project.

16



In the 53rd AIAA/SAE/ASEE Joint Propulsion Conference (2017), two atticles were
presented concerning the concept of geared turbofan engines with a Variable Area fan
Nozzle (VAN) [4], [5]. In the first article [5], the proposed control system of the engine
was similar to [3], and both a flight mission and a fast acceleration scenarios were simulated.
This project was conducted in MATLAB/Simulink by using a toolbox for thermodynamic
systems simulation (T-MATS) with the help of external solvers. The second article [4]
concentrated on the modelling of the VAN as a dynamic component and, while it adopted
the same control law as [3], [5], this project was conducted by TTECTrA software, which
relied on MATLAB/Simulink, and Numerical Propulsion System Simulation (NPSS)
software.

In the context of the Clean Sky 2 research program, LTT in cooperation with Airbus
company is responsible for developing a control system for an advanced type of aero-
engine configuration, for instance a geared turbofan engine with a VAN.

In the aerospace industry, the thermal efficiency of the engines has been improving by
increasing OPR and TET, but the conventional technology has reached saturation and
further minor enhancements in these variables will not have a crucial effect on overall
efficiency. Hence, another strategy is the improvement of propulsive efficiency and a way
to achieve this is the augmentation of BPR. A higher BPR can be achieved by increasing
the fan’s diameter or by scaling down the core’s diameter or by combining the two
methods. However, there is an upper limit for the fan’s diameter, because there could be
some implications regarding the engine’s weight, the ground clearance and the maximum
speed at the tip of the fan’s blades, to avoid supersonic phenomena. In addition, the core
of the engine cannot be extensively minimized, because the blades of the compressor have
a minimum length to avoid the adverse acrodynamic phenomena.

Therefore, the augmentation of the fan’s diameter most likely will take place, so its
rotational speed must be lowered to keep the tip speed within limits, but this will cause a
mismatch of the optimal speed of the fan, the LPC and the LPT. So, the LPC and the LPT
will operate at a lower speed, their efficiency will be compromised, and a higher number
of stages will be needed. Hence, a potential way to deal with these interdependent tasks is
the application of geared turbofan engines, so in the low speed shaft after the LPC a
gearbox (usually planetaty) is mounted to allow the fan and the LPC/LPT system to
operate at their optimal speed.

The geared turbofan engines are an upcoming trend in the aeronautical industry and
already a new generation engine family is commercially adopted (PW1000G). In this case,
the engine has a reduced noise footprint, since the gearbox reduces the rotational speed of
the fan, thus the speed of the fan blade tips is lower. Also, the LPT and subsequently the
LPC operate at higher angular velocities, so fewer stages are needed in these components
and the engine’s weight is reduced. However, the weight reduction can be downgraded by
the additional weight of the gearbox. So, the enhancement of the propulsive efficiency is
achieved, by reducing the fan’s pressure ratio (because its angular velocity is lower) and
increasing the BPR, so a lower amount of energy is transferred to a higher amount of air
mass.

The goal of this Diploma Thesis is to satisfy the need for an automated method of
modelling the control system of a jet engine and calculating its parameters for the full flight
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envelope, while determining its limitations, in order to be adaptable for various engine
concepts. The methods applied are based on the aforementioned publications, but in this
case the usage of external software, other than PROOSIS, is gradually minimized'. The
implementation of this method enables the design of the control system of the engine, so
afterwards a complete simulation of its operation can take place, by taking into account
the rest of the peripheral systems of the engine, such as the lubrication system, the air bleed
system that supplies the cabin and the fuel system.

In the second Chapter of the Diploma Thesis, the basic concepts of linear control systems
are presented both for time and frequency domain. Moreover, in this Chapter, the
linearization process of a nonlinear system is described and finally the architecture of jet
engine control system is analyzed.

In the third Chapter, the model matching method, which was formulated by Edmunds [6]
and it is applied to calculate the gains of the controllers at each point of the operational
envelope, is presented. Then the results of programming this method in MATLAB are
evaluated to determine the appropriate values of the needed parameters.

In the fourth Chapter, a two-spool turbofan engine model with its, manually tuned, control
system is adopted and tested at first in a narrow range of conditions in PROOSIS.
Afterwards the linearization process is applied and evaluated for a two-spool turbofan
engine model and then the definition of the control system and the fully integrated system
simulation are described. In this Chapter, the linearization process results, which took place
in PROOSIS, are transferred to MATLAB for the execution of Edmunds’ method.

In the fifth Chapter, a two-spool geared turbofan engine with a VAN is adopted and the
same method, as in the fourth chapter, is applied, while using a simpler architecture for the
protection logic section of the control system, and the potential weaknesses and future
improvements of the model are mentioned. In this Chapter, the linearization process, as
well as Edmunds’ method calculations, are executed in PROOSIS, without the need of
MATLAB, since the MATLAB code was converted in C code function.

In the sixth and final Chapter, several remarks and future suggestions are made to expand
the capabilities of this method and be able to accurately simulate state-of-the-art engines,
such as the engine model of the fifth Chapter.

I PROOSIS is an object-oriented simulation environment for gas turbine performance simulations and it is
used by LTT as the main platform to conduct research in this field.
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2.  Engine control principles

In this Chapter, the background needed for the analysis of linear control systems, in the
time and frequency domain, is presented, such as the state space equations, the distinction
between the open loop and closed loop systems and the explanation of the basic types of
transfer function. Also, the phase margin and the gain margin of an open loop system are
defined, and the Jacobian linearization process of a nonlinear plant is described, which in
the fourth and fifth Chapters is adopted in PROOSIS. Finally, the generic algorithm of the
control system of a jet engine, as well as the potential components of the two sections, are
described.

2.1 Linear control system principles

A feedback control system can be investigated either in the time domain or in the frequency
domain. The time domain offers the possibility of describing a system and delineating its
response in terms of time [7]. The frequency domain approach is based on the
representation of the system via a transfer function G(s), which connects the input with
the output of the system, using Laplace transformation and ZETA transformation in case
of continuous and discrete systems respectively [8], [9]. Although this approach can easily
demonstrate the stability and the transient response of a system and connect several
subsystems by using block diagrams, it cannot be implemented for nonlinear and time
variant systems.

For instance [8], a linear differential equation of n-order with constant parameters is:

d"y(t) d" 1y (t)
Un—gm Tn-1" —gmmr ot do y(®)
d™u(t) d™ Tu(e)
= b — m-1" gt Tt bo - u(®)

where y(t) is the output and u(t) is the input of the system. If all initial conditions are
assumed zero and by implementing the Laplace transformation, the differential equation
is:

[an - s™+ ap_q s 1+ +ag]-Y(S)=[bp s™+by_1-S" 1+ 4 byl * U(s)

where s is a complex variable, which will later be considered as a complex frequency in the
frequency domain analysis. Therefore, the transfer function G(s) of the system is:

Y(s)  ap s"+an sV 4+ +ag

G(s) = U(s) by S™+bp_q-s™m 14+ b

where Y(s) is the output and U(s) is the input of the system as a function of the complex
frequency s. An example of a block diagram for such a transfer function is depicted in
Figure 1.
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Figure 1 - Block diagram of a transfer function

The denominator polynomial is called the characteristic equation of the system. The roots
of the numerator of the transfer function are called zeros of the system it describes, while
the roots of the denominator are called poles of the system and the time response of the
system is being determined by their position in the complex plane.

The time domain approach (state space) is a method that enables the modelling, design
and investigation of a larger proportion of systems compared to frequency domain. Thus,
it can be potentially applied to systems which are also time varying, nonlinear and with
non-zero initial conditions. Moreover, this approach offers a compact representation of
MIMO systems (multiple input-multiple output).

A system’s state variables are the smallest set of linearly independent variables, such that
at any given moment, with a known input, can adumbrate all the system variables and their
number is equal to the order of the system. Therefore, the state space is an n-dimensional
space, where each axis represents one state variable and the state equations is set of n first
order differential equations, having as variables the state variables of the system [8]. Hence,
since the main characteristics of the time domain approach are defined, the equations
which represent a time-invariant and linear system can be defined for time t=t, and initial
conditions x(t):

xX=Ax+B-u
y=C-x+D-u

where x is the vector of the state variables, u is the vector of the input variables, y is the
vector of the output variables, A is the system matrix, B is the input matrix, C is the output
matrix and D is the feedforward matrix

So, for a system with n state variables, m input variables and p output variables the matrices
are:

[aij] € Rnxn

A
B

[bij] € Rnxm
C = [Cij] € RP*n
D - [dl]] (S Rpxm

A state space model can be converted to a transfer function, by applying the formula:

G(S)=%=C-(SI—A)_1-B+D
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where I is the identity matrix.

For a typical feedback control system, there are mainly two typical transfer functions that
are used during the analysis process. For instance, let a system which consists of the plant
to be controlled, a controller and a feedback transfer function (usually represents the
sensors of the system)

An open loop system works without feedback and produces the output in response to an
input signal as it is depicted in Figure 2. The open loop transfer function is:

Gor = G~ Gy

U(s)
Ris) p Gels) > Gpls) > Yis)

Command Confroller Plant Output

Figure 2 - Open loop system block diagram

A closed loop system takes the relevant sensor output from the plant and subtracts it from
the command signal to produce an error E(s) and use it as an input to the controller which
calculates the desired input signal U(s) for the plant, as it is demonstrated in Figure 3. The
closed loop transfer function is:

Ge G,
Ca =176, G, H

¢ bp
E(s) U(s) .
Ris) Golg) M Gpls) LR
Command Controller Plant Qutput

His

Feedback

Figure 3 - Closed loop system block diagram
Typical examples of state space models are the ones of first order and second order.

The first order system has a transfer function of the following form:

G(s) = —
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where a is a parameter which desctibes the transient response of this system and 1/a is
called the time constant of the system (1).

So, a first order transfer function is useful for describing a system which presents only a
time lag during its response. In detail, as it is represented in Figure 4, the initial tangent of
the response in a unit step input is equal to a and:

. Settling time Ts: the time needed for the response to reach and stay within
2% of its final value

T 4
S a
. Rise time Tt: the time required for the response to rise from 10% to 90%
of its final steady state value
T 2.2
" a
()
.. 1
\ al s = — =
1 Initial slope hme constant a
1.0
0.9
0.8 |- rd
0.7
0.6 & 63 % of final value
at f = one time constant
0.5 —
0.4 —
0.3 —
0.2 —
0.1
1 1 | e
o 1 2 3 4 =1
ol L al o ol
7,
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Figure 4 - First order system response to a step input (From [8] Figure 4.5)
The second order system has a transfer function of the following form:

Wz
s24+2-( w, + w2

G(s) =
where { is the damping ratio of the system and w, is the undamped natural frequency of
the system.

If ¢=0 then the system is characterized as undamped, if 0<{<1 then the system is
underdamped, if {=1 the system is critically damped and if {>1 then the system is
overdamped (see Figure 5).
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Figure 5 - Responses of second order system with different categories of  (From [8] Figure 4.10)

For example, a highly damped system would have a { higher than 0.6 (see Figure 6).
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Figure 6 - Underdamped responses of second order system (From [8] Figure 4.13)

However, the systems that are going to be investigated, whose response can be represented
by a second order transfer function, are underdamped. The second order systems present
different response characteristics [8], such as (see Figure 7):

. Settling time T's:
T, = *
¢ wp
. Peak time Tp: the time required to reach the first peak
T

Ty = ———
P o 1=
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. Overshooting OS: the amount that the waveform overshoots the steady
state value at peak time, as a percent of the steady-state value

_(-S&x ) o
%05 = e <V1—<2 1100 = max ~ Ginal 444
Cfinal

The rise time Tr does not have a representative equation for this case.
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Figure 7 - Response characteristics of an underdamped second order system (From [8] Figure 4.14)

2.2 Frequency response

The response of a linear system, having as input a sinusoidal signal, has also a sinusoidal
form, which nevertheless differs in amplitude and phase angle from the input [8]. This
response can be evaluated over a range of frequencies, by examining the magnitude M and
the phase @ of the open loop transfer function of the system G¢(s).

The transfer function G(s) can be described in the frequency domain as [7]:
G(jw) = R(w) + jX(w)
where w is the radial frequency, R(w) = Re[G(jw)] and X(w) = Im[G(jw)]
The magnitude M (in dB) of the open loop transfer function is:
M =20-log|G(jw)|
The phase @ (in degrees) of the open loop transfer function is:

X (w)

¢ =tan" " ——=
an R(o)

24



In the logarithmic diagrams of magnitude and phase as a function of frequency (see Figure
8) there are two critical points for the stability of the system. For the magnitude plot, one
point is where the M=0 dB, whereas in the phase plot, the other point is where ®=-180°.

The gain margin (GM) of a system is the increase in the system gain, when ®(juen)=-180°,
that will result in a marginally stable system of M=0 dB [9].

The phase margin (PM) of a system is the decrease in the phase of the system, when
M(jwor) =0dB, that will result in a marginally stable system of ®=-180° [9].

Therefore, a system is considered stable, if both @M and GM are positive.

M (dB)

Gain

plot
0 dB \ —= log @

Phase
plot

Phase (degrees)

180°

Figure 8 - Gain and Phase margin demonstration (From [8] Figure 10.37)

2.3 Linearization method

The gas turbine engine is by nature a nonlinear system and the ones used in aeronautical
industry operate in highly diverse conditions, such as different altitude, flight velocity and
power setting, hence a single linear state space model is not able to represent the full extent
of the operational envelope. So, a Jacobian linearization process is implemented [10] for
different steady states across the operational envelope.

A general form of nonlinear and time variant state equations is:

x(t) = flx(®),u(®),t]
y(t) = hlx(t),u(t),t]

where t is the time and x(t), u(t), y(t) are the time variant vectors of state variables, input
and output respectively.

The initial values of the state variables for time moment t, atre:
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x(to) = X,

For a nominal input signal u(t) the differential equation of the nominal state vector
trajectory is:

x(@ = f[x@®,u(®, ]

And accordingly, the trajectory of the nominal output variables can be described by the
equation:

y(@® = h[[x(®, u(®, t]

If there are constant vectors U(t) = @i and x(t) = X for which f (%, i, t) equals to zero,
then X is considered also as equilibrium state.

Assuming small perturbations 8 from the nominal trajectories of the state vector x, input
u and output y:

xs(t) = x() — x(O)
us(t) = u(t) —u(®
ys(t) = y(t) —y(©)

and the following partial derivatives for n state variables, m input variables and p output
variables:

X, U ,t)—l—( ut) Jfori=1..nandj=1..n

x,u,t) = [—(x u, t) fori=1.nandj=1..m

oh [0h; , ,
—ut) = |— (o u, t) ,fori=1.nandj=1..p

0x 0x;

oh,
ou Gout) =

—i(x,u,t) Jfori=1..pandj=1..m

0u;

Also, the state equations are expanded around the nominal trajectories, by applying the
Taylor series:

x(t) = flx(®), u(®), t] ;
= [0, WD, 1] + S [xD, D, ] (x(6) ~ XD)

+ % [;(tj 17(\5 t] . (u(t) — 17(75) + higher order terms
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y(t) = hlx(t),u(®),t] ”
=Hﬂﬁﬂﬁﬂ+5ﬂﬂﬁﬂﬁﬂiﬂﬂ—ﬁﬁ)

+ % [m’ u(®), t] ' (u(t) - 17(5) + higher order terms

Finally, if the matrices of the linearized state space model are defined as:

of

A(t) = a_]; [x(®), u(®), t]
oh —

B®=@h@mad

of —0 ——
C(t) = %[x(t),u(t),t]

D@® = 2[4, 10D, ]

ou

The state space equations of the linearized model are:
xs(t) = A(t) - x5(t) + B(t) -us(t) + higher order terms
ys(t) = C(t) ~xs5(t) + D(t) - us(t) + higher order terms

Hence, if it is considered that the state variables, the input and the output are sufficiently
close to their nominal value, then the higher order terms are neglected and if the system is
time invariant then the final state space equations are:

X5:A'X5+B'u5
y5=C-x5+D-u5

It should be pointed out again that in the linearized equations the state vector, the input
and the output are equal to small perturbations from their nominal state (equilibrium).

2.4 Civil aircraft engine control system logic and
components

The amount of thrust, that a jet engine produces, cannot be directly measured, so the
manufacturers have come up with two alternative variables that can be directly linked to
the thrustlevel. One variable is Nf (in case of a turbofan engine) or Nc (in case of a turbojet
engine) and the other one is EPR which is equal to:

Pts

EPR = —

Pt,
where Pt5 is the total pressure at the discharge of the LPT and Pt2 is the total pressure at
the inlet of the fan.
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For a given engine power setting the control system modifies the required Nf or EPR in
the pursue of keeping the thrust at a constant level against the changing air density at the
inlet, which depends on the measured temperature and pressure. Moreover, the control
systems, which use EPR as the main control variable, may possess the agility to change the
parameter to Nf, if the pressure measurements are not considered reliable.

The engine control system can be described by the following algorithm [2], [3] (see Figure
9):

1. The throttle position, taking into account the altitude, the temperature difference
from standard atmoshpere and the flight Mach number of the aircraft is converted into
the corresponding Nf or EPR value.

2. The setpoint controller compares the requested setpoint value with the actual
measured value of the relevant variable and the difference (error) is translated to a change
in fuel flow rate AWT{ set.

3. Next, maximum AW max and minimum AWf min values of fuel flow rate change
are calculated by the limit controllers to ensure the safe operation of the engine.

4, The value of AWT set is compared to AW min, AWf max values and the fuel flow
rate command value AWf cmd emerges from this selection, which satisfies all the
constraints.

5. Finally, AWf cmd is transmitted to the fuel actuator in the burner of the engine to
achieve the requested setpoint of Nf or EPR.

So, steps 1 and 2 of the algorithm concern the power management section of the control
system and the steps 3 and 4 concern the protection logic section.

)
( EPR/NF A —
Theotde y @f_@' '@_f CI")

. +

[—’ (-) .
Conditions Setpoirt i . Aduators Engine  f—
) Setpont Controller
Selector

Artude, Mach, Temperature

lor ( AW max
Lime Controlle l%wfmi

Sensors

Figure 9 - Control system overview with the main variables

A principal arrangement of limit controller [3] includes four maximum limiters and two
minimum limiters.
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There are two limiters (in case of a twin spool engine) concerning the maximum rotational
speed of the two shafts, because in case of overspeeding, mechanical failures of either the
blades or disks can occur. The fan shaft can result in overspeeding, because deterioration
or damage in the engine, can provoke an off-design speed mismatch with the core shaft.
On the other hand, the core shaft can over-speed if the fan shaft exceeds at first its speed
limit, or if there is an excessive fuel flow into the combustion chamber, due to a faulty fuel
valve or speed sensor.

In addition, the protection logic section incorporates both an upper bound and lower
bound for the combustion chamber pressure Ps;. The maximum pressure is regulated by
the mechanical constraints of the combustion chamber’s case, while the minimum pressure
ensures a stable operation in low power settings (idle).

Another variable that poses upper and lower limits is the Ratio Unit, which is defined as:
w
RU=-HL

Ps3
The minimum limit of RU protects in decelerations the low-pressure compressor form
stalling and the combustor from blowing out and the maximum limit ensures that certain
surge margins while be respected for the high-pressure compressor, as it is mentioned in
the next paragraph.

The last limiter protects the engine from a potential high-pressure compressor surge during
a quick acceleration and generally in extensive transients. For this goal, an acceleration
schedule is being implemented in pursue of keeping an acceptable surge margin for the
range of the power settings, such as:

Wf as a function of Nc
RU as a function of Nc
Tt; as a function of Nc

el NS

Nc as a function of Nc

2.5 PI control

A common approach of the control law implemented in the setpoint controller, as well as
in the limit regulators, is the proportionate-integral [3], [5]. This type of controller is utilized
in simulations of turbofan engines, tested in different cases and the presence of the
integrator ensures that the steady state error will be zero.

The PI controller transfer function is [9]:
1 Kp s+ Ki
GC(S) :Kp+Ki';:f

It consists of two parallel sections that add up in the end, as it is depicted in Figure 10.
One section is the proportionate part, which includes the proportionate gain Kp, and the
other section is the integration part, which encapsulates the integral gain Ki and an
integrator.
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Kp
1
S
Ki Integrator

Figure 10 - Pl controller block diagram

So, in this chapter, the basic concepts of linear control in both time and frequency domain
were delineated and afterwards the process of linearizing a non-linear system, was
obtained. In addition, the algorithm of a civil aircraft engine control system was described,
from the initial throttle position until the final command of change in fuel flow rate that
reaches the fuel actuator. Finally, the principles of PI control were mentioned, because it
is the main control law that is implemented within this Diploma Thesis.
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3. Gain calculation process

In this Chapter the model matching method of Edmunds is formulated and applied for a
transfer function of a linearized turbofan engine. Also, the effects, that the method’s
parameters have in the response of the engine’s transfer function, are discussed.

3.1 Edmunds’ method

3.1.1 Formulation and validation

The jet engines are nonlinear systems that operate in diverse conditions and the usage of
constant gains in the controllers would lead to an unsatisfactory performance. Hence, a
gain scheduling strategy is applied in pursue of calculating these gains in the points where
a linearized model is produced and during the simulation the gains are continuously
calculated by linear interpolation between these points. So, it is needed to implement an
automated procedure to calculate the gains in these conditions, by employing each time
the linearized state space model of the engine.

A proposed concept is the Edmunds’ model matching method [2], [5], [7] or KQ method
(K-matrix compensator, Q-desired response) [11], which uses the engine’s transfer
function, the proposed controller transfer function, having as unknown variables the gains,
and a “target” closed loop transfer function that demonstrates the appropriate response
characteristics.

The desired response of the system has to be highly damped, with a gain margin higher
than 6 dB and a phase margin higher than 45° [3]. The Edmunds’ method is calculating the
gains to approach, as closely as possible, the closed loop system response of the target
function over a range of frequencies in a least-squares sense [0].

In this diploma thesis the phenomena investigated in the operation of a jet engine (apart
from the thermodynamic) are extended to shaft dynamics only, hence the frequency range
will be from 0.01 Hz to 5 Hz [12], [13]. In addition, Edmunds’ method is delineated and
applied in a simplified version for a 1x1 transfer function matrix.

The engine model is represented by the transfer function Gy(s).
The PI controller to be designed has the transfer function:

K 'S+Ki

Gc(s) =L

The closed loop transfer function T(s) of the actual system is:

. Gp (S) ’ GC(S)
14 Gp(s) - Go(s)

T(s)
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The “target” transfer function Tt(s) can be also defined as a closed loop transfer function
incorporating the engine’s transfer function Gp(s) and a “target” controller transfer
function Kt(s).

Gp () - Ke(s)

() =7 G, (s) - K ()

So, by having defined Tt(s), the target controller transfer function Kt(s) can be expressed
as:

Ki(s) = Gp(s)™ - Te(s) - (1 =T (s) 7!
An error function is defined as:
E(s) =T(s) = T(s)

It can be demonstrated that:

(L =T(s)) - (Gp (5) - Ke(5) = Gp(s) - Ge()) - (1 = Te(s)) = E(5)

In addition, [|E]|| can be sufficiently small, if Gc(s) is close to Kt(s), then (1-T(s)) can be
replaced with (1-Tt(s)).

Therefore, it is obtained:
(1 =Te(s)) * (Gp(s)  Ke(5) = Gp(5)  Ge(5)) (1 = Te(s5)) = E(5s)
(1=T()) " (Gp(s) * Kt(s) = Gp(5) " G(5)) (1 = Te(s))

= (1 =T(s)) * (Gp(s)  Ke(s) = G (5) * G(5)) (1 = T (s))
+O0(lIEN?)

The controller transfer function Ge(s) can be rewritten as:

1
Ge(s) = a0) N(s)

where d(s) = sand N(s) = K, * s + K;
Also, the following functions are defined, in order to simplify the error equation:
B(s) =1—-T(s)

1
A(s) = m *B(s) - Gp(s)

Y(s) = B(s) - Gy (s) - K¢(s) - B(s)

So, the error equation:

(1= Te(5)) - (Gp(5) - Ke(8) — Gp(5) - Ge(5)) - (1 — Ty (s)) = E(5)

will become:
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Y(s) = A(s) - N(s)-B(s) + E(s)

It is noted that the unknown coefficients (gains) in N(s) appear linearly in this equation,
the other functions A(s), B(s) and Y(s) are known and can be calculated at each value of s.
Thus, the problem of determining N(s) which minimizes the following objective function:

UIEI) 2 = [Z [E(—jw) - E(jw)]dw

is a linear least-squares problem if:

Y(s) = A(s)*N(s) - B(s) + E(s)
is replaced with:
Y(s) = A(s)"N(s)-B(s) + E(s)

The numerator of the controller transfer function N(s) can be rewritten as the product of
two matrices:

N(s) =v-2(s)
where v = [K, K;] and Z(s) = [ ]
Hence, the vector v contains the unknown coefficients of this problem.
The matrix X(s) is defined as:
X(s) = B(s) - A(s) - Z(s)

The function 7(s) is defined as:

n(s) =Y(s)
The function &(s) is:

g(s) = E(s)
So, the equation:

Y(s) = A(s) " N(s) - B(s) + E(s)
can be rewritten as:
n(s) = X(s) v +e(s)

where 7(s) is a known function, X(s) is a known matrix, v contains the coefficients (gains)
to be determined and &(s) is vector of errors to be minimized.

The number of points, which the algorithm takes into account, depends on the feasible
computing time and satisfaction of the final closed loop response characteristics.

For example, a vector of p radial frequency values is chosen and it is obtained:
nQjw.) X(jowq) e(jowq)
nGw)|  [XGwy) e(jw)
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The standard least squares solution of this problem is: (Lawson and Hanson, 1974)

X(jw1) -
v=L[XT(jw) - XT(—jw,)]-|
X(jw#)
n(jw;)
X" (mjw) XT(—jwﬂ)]-[ s n
nGw_u)

However, this solution will have as an outcome a complex solution, so the following
lemma is implemented:

“If Y = X+ 0 + E, the value of 6 which minimizes ||E||> with given X and Y and subject
to the constraint Im(0) = 0,is & = [Re{X" - X}]~1 - Re{X" - Y}".

Finally, the unknown coefficients are calculated by the equation:

X(jwq) -
v=|Real{[X"(jw,) - XT(—jw,)]-|
X(j“’u)
n(ws)
-Real? [XT(—jwy) -+ XT(—jow,)]-|

n(jw,)

The next step was to code this method in MATLAB, by using an engine model from a
textbook. So, a transfer function is used, which was derived from a linearization process
[7] of a turbofan engine. This engine model produces 90,000 Ibf. of thrust (400,000 N) and

has as state variables the rotational speeds of its shafts. This linearization was performed
for Mach number 0, altitude 0 m and full power.

The transfer function of the engine at this operating point was found to be:

AN 230.7-s + 2032

G = =
PO = AW, = 1 85645+ 17.47

where AWT is the small perturbation of Wt (input) and ANf is the small perturbation of
Nf (output).

Afterwards, the determination of the “target” closed loop transfer function Tt(s) is
performed by defining the parameters of a second order closed loop transfer function [9].
The choice is justified, by the fact that the desirable response characteristics, such as the
damping ratio { and the settling time T, can be easily calculated.

Wi

T.(s) =
() $24+2-0-wy s+ w?

As already mentioned, the system ideally has to be critically damped [5], so a high damping
ratio of 0.9 is selected, while the settling time is set to 1 s. This is a logical time frame for
the engine to absorb a small perturbation of Nf (for instance 1% of the nominal value of
2000 rpm, as it was noted during simulations).
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i (=) 4.44 z
= f— w = . _—
N ( . wn n s
So, the “target” closed loop transfer function that this method is trying to approach is:
19.75
Te(s) =

s2+8-s+19.75

The range of the radial frequencies, where the algorithm will be executed, is
Minimum: @ = 27 * fini, = 21+ 0.01 = 0.0628 /s
Maximum: W = 27 - fjpax = 25 =31.4271/s

So, by following this procedure for u = 200 spaced logarithmically radial frequency values
kg kg
,Ki = 6.4811

s s
rpm rpm

the calculated gains are: Kp = 0.9039

In order to evaluate the results, the outputs of the closed loop system with (see Figure 11)
and without (see Figure 12) the controller are compared, along with the response of the
closed loop target transfer function, for an input perturbation of 100 rpm.

Input

Ki Integrator

Figure 11 - Block diagram of the closed loop system with PI control

j . ) num(s) oy
r den(s)

Figure 12 - Block diagram of the closed loop system without a controller
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It is observed in Figure 13 that both cases of with and without control have low settling
times and even though PI control law adds an overshooting of 2.75%, the steady state
error in this case is 0, whereas in the case without the controller the steady state error is
1%. The target transfer function demonstrates, as expected, the set response

characteristics.

120

80T

ANf(rpm)
3

40 |-

1oof\

—With PI control
—Without control
Target transfer function

0.5 1 1.5

Time(s)

Figure 13 - Comparison of closed loop responses with and without Pl control and the target transfer function

Furthermore, a closer examination of the responses in Figure 14, reveals that the controller
has beneficiary effects to the system, due to the fact that there are some residual

oscillati
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100.4
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Figure 14 - Detailed comparison of steady state responses with and without PI control

24

Moreover, the Bode diagram of the open loop system can be observed in Figure 15, where
it is clear that the gain margin is infinite due to the fact that the phase diagram does not
reach the point of -180° and the phase margin is equal to 87.96°. As a consequence, the
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system is considered as stable (the Bode diagram is almost the same as in the textbook
example [7]-Fig. 3.4), satisfying at the same time the requirements of a phase margin higher
than 45° and a gain margin higher than 6 dB.

Bode Diagram

80 - T T T T T T T T T T T T T T T T

Magnitude (dB)

Phase (deg)
AN

Frequency (rad/s)

Figure 15 - Bode diagram of the open loop system

3.1.2 Integral wind-up gain

Another variable that has to be determined is the integral wind-up gain IWG [3], [14].
According to the description of the engine control system, in Chapter “2.4  Civil
aircraft engine control system logic and components”, after the setpoint controller the
calculated value of AW must satisfy some minimum and maximum constraints. If a quick
acceleration is requested, the setpoint controller will calculate a significantly high increase
of AWf, that may lead to a rapid acceleration and compressor surge, which is prevented by
the acceleration controller. So, AWf value, that the setpoint controller calculates, will be
different from the amount that eventually reaches the fuel valve, since the acceleration
controller will be active.

So, in general, among the setpoint controller and limiters, only one of them will be active
at each moment, but at the same time the other controllers will carry on integrating the
error between their calculated AW and the actual one. However, when a controller
becomes active again, its output will have possibly reached saturation, due to the
continuous integration, and it will have a slow response to the new input and a higher
overshoot. This phenomenon, can be avoided by using the back-calculation method [14].
In this method, the difference between actual AWt and that calculated by this particular
controller, multiplied by the IWG, is being subtracted from the error that is going to be
integrated, as it is depicted in Figure 16.
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Figure 16 - Detailed block diagram of the setpoint controller system, including the integral wind-up protection

The IWG can be calculated:

Tiwe = Kp
WG =
Tiwe
Therefore, in this example, the IWG is: L =1 =11064 rzgm
Kp  0.9040 kg

N
Finally, it is proposed [5] that this gain has to satisfy the inequality: Dt - K; - IWG < 1

where Dt is the simulation time step. So, if Dt is equal to 0.01s (or even lower), the product
satisfies the inequality.

3.1.3 Parameters’ analysis

In the test case, where Edmunds’ method was validated, a number of 200 approximation
points was initially selected. So, a number of 50, 100, 150 and 200 points was applied
afterwards in order to determine the effect of this parameter in the final response. The
variables, that are evaluated, are the percent overshoot and the phase margin (since the
gain margin remains infinite).

It can be concluded that the case of 100 points is the most appropriate one to start with,
since the settling time and the percent overshoot, as it can be distinguished from Figure
17, have a greater improvement from 50 points to 100 points than from 100 points to 150
points. In detail, the percent overshoot from 50 points to 100 points has a 3.12% decrease,
whereas the overshoot from 100 points to 150 points has a 1.33% decrease (see Table 1).
So, the full-scale calculations of the engine are initiated with the adoption of 100
approximation points. In addition, the ratio of the gains from 50 points to 200 points has
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an insignificant increase of 1.38%. Generally, it is demonstrated that the ratio remains
constant, while both gains increase with the augmentation of the points.

120 T T T T
/
100 —
80 N
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Time(s)

Figure 17 - Comparison of responses with different number of approximation points

Points Overshoot Phase Margin Kp Ki
(%) (dB) (kg/s/rpm) _(kg/s/rpm)
50 7.89 81.9 0.2248 1.6337 0.1376
100 4.77 85.93 0.4512 3.2495 0.1388
150 3.44 87.28 0.6775 4.8653 0.1392
200 2.76 87.96 0.9039 0.4811 0.1394

Table 1 - Overview of the cases examined with different number of approximation points

Another investigation of the method’s parameters is the evaluation of the effect of the
settling time of the target transfer function at the calculated gains, hence at the engine’s
response, using 100 approximation points and the already set damping ratio of 0.9.

It is demonstrated in Figure 18, as it was expected, that the settling time of 0.5 s, produces
the fastest response, with the lowest overshooting. Afterwards, the second highest
performing case is the one with the settling time of 1 s, that was investigated in the initial
calculations. The other two cases satisfy their settling time limitation as the aforementioned
ones, but they have higher overshooting. The ratio of the gains is decreasing, as the settling
time of the target transfer function is augmented (see Table 2), so the equilibrium between
the integral and the proportionate part is different, whereas in the study of the different
number of approximation points it remains almost constant.
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Figure 18 - Comparison of responses with the same damping ratio and different settling times

Specifications Phase Margin Kp Ki
(dB) (kg/s/tpm) _(kg/s/rpm)
£=0.9 Ts=0.5s 88.82 1.2611 7.2566 0.17378
£=0.9 Ts=1s 85.93 0.4512 3.2495 0.13885
£=0.9 Ts=15s 79.48 0.2113 1.9212 0.10998
£=0.9 Ts=2s 64.8 0.1031 1.3021 0.07918

Table 2 - Overview of the cases examined with the same damping ratio and different settling times

Nevertheless, a closer look at the response of the case with the settling time of 0.5 s reveals
in Figure 19 that the closed loop system presents remaining oscillations around the steady
state value, so this is considered as an unfavorable effect for the engine and the case of
settling time of 1 s, is finally selected.
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Figure 19 - Detailed representation of the system’s response with 0.5 s settling time
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So, in this Chapter the gain calculation method, which is going to be applied in two engine
model, was presented and a brief examination of the effect of its parameters at its final
response took place.
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4. Turbofan engine model

The gain scheduling procedure was defined in the third Chapter, so the linearization
method is firstly analyzed in this Chapter, after a brief demonstration of a two-spool
turbofan model, which has manually tuned gains. Afterwards, the flight envelope of an
engine is defined in a way that the parameter of altitude is excluded, by using corrected
variables. Then, the results of the gain scheduling process are presented and subsequently
the engine operation is simulated via its control system in different transient scenarios.

4.1 Initial turbofan model with manual gain tuning

In this Diploma Thesis the modelling of the thermodynamic and control systems was
conducted in the simulation software PROOSIS. PROOSIS is an object-oriented
simulation environment for gas turbine performance simulations and it can be used to
create, run, manage and share engine models in a modular way using either the standard
libraries, for instance TURBO and CONTROL, or custom libraries of engine components.
It can perform different types of calculations, like steady state, transient, off-design and
parametric, and it allows the connection with external software and tools, for instance
Fortran/C++ codes and MATLAB.

The first engine model that is examined is a two-spool turbofan [12] (see Figure 20), which

includes a typical control system architecture [3], as it is mentioned in Chapter

5>
“Introduction”. In this model, the gains of the controllers where defined by trial and error,
therefore the model was considered reliable for decelerations and accelerations at almost
constant conditions of altitude 11,000 m and Mach number 0.8, since there was no kind

of gain scheduling strategy.

=g - e -
Figure 20 - Schematic diagram of the initial turbofan engine
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The next step is to evaluate the performance of the engine at the nominal conditions,
where the setpoint controllers are tuned to operate, as mentioned before. So, the
simulation begins with a steady state condition, then proceeding to a deceleration,
afterwards to an acceleration to reach the initial state, as it is demonstrated in the PLA
schedule in Figure 21.
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Figure 21 - PLA schedule
At first it is observed in Figure 22 that during the acceleration the surge margin is

acceptable, for instance at the corrected mass flow of 25 kg/s the sutge margin is
approximately 13%.
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Figure 22 - HPC map

In Figure 23, it can be noted that at the beginning the engine reaches EPR command from
its initial point and then the two variables present no difference until the moment of 2.5 s.
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Figure 23 - Comparison between EPR setpoint schedule and the actual EPR response

At 2.5 s, the Ratio Unit limiter, as it is observed in Figure 24, becomes active to prevent
the engine from decelerating too sharply.
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Figure 24 - Comparison between the actual Wf response and the minimum Wf schedule

In the acceleration phase, the acceleration limiter becomes active between 6.5 s and 7.5 s,
as it is observed in Figure 25.
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Figure 25 - Comparison between the maximum dNc/dt schedule and the actual dNc/dt response

Another simulation was conducted to demonstrate the significance of the choice of the
gains at the setpoint controller and the limiters. So, for example, the proportional gain is
multiplied by 10.

- EPR actual - EPR command
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Figure 26 - Comparison between EPR setpoint schedule and the actual EPR response

It is observed in Figure 26 that in the control law the proportionate part is augmented and
therefore there is a steady state error, after the deceleration in the time between 3.5 s and
6 s and after the acceleration in the time between 8 s and 15 s.

4.2 Application of gain scheduling
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4.2.1 Linear and non-linear model comparison

The linearization code, that in this diploma thesis, is going to be adapted to the needed
calculations initially is tested on the two-spool unmixed flow turbofan engine model of the
Chapter “4.1  Initial turbofan model with manual gain tuning” (see Figure 27), which is
based on a scaled version of a commercial engine. This library developed for this Diploma
Thesis and it is briefly described in Chapter “8.3 PROOSIS library and MATLAB
guidelines”. The engine performance parameters at maximum thrust, Mach number 0 and
altitude 0 m are included in Table 3.

FN (N) 128,080
BPR 5.067
Nc (rpm) 12,501
Nf(rpm) 4,126
EPR 1472
W1 (kg/s) 424

Wf (kg/s) 1.2216
OPR 26.57

Table 3 - Values of the turbofan engine variables at altitude 0 m, Mach number 0 and maximum thrust

Since the shaft dynamic phenomena are taken into account, as it was mentioned in Chapter
“Formulation and validation”, the equations for the two shafts, which the calculation relies

on are:
AP Iy s Ny #
* — * %k
Nm Lp * N * o
dN,
AP*T]m:IHP*NC*W

where AP is the difference of the incoming from the outcoming power, 7 is the shaft
efficiency and Irp and Iup are the moments of inertia of the shafts. The moments of inertia
of this model are mentioned in Table 4.

Variable Value

Moment of inertia of HP shaft (kg'm?) 15.8
Moment of inertia of LP shaft (kg'm?) 06.8

Table 4 - Turbofan engine mechanical characteristics
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Figure 27 - Turbofan engine schematic diagram

This linearization code uses this model and applies small perturbations to the state
variables and the input variable in order to extract the state space matrices A, B, C, D. The
state variables are Nf and Nc and the input variable is Wf. At first, the output variables of
this process were set to be EPR, Ps; and Nf.

The partial derivatives needed for the calculation of the elements of the state space matrices
are calculated as a 2-point Lagrange forward formula [15], since it was the default formula
proposed by the company, whose property is PROOSIS (Empresarios Agrupados
Internacional S.A.). So, the formula is:

fi (xj + 5xj) - fi(%)
5,

al-j =

Before the linearization process begins, the external conditions of altitude 0 m and Mach
number 0 and the initial values of the algebraic variables are set, in order to enable the
numerical process and then a perturbation is applied to the state variables and to the input
variable. The set of equations from which the value of the perturbation is calculated in the
principal code is:

Swr =107+ 107* - [Wfl
Sye = 107> +107* - [ Ncg]
Sy =107+ 107* - [Nfl
where Wi is the value of the input and Nc,, and Nf, are the state variables at steady state.

The steady state condition (see Table 5) is calculated having as input W equal to 0.5 kg/s.
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Variable Value
Wit (kg/s) 0.5
Nc (rpm) 11,275.99
Nf (tpm)  3,006.46
EPR 1.151
Ps3 (Pa) 1,400,663
Table 5 - Values of the turbofan engine variables at altitude 0 m, Mach number 0 and Wf=0.5 kg/s

The input for the fuel spike simulation is Wf and its schedule is depicted in Figure 28.
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Figure 28 - Wf schedule of a fuel spike

It is observed in Figure 29, Figure 30 and Figure 31 that in this extreme case, the linearized
model presents a deviation from the nonlinear model starting from slightly before reaching
the fuel peak and afterwards at the deceleration. However, these phenomena were expected
and the extreme variation of Wf was presented to highlight the capabilities of the linear
model. In detail, the maximum deviation of Nf is 2.86%, the maximum deviation of Ps; is
6.13%, the maximum deviation of EPR is 2.43% and, as expected, they are observed at the
time moment when Wf is close to the peak of the spike. So, this example underlines the
need to linearize the engine at different power settings in order to enhance the credibility
of this approach.
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Figure 29 - Comparison of EPR responses of the linear and nonlinear models for a fuel spike
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Figure 30 - Comparison of Ps3 responses of the linear and nonlinear models for a fuel spike
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Figure 31 - Comparison of Nf responses of the linear and nonlinear models for a fuel spike

Another input scenario is a smoother acceleration. In this case, different possibilities were
examined concerning the steady state on which the linearization will be performed.

For instance, in the acceleration case, it can be the initial state from which the simulation
begins (approximately Wf=0.17 kg/s), an intermediate level between the initial and the

final value of the input (approximately Wf=0.675 kg/s) or the final steady state
(approximately Wf=1.18 kg/s).

The values of the steady state variables for the three cases are

Low power Intermediate power High power
Wi (kg/s) 0.17 0.675 1.18
Nc (rpm) 9,700.61 11,664 12,463.96
Nf (rpm) 1,701.68 3,377 4,092.21
Ps3 (Pa) 599,227 1,733,279 2,619,368
EPR 1.0406 1.2189 1.4624

Table 6 - Values of the turbofan engine variables at altitude 0 m, Mach number 0 and three power levels

The input variable for the smooth acceleration simulation is Wi and its schedule is
demonstrated in Figure 32.
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Figure 32 - Wf schedule of an acceleration

At first, the plant is linearized at Wf=0.675 kg/s and the acceleration schedule is applied.
It is apparent in Figure 33 and Figure 34 that the responses of the linear and the nonlinear
plant match during the transient phase, when Wt is close to the nominal value of the
linearization.

1.5 T

1.45

1.4
1.35
1.3
'
0 1.25
(1]

1.2

—Non Linear
—Linear at Wf=0.675 kg/s| _|

1 l \ \ l l \ l \ \ l l \ \ l
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time(s)

Figure 33 - Comparison of EPR responses of the linear and nonlinear models for an acceleration
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Figure 34 - Comparison of Ps3 responses of the linear and nonlinear models for an acceleration

So, an idea that is implemented is to simulate the system by including the three different
linearized plants and according to the value of Wt, the linear system will implement the
plant that its steady state Wf value is the closest one. Therefore,

° If Wf<0.4175 kg/s, then the chosen plant is the one where Wf=0.17 kg/s.
° If 0.4175 kg/s<Wf<0.9275 kg/s, then the chosen plant is the one where
W=0.675 ke/s.

o If W>0.9275 kg/s, then the chosen plant is the one where Wf=1.18 kg/s.

The rough adoption of this technique proves that the multiple linearized models can
efficiently approximate the response of the nonlinear model. At 1.6 s and 3.1 s, the
transition from one linear model to the other can be detected in Figure 35 and Figure 30.
The same logic can be applied to a scenario of deceleration and the same results as the
acceleration case are observed.
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Figure 36 - Comparison of Ps3 responses of the three linear and the nonlinear models for an acceleration

4.2.2 Linearization perturbation

In Chapter “2.3 Linearization method” the state space matrices are derived by
applying a perturbation. In order to assess the effect of the perturbation size on the results
of the linearization simulation an investigation is performed. As already mentioned in
Chapter “Linear and non-linear model comparison”, the default general formulae that are
used for each state variable X and input U are:

X =107+ 10"*" |X |

SU=10">+10"*" |Uy]
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For this investigation, the fuel spike scenario will be adopted, since it concerns an extreme
case of power variation starting from a steady state of the engine, with a Wf equal to 0.5
kg/s (see Figure 28).

The three perturbation percentages that were tested are:
1) 86X =107* - |Xss| = 0.01% - | X
6U =107*- [Ugs| = 0.01% - |Ug|
2) 86X = 1073 - [Xgs| = 0.1% - | X
SU = 1072+ |Ugs| = 0.1% - |Us|
3)6X = 1072 - |Xg5| = 1% * | Xl
SU =107% " |Ugs| = 1% - Ul

So, the responses of the linear and nonlinear plant were generated and for each time step
the absolute error between the value of EPR and Ps; of the nonlinear model and linear
model was calculated. The absolute error equations are:

_ |EPRnonlinear B EPRlinearl
EPR —

EPRnonlinear
_ |P53nonlinear B P53linear|
Ps3 —
Psgnonlinear
Evo = |anonlinear B Nflinearl
Nf —
anonlinear

Hence, the mean value of the absolute error, that the values of each state variable have,
are presented in Table 7.

Perturbation equation  Egpr Era | DN

(Vo) (Vo) (V)

1075 +107*- |X,| 02337 0.8504 0.8101
107% - X 0.2337 0.8506 0.8101
1073 - X 02152 0.7927 0.8072
1072 - | X 0.1140 05857 0.7592

Table 7 - Absolute errors of the different perturbation equations for three engine variables

The case of 1071+ |Xg| is not presented, since the linear model fails to represent
acceptably the response of the nonlinear model. Thus, the case of the perturbation of 1%
of the state variables and the input is more appropriate.

4.2.3 Flight envelope

The linearization process was then applied to multiple combinations of Mach number and
altitude values across the flight envelope and at each point the full range of the possible
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power settings was examined. The range of corrected thrust at each operating point, which
represents the power settings, was determined by the use of the throttle ratio [16]:

Tt,

TR = ———
Tt,SLS

where Tty is the combustion chamber discharge total temperature at certain external
conditions and Tt;SLS is the combustion chamber discharge total temperature at Mach
number 0 and altitude 0 m.

Then it was investigated whether the factor of altitude can be eliminated, by using
corrected and non-dimensional parameters, in order to simplify the gain scheduling
process. More details about the implementation of corrected variables can be found in
Appendix “8.1.1 Corrected engine variables”. Therefore, two test cases are
investigated by choosing two sets of Mach number and altitude.

The first case was executed at Mach number of 0.4 and for the flight levels of 2,500 m and
5,000 m. In Figure 37 and in Figure 38 it is noted that there is no significant difference
between the distribution of Nf corrected and EPR accordingly for the two flight levels.
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Figure 37 - Comparison between the values of Nf corrected as a function of FN corrected for two flight levels
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Figure 38 - Comparison between the values of EPR as a function of FN corrected for two flight levels

The second case was conducted for Mach number 0.8 and the flight levels of 5,000 m and
10,000 m. In this case, there is also no variation between the two flight levels (see Figure

39, Figure 40).
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Figure 39 - Comparison between the values of Nf corrected as a function of FN corrected for two flight levels
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Hence, it can be concluded that the value of EPR and Nf corrected as a function of
corrected thrust is independent of the altitude, so they will be scheduled against Mach
number and power level.

The power level can be represented by the corrected thrust via a transformation of the
range of the corrected thrust into the TRA parameter, which varies from 0% to 100%.
This is a non-dimensional parameter which facilitates the representation the current thrust
level of the engine. An alternative parameter is the Throttle Lever Angle (TLA) or Power
Lever Angle (PLLA), which are measured in degrees, but are not indicative enough of the
thrust level for someone not familiar with the actual levers in a flight deck.

The linear function of this transformation for each Mach number is:

TRA (Fncorrected)
B ( 100

-Fn
corrected
Fncorrected max Fncorrected min)

100 )

— Feorrected min * (F _F
Neorrected max Neorrected min

The relation between TRA and FN corrected is delineated in Figure 41.
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4.2.4 Linearization and gain calculation procedure

The linearization code operates according to the following algorithm:

1) Estimation of the algebraic variables needed for the steady calculation. When all

the engine components are connected, a set of nonlinear equations is formed, and the

algebraic variables are these that must be initialized, with values close to their steady

state value, in order to start the solving procedure and facilitate the convergence. For

instance, in this engine model these variables are:

Nc

Nf

BPR

BETA value of the fan’s primary flow map
BETA value of the fan’s secondary flow map
BETA value of the HPC map

ZETA value of the HPT map

ZETA value of the LPT map

W1

Also, the definition of a boundary variable is necessary, which in this case is Wf.

This is achieved with the assistance of thermodynamic equations and pre-calculated

matrices containing these variables (nominal or corrected), as a function of Mach number
and FN corrected. These matrices are calculated using the method of Chapter “4.2.3
Flight envelope” of the throttle ratio, hence this initialization procedure is valid for
the full range of the flight envelope.
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2) Steady calculation for the determination of the steady state values of engine
variables and application of the linearization method for the operating point, which
operates according to the flowchart of Figure 42.

Freezing of the state variables

Steady calculation

Perturbation of Nc, steady calculation, calculation of elements of A, C matrices

Reinitialization of the state and input variables >

Perturbation of Nf, steady calculation, calculation of elements of A, C matrices

Reinitialization of the state and input variables >

Perturbation of Wf, steady calculation, calculation of elements of B, D matrices

Figure 42 - Linearization procedure flowchart

It should be mentioned that the freezing of the state variables means that the derivatives
of the state variables are not zeroed, during the following steady calculations, in order to
calculate their partial derivatives after the application of the perturbation.

For this particular case, the following parameters were used for the linearization procedure:

° 25 power setting points

o 14 Mach numbers (0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7,
0.75, 0.8), as the compressibility effects on the air density are more noteworthy
from Mach number 0.3, a higher discretization was chosen for this range.

° Two maximum flight levels (5,000 m and 10,000 m), thus for each
combination of Mach number and power setting, the final value of Nf corrected
and EPR will be the average of the two altitude cases to enhance the accuracy.

The perturbation of the linearization process in this case will be the one that proved to
deliver the minimum error:

6X =1%- |Xss|
6U =1%- |Uss|

Detailed guidelines of following the linearization and gain calculation procedure of the
power management section can be found in Appendix “8.3.1 Turbofan model”. The
duration of the gain calculation for two transfer functions per operating point is 45 s.

For each operating point the state space matrices are created, and Edmunds’ algorithm is
applied for the transfer functions of the output variables:
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AEPR

Gepr(s) = M
ANf
Gy, (s) = aw;

For instance, at Mach number 0 and altitude 0 m, for TRA 100% the state space equations
are:

lNcl _ [—3.3097 1.3368}_{%;]+ 4'2446'103].[W]

Ny ~11.3557 —6.1578 3.1483-103
EPR 8.89-1075 1.4125-10"* 0.1927
Ps; 278.504 454.364 [Nc] 470009
— - : : W,
N, 1 0 NS 0 [Wr]
Ny 0 1 0
The transfer functions of the two control variables are:
Gonn(s) = 0.1927 - s% + 2.646 s + 8.56
EPR) = T2 9467 -5 + 18.57
G (s) = 3148 -s + 1.617 - 10*
N S) = 29467 -5 + 18.57

Whereas for TRA 0%, the state space equations are:

Nel _ [-01312 —9.2554 1074, 'NC]+ 58359 10%). 1y
N~ L 0.1379 —0.7473 NF] 7 11,7245 - 103
EPR 3.87-107% 1.47-107°] 0.0376
Ps; 66.0662 27.4504 [Nc] 565517
_ ) . . W,
N, 1 0 NAH o [Wr]
N¢ 0 1 0

The transfer functions of the two control parameters are:

0.03757 - s? + 0.05812 - s + 0.02207

G =
zpr(S) s2 + 0.8784 -5 + 0.09814
G (o) 1725 s 4+ 1031
NS =2 170.8784 -5 + 0.09814

In Figure 43, the positions of the poles and the zeros of the closed loop system of the
setpoint controller and the engine’s Nf transfer function at Mach number 0 and altitude 0
m for three different power levels (TRA 0% ,50%, 100%) ate illustrated.
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Figure 43 - Root locus of Nf transfer function at altitude 0 m and Mach number O

In Figure 44, the positions of the poles and the zeros of the closed loop system of the
setpoint controller and the engine’s EPR transfer function at Mach number 0 and altitude
0 m for three different power levels (TRA 0% ,50%, 100%) are illustrated.
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Figure 44 - Root locus of EPR transfer function at altitude 0 m and Mach number 0

The comparison of Figure 43 and Figure 44 demonstrates that Nf setpoint controller has
poles with a higher absolute real part value, hence the system has a faster response. Also,
it is apparent that the system poles are stable for all the cases.

The distribution of the points is, as expected, smooth and except from the slight
irregularity at Mach number 0.75, which is attributed to the engine model. Since the relation
between the setpoint variables Nf corrected/ EPR with TRA and Mach number is defined,
subsequently the gains of the setpoint controller are organized in an equivalent way.
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Figure 46 - EPR values as a function of Mach number and TRA

Consequently, the values of the gains are presented as a function of Mach number, TRA
or both, but they are not expected to have necessarily a smooth distribution. According to
[3], the Kp gain is a function of altitude and Mach, but since in this case the parameter of
altitude is not included, at first its value was depending only on Mach number. However,
during the initial simulations, it was proven that a mean value for the Kp gain throughout

the range of power settings can cause convergence issues and it was decided that Kp gain
will also be a function of TRA.

In Figure 47 and Figure 48, it is noted that both cases present their highest values at Mach
number 0 and TRA close to 0% and the Kp gain of the Nf controller generally is fluctuating
around 0.04 kg/s/tpm, whereas the Kp gain of the EPR controller is decreasing, as TRA
increases.
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Figure 48 - Kp gain values of EPR controller as a function of Mach number and TRA

The Ki gain is a function of power setting, thus TRA, and Mach, as it is described in [3].
In Figure 49 and Figure 50, the highest value of the integral gains is observed at Mach
number 0 and TRA close to 0% and the value of the integral gain is decreasing, as TRA
increases.
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Figure 50 - Ki gain values of EPR controller as a function of Mach number and TRA

The integral wind up gain is a function of Mach number only, because it was observed
during the simulations that it does not have a crucial role for the convergence of the model
and the engine’s performance across the range of the power settings. Moreover, in Figure
51 and Figure 52, the values of the IWG of EPR controller have a greater variation between
Mach numbers (minimum 0.024 s/kg, maximum 0.057 s/kg) in comparison with the IWG
of the Nf controller (minimum 22.4 rpm/kg/s, maximum 24.8 rpm/kg/s).
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4.2.5 Protection logic controllers’ calculation

The next step in the engine’s control system design process is to define the components
of the protection logic section. Hence, the available limits from the engine model’s
documentation [17] (Nf maximum, Nc maximum, Ps; maximum) are applied and the rest
of them (RU minimum, Ps; minimum, Acceleration) are estimated.
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Variable Limit

Maximum Nf (rpm) 4,570
Maximum Nc (tpm) 1,328
Maximum Ps; (Pa) 3,200,000
Minimum Ps; (Pa) 300,000
Minimum RU (kg/s/Pa) 2.5:10”7
Acceleration To be defined

Table 8 - Values of the maximum and minimum limits of turbofan engine variables

It is proposed [3] that the limiters, which need a PI controller to calculate the change in
Wi, have constant gains. This proved to be a valid approach for the maximum Nf and
maximum Nc limiters. Nevertheless, the limiters of Pss, during the model testing process,
needed more accuracy and the strategy of the setpoint controllers was adopted, in the
pursue of ensuring the convergence of the model.

So, the gains for Nf maximum and Nc¢ maximum controllers were defined as the average

of the calculated values at Mach number 0 and altitude 0 m throughout the power setting

range, using Edmunds’ model matching method, with the same specifications as the

setpoint controllers (see Table 9). A more extended description of the linearization and

gain calculation procedure of the protection logic section can be found in Appendix “8.3.1
Turbofan model”.

Gains Nc maximum Nf maximum
Kp (kg/s/rpm) 0.029 0.0437
Ki (kg/s/rpm) 0.174 0.2343
IWG (rpm/kg/s) 34.686 24.45

Table 9 - Gains of the Nf and Nc maximum controllers
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Figure 53 - Kp gain values of Ps3 limiters as a function of Mach number and TRA
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Figure 55 - Integral wind up gain values of Ps3 limiters as a function of Mach number and TRA

The acceleration limiter, in contrast with the other limiters, is dynamic, because the input
to this controller is not a constant value, like the aforementioned limiters, but it depends
on the value of an engine variable, like Nc. According to [3], there are different methods
to implement this limiter and the first one, that has already been applied in Chapter “4.1

Initial turbofan model with manual gain tuning”, uses a schedule of maximum Nc¢
. . Nc . .
as a function of Nc. Therefore, a transfer function G(s) = w7 is needed as an input to the

gain scheduling algorithm, in order to tune the PI controller of this limiter. This can be
achieved with two ways:

. Multiplication of the transfer function G(s) = % with the Laplace
f

variable s, in order to get the derivative of the numerator.

67



° Addition of the Nc variable to the output variable vector of the
linearization code in PROOSIS

However, in both cases Edmunds’ algorithm had as an outcome negative Kp gain values,
which is not compatible with the logic of the system. The possible outcome of non-
minimum phase zeros (positive real part) of the controller was mentioned in [7], which is
attributed to the least squares process of Edmunds’ method. The second possible method
for the acceleration limiter is a schedule of maximum Wf{ as a function of Nc and the third
one is a schedule of maximum RU as a function of Nc. Nevertheless, both of them caused
convergence issues during the simulations.

According to the fourth method, a schedule of maximum Tt;, as a function of Nc, is

implemented, thus in the linearization code, Tt; had to be added in the output variables
. . . Tt

vector in pursue of using the transfer function G(s) = W—; to tune the PI controller. So,

for example, if Mach number is equal to 0, altitude is 0 m and TRA 100%, the state space
equations are:

[Ncl —3.3097 1.3368] [Nc] 4.2446 - 103
. . - [Wre]
N ] [
f

Ny 1.3557 —6.1578 3.1483 - 103
[EPR] 18.89:1075 1.4125-107* [0.1927 |
| Pss | | 278.504 454.364 | ry |470009|
[N f=] T o | |w]+l o |
| Ny | | 0 1 | 1| 0 |
th3J l0029034 0.012644 | l231 056J

Due to the fact that this limiter is dynamic and, as it will be demonstrated in Chapter
“4.2.6.3 Limiters’ demonstration”, this limiter is usually active during accelerations, it was
decided to adopt the gain scheduling strategy of the setpoint controllers, hence the Kp and
Ki gains are a function of TRA and Mach number and IWG is a function of Mach number.
The distributions of the gains of the acceleration controller are depicted in Figure 56,
Figure 57 and Figure 58.

In detail the distribution of the proportionate gain in Figure 56 is similar to the distribution
of the proportionate gain of Nf setpoint controller in Figure 47. Accordingly, the
distribution of the integral gain in Figure 57 is similar with the distribution of the integral
gain of the Nf setpoint controller in Figure 49.
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The calculation of the acceleration schedule was done manually, by running the engine
model at 9 different Mach numbers (0, 0.1 ,0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8). So, starting from
a constant value of TRA, the model was tested by imposing a step TRA input to determine
the highest TRA step for each power level that results to a minimum of 10% surge margin
of the high-pressure compressor. For each Mach, the initial power level was TRA 0% and
an increment of 5% was selected for each try. Thus, at the start of the transient phase, the
peak Tt; value was the limit of this power level and this value was divided by the value of
Tt to counterbalance a wider range of environmental conditions. Finally, the ratio Tt;/Tt,
was scheduled against Mach number and Nc corrected.

For instance, the case of Mach number 0 and altitude 0 m at the power level of TRA 10%
is examined. The value of Nc corrected for the selected initial power level is 10067 rpm
(see Figure 61).
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Figure 59 - TRA schedule for the maximum Tt3 calculation

The range of the corrected thrust was transformed into the range of TRA from 0% to
100%, as in Chapter “4.2.3 Flight envelope”, using 25 points across the power setting
range, as in Chapter “4.2.4  Linearization and gain calculation procedure”. So, for each
point the value of Wf was correlated with the corresponding value of TRA in Figure 60.
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Figure 60 - Wf as a function of TRA for Mach number 0 and altitude O m

The value of Nc corrected for the selected initial power level is 10067 rpm (see Figure 61).
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Figure 61 - Nc corrected response to step TRA

For this particular case, the surge margin is approximately 10.5% (see Figure 62), so it is
accepted as the limit for this power level.
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Figure 62 - HPC surge margin response to step TRA

The maximum value of Tt; for the value of Nc corrected that corresponds to the selected
TRA value is 589.1 K and can be distinguished in Figure 63 and Figure 64, either as a
function of time or Nc corrected.
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Figure 63 - Tt3 response to step TRA
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Figure 64 - Tt3 as a function of Nc corrected for a step TRA

So, for the 9 Mach numbers that were analyzed, the distribution of the ratio Tt3/ Tt as a
function of Nc corrected and Mach number is demonstrated in Figure 65.
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Figure 65 - Maximum Tt3/Tt2 as a function of Mach number and Nc corrected

4.2.6 Fully integrated turbofan engine model

4.2.6.1 Description of the schematic diagram and sensors/actuators
parameter determination

The full engine model, which contains the generic turbofan engine model and the control
system that was designed, is encapsulated in the schematic diagram of Figure 60.

Figure 66 - Fully integrated schematic diagram of the turbofan engine and the control system
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The system input is the TRA time schedule which feeds the look up tables of EPR and Nf
corrected. The two controllers are linked to the “Setpoint_selector” component and if the
mode of the “Selector” component, which is linked to its middle port, is set to TRUE then
Nf control is active (see Figure 67). Otherwise, if the mode of the “Selector” is set to
FALSE then EPR control is active. The engine’s actual EPR, which is subtracted from the
setpoint EPR is defined by dividing the signal from the Pts sensor with the signal from the
Pt sensor. The calculation of the setpoint Nf is executed by multiplying Nf corrected

value, which originates from the look up table “Nfcorecmd”, with /0,,.
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Figure 67 - Setpoint controllers of the turbofan schematic diagram

The Nf maximum and Nc maximum limiters present the same architecture (see Figure 68)
and have constant gains throughout the flight envelope.
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Figure 68 - Nc maximum and Nf maximum limiters of the turbofan schematic diagram
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Both Ps; maximum limiter and acceleration limiter are gain scheduled, the first one for
convergence reasons and the second one since it is a crucial dynamic limiter. The
acceleration limiter has as input for its look up table the value of Nc corrected which is
calculated in a block sequence below the limiter (see Figure 69), where the signal of Nc

sensor is divided by the value of /8.
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Figure 69 - Maximum Ps3 and acceleration limiters

The limiter of minimum Ps; is gain scheduled, whereas RU limiter, which concerns the
engine’s deceleration, does not need a controller, since the value of RU is multiplied with
the signal of Ps; sensor and the product is the minimum Wf (see Figure 70).
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Figure 70 - Minimum Ps3 and minimum RU limiters

The VBV schedule is the same as in the turbofan engine model, so this schedule represents
a fraction of the total air mass flow rate as a function of the ratio of Nf to the value of the
Nf at the design point (see Figure 71). However, in this case a delay of the system was
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taken into account (0.001 s) and the actuator was modeled as a first order transfer function
with a time constant of 0.04 s [2].
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Figure 71 - VBV assembly

The fuel system includes the fuel pump which has as input the commanded Wf and the
fuel properties from the fuel tank (see Figure 72).
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Figure 72 - Fuel system assembly

The fuel valve actuator’s time constant has a central role in the response characteristics. If
itis equal to 0.1 s, then the system becomes unstable, when it enters a transient phase from

a steady state. If it is equal to 0.01 s, the system is stable, but there are some remaining
oscillations in Wf response, as it can be observed in Figure 73.
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Figure 73 - Wf response to a square cycle with a fuel actuator time constant of 0.01 s

Hence, it was finally set to 0.001 s, where the response of Wt is acceptable (see Figure 74),
according to a similar simulation [1].
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Figure 74 - Wf response to a square cycle with a fuel actuator time constant of 0.001 s

In general, the pressure, temperature and rotational speed sensors are set in steady mode,
because some convergence issues were observed in the initialization process of the engine
model. However, if Wi sensor is set to steady mode and the engine model’s control variable
is Nf, the system is not stable during transients, so this sensor is set to transient mode and
it is modeled as a first order transfer function with a time constant of 0.01 s. Finally, Ps; is
measured by a Pt; sensor, because a Ps; sensor needs as an input the area of the duct of
the engine at this stage, which is not known. Hence, the approach of the total pressure
sensor is valid since at this point the velocity of the air is low, because after the discharge
of the high-pressure compressor there is a diffuser.
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The steps of the transient simulation are:

1)
2)

3)

The inputs for the simulation are set (TRA schedule, Mach, altitude)
Initialization of the model

a. Estimation of the algebraic variables needed for the steady
calculation, with the assistance of thermodynamic equations and pre-
calculated matrices containing some algebraic variables of this engine
model, as a function of Mach number and FN corrected (see Chapter
“4.2.4 Linearization and gain calculation procedure”)

b. Steady calculation

Execution of the integration of the transient code

4.2.6.2 Square cycle

Since all the components are defined, the engine model has to be tested and validated. The
first step is to confirm the effectivity of the setpoint controllers, so a moderate TRA

schedule is imposed to avoid the activation of the protection logic limiters.
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Figure 75 - TRA square cycle schedule

The Mach number is 0 and the altitude is 0 m. At first, EPR control is active.

It can be noted in Figure 76 that the engine follows accurately EPR command, without
any deviation and overshooting, whereas Nf command in Figure 77 is not identical with

the response of the engine, since Nf control is not active.
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Figure 76 - EPR response to TRA square cycle
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Figure 77 - Nf response to TRA square cycle

The engine’s thrust follows the same profile as the control variables and does not present

any irregularities or overshooting.
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Figure 78 - FN response to TRA square cycle

Figure 79, presents overshooting and undershooting at 5 s and 10 s, when the TRA profile
changes its slope, so they can be attributed to these abrupt alterations. This form of the
Wit response is also observed in [1].
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Figure 79 - Wf response to TRA square cycle

Afterwards, Nf control is set to active mode.
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Figure 80 - Nf response to TRA square cycle

In this case, Nf response is identical with Nf command (see Figure 80), while EPR has a
deviation from its nominal command line (see Figure 81).
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Figure 81 - EPR response to TRA square cycle

In Figure 82, the thrust of the engine follows more accurately the TRA profile, so it is less
smooth, in comparison with the thrust response of EPR control in Figure 78, at the
transition points, for instance at 2's, 55, 7 s and 10 s. So, this proves that Nf control has a
faster response than EPR control, as it was demonstrated by the poles of the system in the
Chapter “4.2.4 Linearization and gain calculation procedure”.
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Figure 82 - FN response to TRA square cycle

From Figure 83, some interesting conclusions can be extracted. It is noted that the small
variations during the transient phases are attributed to the number of calculation points of
Nf corrected, which in this case is the same with the number of power setting points of
the linearization process. Hence, if for the range of the power settings the number of points
is higher, these variations will be minimized.
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Figure 83 - Wf response to TRA square cycle

Thus, instead of 25 points across the power range, 50 points are implemented, and the
same procedure is applied. So, for the TRA schedule of Figure 75, the response of Wt
presents lighter variations (see Figure 84) during the transient phases than Figure 83.
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Figure 84 - Wf response to TRA square cycle (50 points)

In addition, the overshooting and undershooting at transition points can be attributed to
the fact that Nf control, as it was demonstrated at the thrust response, has a faster response
than EPR control to TRA changes, so if TRA does not vary in a smooth way, but in step
or ramp profiles, this can cause instantly abrupt changes in Wf.

4.2.6.3 Limiters’ demonstration

The upcoming next set of simulations is testing the effectivity of the protection logic.
Firstly, the static limiters are examined, by altering their nominal maximum and minimum
values. For this testing, EPR control is active and the simulations are conducted at Mach
number 0 and altitude 0 m.

In Nf maximum controller, the maximum value of 4570 rpm is lowered to 3800 rpm,
whereas at TRA 100% the nominal value of Nf is 4126 rpm. The TRA schedule for this
demonstration is presented in Figure 85.

84



TRA (%) (-)

6
Time (s)

100
951
90
851
757
70
657
60 ‘ / : : i : ‘ : - ‘ .
0 2 4 8 10 12

Figure 85 - TRA schedule for maximum Nf limiter validation

So, in Figure 86, Nf maximum controller performs in an acceptable way and bounds Nf
to 3800 rpm, while the setpoint controller demands higher values of Nf according to the
TRA schedule.
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Figure 86 - Nf response to its validation schedule

In Nc maximum controller, the maximum value of 13280 rpm is lowered to 12300 rpm,
whereas at TRA 100% the nominal value of Nc is 12501 rpm. The TRA schedule for this
demonstration is presented in Figure 87.
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Figure 87 - TRA schedule for maximum Nc limiter validation

In this case, the controller is effective too and bounds Nc to 12300 rpm, as it is
demonstrated in Figure 88.
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Figure 88 - Nc response to its validation schedule

In Ps; maximum controller, the maximum value of 3,200,000 Pa is lowered to 2,400,000

Pa, whereas at TRA 100% the nominal value of Ps; is 2,690,000 Pa and the TRA profile is
shown in Figure 89.

86



100

951

90

851

TRA (%) (-)

754
70
65
60" T T T T T T T T T T T T 1
0 2 4 6 8 10 12
Time (s)

Figure 89 - TRA schedule for maximum Ps3 limiter validation

In Figure 90 the gain scheduled controller has a satisfactory performance although it
presents a minor overshooting of 0.77% at approximately 5 s.
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Figure 90 - Ps3 response to its validation schedule

In Ps; minimum controller, the minimum value of 300,000 is increased to 1,650,000 Pa,
whereas at TRA 40% the nominal value of Ps; is 1,380,000 Pa and the TRA profile is
demonstrated in Figure 91.
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Figure 91 - TRA schedule for minimum Ps3 limiter validation

In Figure 92, the gain scheduled controller of Ps;, is effective and it can limit the decrease
of Ps; during the deceleration.
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Figure 92 - Ps3 response to its validation schedule

Secondly, the acceleration and minimum RU limiters are tested. These controllers,
especially the acceleration limiter, are activated during extreme transients. So, EPR control
is set to active mode and the TRA schedule is demonstrated in Figure 93.
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Figure 93 - TRA schedule for the maximum Tt3 and minimum RU limiters validation
These simulations are executed taking into account the regulations of FAA [18]:

“From the fixed minimum flight idle power lever position when provided, or if not
provided, from not more than 15 percent of the rated take-off power or thrust available
to 95 percent rated take-off power or thrust in not over 5 s. The 5-second power or thrust
response must occur from a stabilized static condition using only the bleed air and
accessories loads necessary to run the engine. This take-off rating is specified by the
applicant and need not include thrust augmentation.”

The altitude is 0 m, Mach number is 0 and EPR control is active.

In Figure 94, it seems that EPR is not following the profile of EPR command during the
transient phases, therefore it is shown that the protection logic intervenes in these periods.
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Figure 94 - EPR response of the maximum Tt3 and minimum RU limiters validation process
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In Figure 95 it is demonstrated that the 5-second rule is respected, since the 95% of the
maximum thrust is reached from 15% in 1.5 s.
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Figure 95 - FN response of the maximum Tt3 and minimum RU limiters validation process

In Figure 96 the full acceleration and deceleration square cycle is demonstrated in the high-
pressure compressor map.

[

(=]

(=]
I

Specific enthalpy change

[o2]

o

(=]
|

; 10 15 2 % 30 3% 40 4
Corrected Mass Flow

Figure 96 - HPC map of the maximum Tt3 and minimum RU limiters validation process

In Figure 97 and Figure 98, it is noted that the surge margin limit (10%) of the high-
pressure compressor is respected and Tt is bounded by the acceleration limiter during the
acceleration phase.
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Figure 97 - HPC surge margin response of the maximum Tt3 and minimum RU limiters validation process
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Figure 98 - Comparison of Tt3 response and Tt3 maximum schedule of the maximum Tt3 and minimum RU
limiters validation process

In Figure 99, RU phase is being constrained during the deceleration phase approximately
from 10.2 s to 12.8 s to prevent the flame out of the engine.
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Figure 99 - Comparison of RU response and minimum RU value of the maximum Tt3 and minimum RU limiters
validation process

Generally, the protection logic section, based on [3], is satisfying its role in the engine
system. The gains of the controllers of Nf maximum and Nc¢ maximum could be
scheduled, like the setpoint controllers, if a shortcoming is noted in some specific
conditions. Also, additional controllers can be added, for instance an EGT controller, as
mentioned in Chapter “6. Conclusion and future suggestions”.

The other two test cases for the validation of the acceleration and deceleration limiters in
different flight conditions can be found in the Appendix “8.2.1 Turbofan  engine
acceleration and deceleration limiters validation”.

4.6.2.4 Gradual acceleration and deceleration

In the last test case, a gradual step increase and decrease of TRA is imposed. The TRA
schedule of the gradual acceleration and deceleration is depicted in Figure 100.
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Figure 100 - TRA schedule for multiple power levels

The altitude is 0 m, Mach number is 0 and EPR control is active.
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Figure 101 - EPR response to multiple power levels schedule
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Figure 102 - FN response to multiple power levels schedule
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Figure 103 - Nf and Nc response to multiple power levels schedule
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Figure 104 - Wf response to multiple power levels schedule

Further test cases of the demonstration of the model’s effectivity for multiple TRA levels
can be found in Appendix “8.2.2 Turbofan engine multiple power levels validation”.

In general, the engine performs in an acceptable way via EPR control, since the measured
EPR is identical with EPR command and FN does not present overshooting. The response
of Wt has, the already noted, overshooting and undershooting at TRA transition points.

From the test cases, that were simulated it can be concluded that the convergence of the
steady calculation is sensitive to the selected value of minimum RU and the acceleration
schedule. Nf control needs more power setting points in the look up table of Nf corrected
to have a smoother response of Wf. Moreover, it was observed that the static limiters (Nf
maximum, Nc¢ maximum, Ps; maximum, Ps; minimum) are seldom active.

5. Geared turbofan engine model

In this chapter, the same procedure as in the fourth Chapter, is applied to a model of a
geared turbofan engine model with a variable area fan nozzle. However, in this model the
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gain calculation takes place within PROOSIS and a simpler control architecture is chosen,
since the full scale of the control system was examined thoroughly in Chapter “4.

Turbofan engine model”. So, in this Chapter the investigation is concentrated on
the evaluation of the response of a state-of-the-art engine model, with some uncertainties
concerning its parameters.

5.1 PROOSIS engine model

5.1.1 Description of the model

The engine configuration, that was available in LTT to apply the same method as the
turbofan engine, is a two-spool unmixed flow geared turbofan engine. This model’s service
ceiling is 10,668 m and the maximum Mach number is 0.75. The main performance
parameters of the engine model at Mach number 0, altitude 0 m and TRA 100% are
mentioned in Table 10.

Variable Value

FN (N) 152,743
EPR 1.2597
Nf (rpm) 2,070
Nc (rpm) 17,403
OPR 42.07
BPR 17.14
Wi (kg/s) 0.87948
W1 (kg/s) 776.76
A18 (m®)  3.34363

Table 10 - Geared turbofan engine model operational characteristics

The main mechanical characteristics of this model are mentioned in Table 11. The
moments of inertia were estimated, because they are not known, whereas in the case of the
turbofan model of Chapter “Linear and non-linear model comparison” they were defined.
So, there is an uncertainty concerning the values of the moments of inertia, since there is
no relevant reference. In general, there is a considerable difference between the value of
the moment of inertia of the HP shaft and the combined values of the moments of inertia
of the LP shaft and the fan, which are dependent due to the gearbox, hence it can be
predicted that the HP shaft will be more sensitive to power alterations. The mechanical
characteristics of this model are mentioned in Table 11.

Variable Value

Moment of inertia of the HP shaft (kg-mz) 10
Moment of inertia of the LP shaft (kg'm?) 50
Moment of inertia of the fan (kg m?) 300

Gearbox ratio 3.8
Table 11 - Geared turbofan engine model mechanical characteristics
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In Figure 105, the differences of this model in comparison with turbofan model of Chapter
“Linear and non-linear model comparison” (see Figure 27) can be distinguished, since
there is a gearbox component, an LPC component, separate from the fan, and a different
nozzle component, which in this case has as input the change of its area.
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Figure 105 - Geared turbofan engine schematic diagram

5.1.2 Variable Area fan Nozzle

The implementation of high BPR engines and lower fan pressure ratio poses as a risk the
reduction of the surge margin of the fan during take-off, due to the unchoking of the
bypass nozzle. Therefore, an adoption of a VAN ensures that the area of the nozzle is
higher during take-off, to increase the fan’s surge margin, and it decreases during cruise
for increased fan efficiency.

The implementation of a VAN system for this kind of engine is still under research,
because the classic approach of electrical and hydraulic systems is not a feasible solution
for the civil aviation due to high complexity and weight. A proposed solution is the
adoption of shape memory alloys, whose shape is temperature dependent. This ability of
the alloy is used to control the mechanical system which regulates the movement of a
sliding ring controlling the nozzle area pedals [4]. However, an issue that came up is the
slow response of this system, which can take 9.8 s from nominal to full stroke displacement
and 25 s to reach again the initial state and it is still under development. Therefore, at the
initial calculations this time lag is not considered, and it is only analyzed in Chapter “5.3.2.3
Fast acceleration with VAN actuator dynamics”.

In detail, the VAN schedule is derived, so that there is a unique bypass fan working line
along the BETA line of 0.55 (see Appendix “8.1.2 ~ Compressor and turbine maps”),
which is near the maximum efficiency line.
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It is concluded from Figure 1006, that the area of the nozzle is decreasing as the Mach
number is increasing, so the basic principle of the VAN is confirmed. Generally, at the
higher Mach numbers the range of the nozzle’s area as a function of the ratio Nf
corrected/Nf design is wider (for Mach number 0 it ranges from 3.08 m’ to 3.345 m”®,
whereas for Mach number 0.7 it ranges from 1.623 m* to 2.891 m”).

But, according to [5], the maximum reduction of the nozzle’s area is approximately 40%,
hence during the execution of the code any higher decrease of the calculated area is then
bounded, thus in the final VAN schedule the minimum area is equal to 2.2326 m’. Despite
having this limit, the conclusion of the wider range of nozzle in the higher Mach numbers
remains valid.
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Figure 106 - VAN schedule as a function of Mach number and Nf corrected/Nf design

5.2 Linearization and gain calculation

The state variables and the input variable remain the same as the turbofan model (see
Chapter “4.2.4 Linearization and gain calculation procedure”), thus the input variable is
Wf and the state variables are Nf and Nc (the rotational speed of the LPC/LPT
components cannot be added, since it is linearly dependent with Nf). It was noted that if
the perturbation of the state variables and the input variable is 1%, hence the same as the
turbofan model, some steady calculations during the linearization process were
unsuccessful. So, the perturbation was reduced to 0.1% of the absolute steady state value
of the state variables and the input variable. For instance, for Mach number 0, altitude 0
m and TRA 100%, the state space equations are:

ll\{cl _ [—0.3821 —0.2375] _ [Nc] N [7420.79 W)

Ny 0.0563 —0.4445] [N 486.29
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[EPR] 18.06-107° 1.29-107°] [0.04026]

Ps3 | | 22791 376.18 | n 715052

Ne [ = 1 0 [C]+ 0 |-[Wf
Ny 0 1 0

Tt 0.018451  0.084508 216.87

Whereas for Mach number 0, altitude 0 m and TRA 0%, the state space equations are:

N —o. -3. N, :
lel :[ 0.4932 37519]_[Nf]+[4552 14) )

0.0332 —0.7846 555.98
EPR1 [7.29-107% 3.207-107* 0.1563
[Psg] [ 75.3161 3042.18 | [y 1,050,000]
[N [=] o [v]+ o |ma
| N | 0 1 J ! [ 0
l7e, | Loo12113 0173172 60.1464

In this case, it was decided to execute the gain calculation process and the creation of the
setpoint and gain matrices within PROOSIS environment. This alteration of the procedure
enables the immediate application of the calculated results, i.e. the gains, in simulations of
the model and the user becomes independent of any external software other than
PROOSIS. This task was implemented at first, by transforming the MATLAB script of the
gain calculation into a function, in order to use afterwards the C coder application of
MATLAB. Then the C code of this process and the resulting folder with the needed C
functions was added as a static library in PROOSIS. For this application, a simple
architecture of the full engine model is chosen, as far as the limiting section, hence only an
acceleration limiter using Tt is applied. So, this function has as input:

e The frequency range of Edmunds’ method

e The number of approximation points

e The desired damping ratio of the target transfer function
e The desired settling time of the target transfer function

e The elements of the state space matrices of an operating point

The output variables of the function are:

e The Kp gain of Nf and EPR setpoint controllers and Tt; limiter
e The Ki gain of Nf and EPR setpoint controllers and Tt; limiter
e The IWG of Nf and EPR setpoint controllers and Tt; limiter

It should be noted that the MATLAB function can be edited, so it can facilitate the needs
of each application and converted again into a C static library in PROOSIS.

The linearization process algorithm is the same as in Chapter “4.2.4 Linearization and
gain calculation procedure” (see Figure 42) and it is executed, along with the gain
calculation function, for a maximum altitude of 7,500 m, which corresponded to the
model’s maximum Mach number of 0.75. So, the process is simplified and the average of
the results between the flight levels 5,000 m and 10,000 m is not calculated. The target
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transfer function remained the same and the number of approximation points was

increased to 200.

Further details of the linearization and gain calculation procedure can be found in
Appendix “8.3.2 Geared Turbofan model”.

In Figure 107 and Figure 108, the distribution of the points is smooth and similar with the
turbofan engine model (see Figure 45 and Figure 406).
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Figure 107 - Nf corrected values as a function of Mach number and TRA
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Figure 108 - EPR values as a function of Mach number and TRA

In Figure 109 and Figure 110, it is noted that the value of the gain is increased for the low-
power settings and low Mach numbers and also for the high-power settings and high Mach

numberts.
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Figure 110 - Ki gains of Nf setpoint controller as a function of TRA and Mach
In Figure 111 and Figure 112, it is noted that the highest gain values correspond only to
low-power settings and low Mach numbers and generally their distribution is smoother.

As it is mentioned in Chapter “5.2  Linearization and gain calculation”, this
application will include only an acceleratsion limiter, so the gains of Tt; controller are

calculated during this process.
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Figure 112 - Ki gain values of EPR setpoint controller as a function of TRA and Mach

It is observed that the distribution of Figure 113 is similar to Figure 109 and the same
conclusion is extracted from the corresponding figures of Chapter “Application of gain
scheduling” (see Figure 47 and Figure 506).
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Figure 114 - Ki gain values of Tt3 limiter as a function of TRA and Mach

The schedule of the acceleration controller is determined in the same way as in Chapter
“4.2.5 Protection logic controllers’ calculation”, having as an initial requirement a surge
margin of 10% of the HPC, but in this case Tts/Tt, schedule, as a function of Nc¢ corrected,
is calculated only for Mach number 0, in order to demonstrate it as a proof of concept and
detect any potential issues (see Figure 115).
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5.3 Geared turbofan engine simulation

5.3.1 Sensors and actuators modelling

Since the model is simpler, with less controllers, than the turbofan schematic diagram (see
Figure 66), some sensors were gradually set to transient mode. This procedure was
executed in this application, because in Chapter “4.2.6Fully integrated turbofan engine
model” during the development process of the control system integration it was noted that
the complexity of the model, in combination with the selected solver of PROOSIS, can
lead to numerical non-convergence, while operating within the flight envelope.

The fuel sensor and actuator have the same settings as the turbofan model in Chapter
“4.2.6 Fully integrated turbofan engine model”. So, the fuel sensor was put in transient
mode with a time constant of 0.01 s and the fuel actuator has a time constant of 0.001 s.

The pressure sensors, except from Ps; sensor, which is not actively used in this model
arrangement, were set to transient mode with a time constant of 0.04 s [2].

The rotational speed sensors are in transient mode with a time constant of 0.001 s (the
proposed time constant of 0.02 s [2] is not adequate for Nf setpoint control).

The temperature sensor of Tt; was put in transient mode with a time constant of 0.001 s
(the proposed time constant of 0.11 s [2] was not adequate for the maximum Tt; control).
However, the temperature sensor of Tt, was put in transient mode with the proposed [2]
time constant of 0.11 s.
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5.3.2 Fully integrated schematic diagram

The logic of this schematic diagram (see Figure 116) is generally the same as the Figure 66,
with minor differences. At first the look up tables of the controllers are different custom
components, because they are now linked directly with the appropriate table file. Also,
before the minimum selector, where Wf command is generated there is an additional
selector component which regulates the acceleration limiter, because Tt;/Tt, schedule was
generated only for Mach number 0. So, if the selector is set to “TRUE” the acceleration
control is active, whereas the acceleration controller is inactive if it set to “FALSE”.
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Figure 116 - Fully integrated geared turbofan engine schematic diagram with the control system

5.3.2.1 Gradual acceleration and deceleration

The TRA schedule of gradual acceleration and deceleration is depicted in Figure 117.
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Figure 117 - TRA schedule for multiple power levels
In this case, Nf setpoint controller is active, the altitude is 0 m and the Mach number is 0.

In Figure 118 and Figure 119, it is depicted that the engine’s Nf response follows Nf
command schedule, whereas EPR response has a deviation from EPR command.
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Figure 118 - Nf response to multiple power levels
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In Figure 120, it is noted that FN response does not present any overshoot and has, as
expected, a similar profile as Nf response.
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Figure 120 - FN response to multiple power levels
Figure 121 has an expected form, as it was already noted in small scale in Figure 83 of the
turbofan model, since Nf control has generally a faster response. So, potentially a higher

number of approximation points in Edmunds’ method can limit the overshooting or
undershooting at each TRA transition point.
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Figure 121 - Wf response to multiple power levels

In Figure 122 and Figure 123, the effect and the operation of the VAN are depicted
accordingly. Hence, in Figure 123 it is noted that the area of the bypass nozzle augments
with the acceleration and decreases with the deceleration and as a consequence in Figure
122 the fan’s bypass flow operating line has a constant BETA value.
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Figure 122 - Fan map of the bypass flow
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Afterwards, EPR control is active, while altitude is 0 m and the Mach number is 0, and the
TRA schedule of Figure 117 is applied. In Figure 124, it is demonstrated that EPR response
is identical with the required EPR schedule, whereas in Figure 125 there is a deviation from
the calculated Nf schedule in the transient phases.
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Figure 124 - EPR response to multiple power levels
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Figure 125 - Nf response to multiple power levels

In Figure 126, the response of FN does not present any overshooting and in comparison,
with Figure 120, it can be distinguished that EPR control has a slower response than Nf
control, thus FN response profile of EPR control is less sharp than FN response profile
of Nf control.
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Figure 126 - FN response to multiple power levels

Figure 127 is similar with Figure 104 of the turbofan model, where in the acceleration
phase there is an overshooting when proceeding from transient to steady state and in the
deceleration phase there is an undershooting in the same conditions.
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Figure 127 - Wf response to multiple power levels

Figure 128 and Figure 129 present no significant difference from Figure 122 and Figure
123, respectively, of Nf control.
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Figure 128 - Fan map of the bypass flow
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Figure 129 - VAN response to multiple power levels

Another test case of gradual acceleration and deceleration for Mach number 0.75 and
altitude 10,668 m is mentioned in Appendix “8.2.3  Geared turbofan engine multiple
power levels validation”.

5.3.2.2 Fast acceleration without VAN dynamics

In this engine model, a smoother acceleration than the turbofan engine was imposed (see
Figure 93), because it was observed that during steep transients the acceleration control
could not keep the operating line within the HPC map. Moreover, it was noted that Nf
control under the current conditions, cannot demonstrate the effectivity of the acceleration
control, so EPR control was selected to validate the acceleration control. As the schedule
of Tt;/Tt, was created only for Mach number 0 and altitude 0 m, they are the selected
conditions of this simulation.

The TRA schedule of Figure 130 requires the acceleration of the engine from TRA 10%
to TRA 95% in 5 seconds to be compatible with the relevant regulation [18].
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Figure 130 - TRA schedule for acceleration

In Figure 131, the EPR response follows the imposed schedule, with minor deviations in
the transient phase.
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Figure 131 - EPR response to acceleration schedule

In Figure 132, the time moment of 10 s, the engine has reached the 98.676% of the thrust
of TRA 95%, so it is close to reach the goal of [18].
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Figure 132 - FN response to acceleration schedule

In Figure 133, the operating line in the HPC map of the engine is depicted and it is noted
that it is close to the surge line, whereas in Figure 134 to operating line of the LPC follows
an opposite path close to the lower region of the map, but it is not crossing the choke line.
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Figure 133 - HPC map
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Moreover, in Figure 135 it is demonstrated that the acceleration controller is active from
5.2 s until 6.4 s and generally the surge margin remains positive as it is depicted in Figure
136. Although the surge margin of the HPC drops below 10%, the acceleration controller
limits the operation of the engine and without the limiter the engine would have crossed
the surge line. The uncertainties of this engine model can potentially cause these issues
during fast transients, because as it was mentioned Chapter “5.1.1 ~ Description of the
model”, the HP shaft is more sensitive to power alterations.
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Figure 135 - Comparison of maximum Tt3 schedule and Tt3 response to acceleration schedule
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5.3.2.3 Fast acceleration with VAN actuator dynamics

In this Chapter, the TRA schedule of Chapter “5.3.2.2 Fast acceleration” is applied with
the same conditions of Mach number 0 and altitude O m. The difference in this test case is
the addition, between the look up table of the nozzle’s area and the nozzle component’s
geometry port a transfer function of first order, which belongs to the “CONTROL” library
of PROOSIS (see Figure 137).
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Figure 137 - VAN assembly with actuator model of first order

The first order transfer function models the actuator’s operation, where according to the
ongoing research [5] a settling time (T's) of 9.8 s is suggested. So, the time constant (7) is:
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In Figure 138, the percent difference of the FN response with VAN dynamics from the
FN response without VAN dynamics is depicted. So, it is demonstrated the impact of the
slower VAN response in the transient phase is distinguishable, with a maximum of -1.2%.
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Figure 138 - FN response difference with VAN dynamics

The immediate effect of the VAN time delay is demonstrated in Figure 139, since it takes
nearly 10 s (the settling time is 9.8 s) for the VAN to reach it steady state value.
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Figure 139 - VAN response difference with and without VAN dynamics

Moreover, the impact of this delay is also clear in Figure 140, and it validates the concept
of the VAN, as presented in Chapter “5.1.2  Variable Area fan Nozzle”, because the
existence of VAN dynamics provokes a drop in the surge margin of the fan’s secondary
flow, during transient phase. This means that the area of the nozzle during this phase does
not exactly match with the appropriate one in order to have a higher surge margin. The
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variation of the surge margin in the transient period is attributed to the form of the surge
line in the fan’s map.
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Figure 140 - Fan secondary flow surge margin response difference with and without VAN dynamics

In a publication that dealt with the control of geared turbofan engines with VAN [5], the
issue of the VAN’s actuator delay (with a settling time of 9.8 s) was investigated and similar
results were observed in the responses of thrust and surge margin of the fan’s secondary
flow (as percentage). It should be noted that a different logic was employed in the creation
of the VAN schedule in this publication [5], because the fan was forced to operate
constantly with the highest efficiency and the increase of the nozzle’s area in the
demonstrated acceleration was 31.1%. In this Diploma Thesis the VAN schedule was
created by imposing a constant BETA value of the fan secondary flow and during this
take-off acceleration the increase of the nozzle’s area is 6.2%.

So, in combination with the time constants of the sensors and the selected components’
maps, it can be concluded that the model may need alterations and improvements.
Furthermore, the turbofan model had a common structure and was fully defined, hence
the manual determination of the acceleration schedule proved to be valid. However, in the
case of the geared turbofan model with a VAN, the creation of the acceleration schedule
may require a different approach.
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6. Conclusion and future suggestions

6.1 Recapitulation

To sum up, this diploma thesis started from a turbofan engine model with a manually
tuned control system, which was valid for a single operating point, having a constant Mach
number and a narrow range of power settings. So, a generic linearization process of an
engine was introduced as an experiment of PROOSIS and as far as the gain scheduling
process of the controllers, the Edmunds’ model matching method was programmed in
MATLAB. The parameters of the target transfer function proved to be adequate for this
kind of application and it was observed that the higher is the number of approximation
points, the lower is the overshooting of the closed loop system.

The first application concerned a turbofan engine model with a control system including
two setpoint controllers (Nf, EPR) and a complete limiting section (4 maximum, 2
minimum). The acceleration limiter of Nc¢ lead Edmunds’ method to calculating negative
proportionate gains, whilst the limiters of maximum RU and maximum Wf caused
convergence issues, hence a schedule of Tt; maximum was manually structured. It was
observed that a large-scale model along with the sensors and actuators’ parameters can
lead to unjustified non-convergence of the model. Thus, nearly all sensors (except Wf
sensor) were selected to be in steady mode and the time constants of Wf sensor and
actuator were tuned to provide an acceptable performance.

The second application concerned a geared turbofan engine model with a VAN, whose
parameters and maps were estimated by LTT. The schedule of the VAN was created by
imposing a constant BETA value of the fan’s bypass flow map, which is close to optimum
efficiency, for a range of power settings and Mach numbers. The setpoint controllers
remained the same (Nf, EPR) and in the limiting section an acceleration controller of Tt;
was applied as a test case for Mach number 0. The simplicity of this model, as far as the
limiting section, enabled the application of time constants for the sensors, having as a
reference a relevant publication [2], but it was required for some of them to be adjusted in
the pursue of ensuring an adequate performance during the simulation. The uncertainty
about the engine’s model parameters did not limit the execution of simulations to validate
the method in a geared turbofan engine model. However, under the current circumstances
a fast acceleration could only be handled by EPR control along with the acceleration
limiter, which kept the operating line of this transient maneuver in the HPC map, but the
surge margin of the HPC dropped below 10%. Finally, in the current model, the adoption
of VAN dynamics had a small impact in the overall performance.

6.2 Future proposals

It is suggested that an extensive sensitivity analysis for the frequency range of Edmunds’
method should take place, in order to include effects like heat soakage and tip clearance,
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by using the capabilities of PROOSIS in the simulation of these phenomena. Furthermore,
the C static library containing the functions to execute Edmunds’ method in PROOSIS
can potentially be converted into the EL language of PROOSIS, hence the main code will
be easily modifiable. This will be convenient for the cases, where the state, input and output

variables of the state space model are different from this Diploma Thesis and the use of
MATLAB is not preferable.

In addition, the effect of the number of approximation points in combination with the
required damping ratio and settling time can be evaluated, since the gain calculation can
take place in PROOSIS, so the assessment of the engine’s response will be immediate. In
addition, the formula of the partial derivatives and the percentage of the perturbation of
the steady state values can be a topic of future investigation, as in [15].

Moreover, the design of a more accurate geared turbofan model is crucial to determine
whether the moments of inertia of the shafts and the particular type of maps of the
components are valid for this application. Furthermore, an optimization process can take
place to produce a look up table of the VAN which ensures the constant operation of the
fan at the optimum efficiency.

In general, the number of Mach numbers and the number of power setting points, which
are evaluated during the linearization process, and their effect in the engine’s model
initialization and response can be investigated more meticulously.

Also, an automated procedure for creating the acceleration schedule of an engine can be
developed to avoid the manual time-consuming process, that was used in this diploma
thesis. In this point, the possible methods of implementing an acceleration controller and
their connection between the PROOSIS solver and the convergence of the model can be
reviewed. If a PROOSIS solver that can handle large scale and complicated control systems
is validated, all the sensots can be in transient mode with time constants close to the actual
measuring equipment and more steady state controllers can be added such as an EGT
controller, which protects the turbine components from overheating.

Finally, the use of different integration methods available in PROOSIS can be studied in
terms of speed and stability (such Runge-Kutta, Euler, etc.) instead of the default DASSL
method.
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8. Appendix
8.1. Additional theoretical topics

8.1.1 Corrected engine variables

A special reference is made to the corrected values of the engine’s variables, which are
adopted in the frame of this project, in order to have a common operating point as a
reference, hence at Mach number 0 and altitude 0 m.

The parameters that are adopted for this process are:

5 - Pt
°©" 101,325
o — Tt
° " 288.15

Therefore, some of the engine’s variables can be “corrected” with the assistance of 8, and
0o:

N
° Rotational speed N - —
p corrected Jo,
FN
* Thrust Fneorrected = g
WfF
° Fuel flow rate Wf, g rected = Sl
: Wi
L Air mass flow rate Wlcgrrected = N
o™V Vo

8.1.2 Compressor and turbine maps

In PROOSIS, the maps used for the performance modelling of the compressors are the
BETA type.
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Figure 141 - BETA type map of a compressor

These maps interrelate the pressure ratio or the specific enthalpy change of the compressor
with the isentropic efficiency and the corrected mass flow rate for different relative to
design corrected rotational speeds [12]. The BETA lines are curves that have unique
intersections with the speed lines and their value ranges from 0 to 1, with 0 corresponding
to choking line and 1 corresponding to surge line.

Accordingly, in PROOSIS the maps used for the performance modelling of the turbines
are the ZETA type.
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Figure 142 - ZETA type map of a turbine

In ZETA type maps [12], the turbine performance is delineated by characteristics of the

corrected mass flow rate and isentropic efficiency over pressure ratio (or specific enthalpy)

for different relative to design corrected rotational speeds. ZETA lines are auxiliary

coordinates to accommodate map interpolation especially in the choked regions of the
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TRA (%) (-)

PRmap_PRmap,min

map. For maps using pressure ratio, ZETA is defined as ZETA =

PRmap,max_PRmap,min’

so it ranges from 0 to 1.

8.2 Further test cases

8.2.1 Turbofan engine acceleration and deceleration limiters
validation

The TRA schedule is depicted in Figure 143.
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Figure 143 - TRA schedule for extreme transients

The external conditions are set to Mach number 0.4 and altitude 5,000 m.
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Figure 144 - Extreme transient EPR response for Mach number 0.4 and altitude 5,000 m
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Figure 145 - Extreme transient FN response for Mach number 0.4 and altitude 5,000 m

For this combination of external conditions, the limiters are activated during the transient
phases, as it is depicted in the response of EPR (see Figure 144), in response of Tt3 for
the acceleration (see Figure 148) and in the response of RU (see Figure 149)

In comparison with the previous case of altitude 0 m and Mach number 0 (see Figure 906),
the square cycle in the engine’s high-pressure compressor map, does not extend to a wide
range of corrected mass flow (see Figure 146). Also, during the deceleration, the transient
line is closer to the choke line of the map.
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Figure 146 - Extreme transient HPC map for Mach number 0.4 and altitude 5,000 m
this case too, the surge margin of the high-pressure compressor remains above the limit

of 10%, as it is demonstrated in Figure 147,
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Figure 147 - Extreme transient HPC surge margin response for Mach number 0.4 and altitude 5,000 m
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Figure 148 - Extreme transient Tt3 response for Mach number 0.4 and altitude 5,000 m

In Figure 149 it is pointed out, that this combination of Mach number and altitude dictated
the use of a lower limit of RU, so the limit of 2.5%107 was decreased to 1.04*107.
Otherwise, for any higher value of minimum RU, the steady experiment for the
initialization of the model would not converge.
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Figure 149 - Extreme transient RU response for Mach number 0.4 and altitude 5,000 m
The external conditions are set to Mach number 0.8 and altitude 10,000 m.

The response of EPR shows that at high speed and altitude the engine is more sensitive at
quick transients, due to the existence of higher delays to reach the steady state values, as it
is demonstrated in Figure 150 and Figure 151. Hence, the limiters are active for a longer

period.

127



FN (N)

= EPR - EPR command
144

1.3

0.9+

0.8~

o 2 4 & 3 10 12 14 16
Time (s)

Figure 150 - Extreme transient EPR response for Mach number 0.8 and altitude 10,000 m
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Figure 151 - Extreme transient FN response for Mach number 0.8 and altitude 10,000 m
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Figure 152 - Extreme transient HPC map for Mach number 0.8 and altitude 10,000 m

In Figure 153, during the acceleration, the minimum value of the surge margin of the high-

essure compressor is slightly increased compared to the two previous cases.
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Figure 153 - Extreme transient HPC surge margin response for Mach number 0.8 and altitude 10,000 m
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Figure 155 - Extreme transient RU response for Mach number 0.8 and altitude 10,000 m

8.2.2 Turbofan engine multiple power levels validation
The TRA schedule is depicted in Figure 156.
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Figure 156 - TRA schedule for multiple power levels

For Mach number 0.4 and altitude 5,000 m and by activating the EPR setpoint controller
the responses are:
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Figure 157 - Multiple power levels EPR response for Mach number 0.4 and altitude 5,000 m
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Axis Y1: - Nc
Axis Y2: - Nf
12,0001 r 4,000
r 3,800
11,5001 3,600
r 3,400
rg L =
£ >
311,000 8§ r 3,200§
= [ ~—
r3,000
10,5004 r2,800
r 2,600
10.000 -, : : . : : -2.400
0 10 20 30 40 50 60

Time (s)

Figure 159 - Multiple power levels Nf and Nc response for Mach number 0.4 and altitude 5,000 m
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Figure 160 - Multiple power levels Wf response for Mach number 0.4 and altitude 5,000 m
For Mach number 0.8 and altitude 10,000 m, the responses are:
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Figure 161 - Multiple power levels EPR response for Mach number 0.8 and altitude 10,000 m
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Figure 162 - Multiple power levels FN response for Mach number 0.8 and altitude 10,000 m
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Figure 163 - Multiple power levels Nf and Nc response for Mach number 0.8 and altitude 10,000 m
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Figure 164 - Multiple power levels Wf response for Mach number 0.8 and altitude 10,000 m

8.2.3 Geared turbofan engine multiple power levels validation

In this case, EPR control is active, Mach number is 0.75 and altitude is 10,668 m.

In Figure 165 is noted that it is smoother and has a longer duration than Figure 117,
because the engine is operating in conditions of high speed and altitude and it is susceptible
of exceeding its limits especially in low power settings, for instance from TRA 15% to
TRA 30%.
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Figure 165 - TRA schedule for multiple power levels
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Figure 166 - EPR response to multiple power levels
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Figure 167 - FN response to multiple power levels
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Figure 168 - Wf response to multiple power levels

In Figure 169, the operating line of the fan’s bypass flow has a constant BETA value
(except from the lower region of the map, where the area cannot be reduced more than

40%) and general it operates in an area of the map of higher pressure ratio, corrected mass

flow and efficiency, because the engine is mainly optimized for cruise conditions. In Figure

170 the change in the bypass flow’s nozzle is depicted and in comparison, with Figure 123,
the area of the nozzle is lower in overall.
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Figure 170 - VAN response to multiple power levels

8.3 PROOSIS library and MATLAB guidelines

The library used in this Diploma Thesis is called “DEMOS_CTRIL_TRANS”.

8.3.1 Turbofan model

The turbofan engine model is called “OBID1”. In the linearization process, the first step
is to execute a steady state experiment to obtain a report file, which is needed for the main
linearization code. Therefore, in the experiment “transient” of the “partitionl” of the
schematic diagram OBID1, the calcType parameter is set to 1 and the experiment is
executed. Afterwards, in the main linearization code “Linearization_mod” the output
variables are set and the matrices C, D (they depend on the output variables) and indices
of the output files (to correctly export the matrices in the MATLAB scripts and text files)
are determined accordingly.

So, the code “Linearization_mod” is executed and the state space matrices are written
down in separate output text files. Afterwards, the linearized plant’s response is compared
to the non-linear plant’s response in case of a fuel spike for altitude 0 m and Mach number
0. This can be achieved by editing the component file
“OBID1_default_linearization_mod_linear” of the “DEMOS_CTRL_TRANS” library,
in order to include in this simulation the output variables of the linearization process.
Finally, the experiment that compares the response of the linear and the non-linear system
to a fuel spike input is the “comparison” of the default partition of the
“OBID1_default_linearization_mod_fusion” component.
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The main linearization code of the engine model OBID1 has the form of an experiment
with the name of “Linearization_env”, which is a part of the “partition1” of this model.
This experiment has as input:

o The Mach numbers that are going to be examined.
For instance, 14 Mach numbers are selected, so the particular input lines are:
REAL Machs[14]=1{0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75,

0.8}
CONST INTEGER nMo = 14
. The number of power setting points to be evaluated for each combination

of Mach number and altitude.
For instance, 25 power setting points are selected, so the particular input line are:
CONST INTEGER nl.=25

° The maximum altitude to be examined, which will correspond to the
highest Mach number.
For instance, the flight level of 10,000 m is selected, so the particular input lines
are (for maximum Mach number 0.8):

STRING FileTxt = "rp_lin10000.rpt”

Amb.alt_in=10000 * Amb.Mnf_in/0.8

Thus, it can be noted that each set of altitude and Mach number between the points:

= Mach number 0, altitude 0 m
. Maximum Mach, highest flight level

can be calculated by the formula:

Mach

Alt = AltMAX . m
MAX

Hence, for the first maximum flight level the experiment “Linearization_env’” is executed
and its output file can be found in the experiment folder. The execution of the code for
the second maximum flight level follows.

Afterwards, the results of the two experiments should be encapsulated into one text file.
Therefore, the procedure is:

1) Open an empty Excel file
2) Click File—Open
3) Modify the “All Excel files” to “All Files”
4) Select the first output file
5) Click Next in all the pop-up window tabs and then click Finish
6) Open the second output file in the same way
7) Select in the second Excel file all the columns and the lines from the second until
the end of the data and copy these cells
8) Reach and click the cell of the first column at the line below last line of the data in
the first Excel file
9) Click Paste on the selected cell of the first Excel file
10) In the first Excel file, click File—Save as, save it, as “RESULTS.txt” (Save as type:
Text (Tab delimited) (*.txt)) and click Yes in the warning message.
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So, this file is ready to be inserted into MATLAB, in order to proceed with the gain
calculation.

In MATLAB, the first step is to import the file “RESULTS.txt” and save its columns as
vectors. So, in the HOME tab, click Import Data in the VARIABLE section, select the
file and when the data is shown on the screen, click the button “\” in the IMPORT tab.

The gain calculation code is named as “gaincalc_TF.m” and the parameters to set before
the execution are:

. The minimum frequency “f1”, for this case is 0.01 Hz
. The maximum frequency “t2”, for this case is 5 Hz
o The number of approximation points within the frequency range in the

logspace command, so for 100 points is:
w=logspace(log10(2*pi*f1),log10(2*pi*f2),100);
° The target transfer function Tt specifications, thus for this case are:
zita=0.9
ts=1

After the execution of the “gaincalc_TF.m” code, the next stage is the post processing of
the results and the creation of the matrices, which will be ready to be transferred to
PROOSIS. This stage is covered by the execution of the code “post_proc_TF.m”.

The input variables for this code are:

° The number of power setting points “power_set”, which in this case is 25
° The number of Mach numbers “num_mach”, which in this case is 14
° The number of sets of results “sets”, which in this case, since the

linearization code was executed for two maximum flight levels, is 2

In the main body of this code, at first the setpoint variables Nf corrected and EPR are
arranged in matrices as a function of TRA and Mach, after calculating each mean value
between the two flight levels. The matrices, which contain these results and they are ready
to be transferred to PROOSIS are:

. NF_vs_TRA_final
. EPR_vs_TRA_final

In “post_proc_TF.m” code, Kp is calculated for each Mach number and value of TRA as
the average between the two flight levels and is arranged for the setpoint controllers in the

matrices:
- KP_EPR_vs_TRA_ final
. KP_NF _vs_TRA_final

In “post_proc_TF.m” code, Ki is calculated for each Mach number and value of TRA as
the average between the two flight levels and is arranged for the setpoint controllers in the

matrices:
. KI_EPR_vs_TRA_final
. KI_NF_vs TRA_final
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For the value of IWG, a mean value for each Mach number is calculated and they are
arranged in the matrices:

= IWG_EPR
= IWG_NF

The calculation of the limiter’s gains is done in the same way as the setpoint controllers.
The gains of Nf maximum controller are already calculated during the execution of the
“post_proc_TF.m” code, as:

= KP_NF_MAX
- KI_NF_MAX
- IWG_NF_MAX

The rest of the gains are calculated at first by executing the code “gaincalc_TF_limit.m”.
This code has as input:

. The minimum frequency “f1”, for this case is 0.01 Hz
. The maximum frequency “f2”, for this case is 5 Hz
. The number of approximation points within the frequency range in the

logspace command, so for 100 points is:
w=logspace(log10(2*pi*f1),log10(2*pi*f2),100);

° The target transfer function Tt specifications, thus for this case are:
zita=0.9
ts=1
° The number of power setting points “power_set”, which in this case is 25

The code “gaincalc_TF_limit.m” applies Edmunds’ algorithm for the transfer functions
of the output variables:

Gro(s) = AN,
AN¢
Gps, (s) = AW,
ATt
GTt3(S) = AW,

Afterwards, the code “post_proc_TF_limit.m” has to be executed to arrange the results in
the same way as the setpoint controllers. The input variables for this code are:

° The number of power setting points “power_set”, which in this case is 25
° The number of Mach numbers “num_mach”, which in this case is 14
° The number of sets of results “sets”, which in this case is 2

So, the final values and matrices are:

= KP_NC
= KI_NC
= IWG_NC
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u KP_Ps3_vs_TRA_ final
. KI_Ps3_vs_ TRA_final
= IWG_Ps3

. KP_Tt3_vs_TRA_final
- KI_Tt3 vs_TRA_ final
= IWG_Tt3

The fully integrated system with the engine model OBID1 and the designed control system
is encapsulated in the schematic diagram called “OBIDICOTE” in the
“DEMOS_CTRL_TRANS” library.

A new component for this library was created, named “TABLE1DMNFunction” that has
as internal system input the Mach number (global variable), one input port and one output
port in the schematic diagram. Also, another look up table component was needed for the
IWG, thus a component named “TABLEMNFunction” was developed, which has an
internal input of Mach number and one output port.

The main input for the OBIDICOTE schematic diagram is the TRA schedule, which is
setin the TRA component. The code that executes this simulation is the “transient” which
belongs to the “partition1” of this model. This code demands also as input:

. The altitude of the simulation, for instance if the flight level is 5,000m,
this particular line will be:

Amb.alt_in=5000
. The Mach number of the simulation, for instance if the Mach number is
0.4, this particular line will be:

Amb.MNf in=0.4
° The duration of the TRA schedule, for instance if the final point of TRA
is at 20 s, this particular line will be:

INTEG_TO(20, 1e-2)

8.3.2 Geared Turbofan model

The schematic diagram containing only the engine model is called “GTF_CTRL” and it is
a part of “DEMOS_CTRIL_TRANS?” library.

The creation of the VAN schedule is performed by the code “VANschedule” of the
partition called “partition2” in the “GTF_CTRL” model. At first, in the schematic diagram
the connection between the VAN component and the look up table has to be deleted, then
this particular partition has to be validated and finally the code can be executed. This code
creates a table of the change of the nozzle’s area as a function of Mach number and Nf
corrected divided by Nf at design point, which is then read by the look up table
component.

The linearization process in this case is performed by the code “linearization_interp” in
the partition “partitionl” of the “GTF_CTRL” model. At first, the connection between
the VAN component and the area look up table is restored.
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The C code function is executed in the PROOSIS code “linearization_interp” after the
linearization process of each operating point.

The linearization and gain calculation experiment code “linearization_interp” has as input:

e The Mach numbers that are going to be examined. For this case, 13 Mach numbers
are selected, so the particular input lines are:
REAL Machs[13]={0,0.1,0.2,0.3,0.35,0.4,0.45,0.5,0.55,0.6,0.65,0.7,0.75}
CONST INTEGER nMo=13

e The number of power setting points to be evaluated for each combination of Mach
number and altitude. For this case, 50 power setting points are selected, so the
particular input line are:

CONST INTEGER nl.=50

¢ The minimum frequency of Edmunds’ method, which in this case is 0.01 Hz
REAL fmin=0.01
e The maximum frequency of Edmunds’ method, which in this case is 5 Hz
REAL fmax=5
e The number of approximation points of Edmunds’ method, which in this case is
200
REAL approx_points=200
e The damping ratio of the target transfer function, which in this case is 0.9
REAL damp_ratio=0.9
e The settling time of the target transfer function, which in this case is 1 s
REAL set_time=1
e The maximum flight level of the linearization process, which in this case, the
altitude of 7,500 m is examined (for maximum Mach number 0.75)
STRING FileTxt="rp_lin7500.rpt”
Amb.alt_in=(7500)*(Amb.Mnf_in/0.75)
e The duration of the TRA schedule, for instance if the final point of TRA is at 20
s, this particular line will be:
INTEG_TO(20, 1e-2)

The experiment code follows the same procedure as the “OBID1” model, then it
executes the gain calculation function and finally for the setpoint tables of EPR and Nf
corrected a smoothing process takes place, by performing a polynomial approximation of
3" degree as a function of TRA for each Mach number. Eventually, the setpoint tables
and the gain tables are saved in the “tables” folder of the “DEMOS_CTRL_TRANS”
library as “.xml” files. Also, it is noted that all the gains (Kp, Ki, IWG) are scheduled
against TRA and Mach number, since the procedure is now fully automated (in the
“OBID1” model a mean value of IWG was calculated for each Mach).

The engine model “GTF_CTRL” along with the designed control system are incorporated
in the schematic diagram “GTF_CTRL_FULL” of the “DEMOS_CTRL_TRANS”
library.
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9.  Euxtetopévn nepiindn (EAAnvina)

Avantuér ovoTNpaTog EAEYY 0L Yo 6TEORIAOXVTISQUGTYEEG OITTAOD QEDUATOG

[Tepirndn

270 TAXUCLO TNG TEOVOUG SITAWPATINNG EQYAOLAG AVOALETHL 1] SOUT] %ot 1] oyediocy] evog
YEVIXOD TOTOL GLOTNUXTOG EAEYYOL Yl GTEOPBIAOXVTISPAGTHEES SITAOD PedpaTog (turbofan).
To obompa eléyyouv evog otpoflthoavtidpaatnon dtxcpalilet v AetTovEyla TOL, VIO
xmOSEATOV 0plwY a8 cLVOUES UOVIUNG UXTROTAGNG, XARL Kol O HETABATNY ASLTOVEYIX, UE
O%OTIO VO TUEAYEL TNV ATXLTODHUEVY] WGY), EAEYYOVTOG elte Ti¢ oTeoYeg Tou fan (Nf) elte tov
Aoyo mieong tou nivnnea (EPR), eve tov anotpénet and 1o va Eenepaoet T OQa Tov.

Apywa oto Epyaotplo Osppinanv Z1poBthopnyavev ntay Stabéotpo éva ovieho uvnoea
turbofan pe éva Tomnd odoTNA eléyyov oto eptBailov PROOSIS. e awtd 1o povtédo ta
%207 Twv nxtevbuvtwy elyav puOpLoTEL epTEIQWUA VLo €V GY|pELO AELTOLEYIAG, OTIOTE 1] YN0
TOL NTAY SLYVALTY YL Evar dnEd ebEog cuVENUWY YOEW ATO AVLTO TO oNuUelo. ZLVVETWS YL Vo
elvat SuVATY 7] TEOCOUOLWGY TG AELTOLEYIAG TOL MLVNTHOX GE OAO TO ELEOG TOL PAXEAOL
TTNGYG NTOY ovaryxador ko GTEATNYIN TEOYQXUUXTIOROL Twv xedwy (gain scheduling).

To mpwto Brpa yix ™) SMptovEyio Hikg AVTORATOTOLYUEVYS SLASUAGLAG YL TOV DTOAOYIGUO
TV %100V Twv %atebbuvTey NTAV 1 TAEXYWYY] TOL LOVIEAOL TOL ULYNTNEX GTOV YWEO
NATAOTHONG Yoo évar eLEOC onpeiwy Aettovpyiag. Avtd emtedyOnue epappodloviag pio
npobnaEyovca KeHOSO YOAUUKOTONGNG TOL LOVIEAOL TOL UYNTNEX UECW XATIAANAOL
nwdwa oto PROOSIS. O vroloyiopog twv xepdwv mpaypatonombnxe epaopodloviag v
uébodo taupaopatog poviélwy (model matching) tov Edmunds, pe Sedopéva v
OLVAQETNOY] UETAPOQEAS TOL GLOTYUATOG, TNV CLYAQETNCY UETAPOEAS TOL xatevbuvty (Vopog
eléyyov PI) now v ovvatnom petapopds «oTo 0, TOL EYEL T LOUVINA YUQAUNTY|OLOTING
XTOUQLOT|G.

H dwxdmaoio avty) epappdotne oe dvo mepintwoetc. H npwtn nepintworn agopodoe éva
novieho oteofhoavtdaoTEa SITAOL EELUATOC UXL OLTAOL TUUTGVOD, YWELS XVEUELE
QELPATWY, TO onolo BacileTtal e Evar EUTOENO LOVTERO xtyNTNEX, 1ot Tapdyet 128 kN wong
oe otatneg ouvNueg oto emimedo g Bakaooas. O nvnEag yoaupwxonom e nar eytve
LTOLOYIGUOGC TwY %EEBWV TOL Y éva peydAo evpog appod Mach, Odoug mtnong xa
emméSou 1oy VoS pe natdAANA0 Toyappatiopod 6to MATLAB. Ot mivareg v #epdowv 017
ovvéyelx etonybnoav oto poviého tou PROOSIS, 10 onoio mepteiye tov nvntipx xal t0
ovotpa edéyyov. H emadnbevon g pebddov nar e a€lomiotyg Aettovpylag Tou hovtélou
npoyuxtonomninue exteAwVTaC piat OELEd XTO TEOCOUOLWOELS, TEQLAXPBAVOVTAG CEVROL,
onwg Babpraio uot amdTORY EMTAYLVOT KoL EMLBEASLYOY Yo SLAPOPETIMOVS GLVOLAGPLOVG
e€wtepwy ouvbnrwv. O oyedlaopog twv ratevbuvtov anodelybnue 6T Nty avog va
TEXYUXTOTONOEL TIC XTOULTODUEVES AELTOLEYLES TOV.

H 6ebdtepn mepintwon agopodaoe évay, vrtd ueréty, noviélo o1poBhoavttdpaatnea StmAol
ebpaTOg Mol SIMAOL TupTavoy pe efotEetind LPNAO AOyo maEdmapdng, O omolog Epepe
UELWTNEA GTEOYMY UETHED TOL GLUTIEGTH] YAUNANG Tiieang xat Tov fan xouw maeyyaye 153 kN
womg oe oTaTnég ouvbnueg oto eninedo g Odhacoag. To povtého awtod eniong mepthapBave
onpohoto petaBANToL epfBadob o 1o devtepebov pedpa atpa (bypass) pe oxomo va eAeyyet
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70 TeEwELO TAAUWONG TOL fan uATa TNV ETULTAYLVOY] OTY] YAON TG ATOYELWONG HAL VoL EYEL
™y BérTtoT amodoon o1 Qacy e uEOLALIEEAC. XTOV XIVNTNEX  XLTOV, XQYUA
dnpoveyninre o navovag petaBoAng Tov epBadob Tov ArEOYLGIOL XAl GTY] GLVEYELX TO
UOVTELO TOL uvNT7|Ex Yo umonombnue. O vTOAOYIGLOG TwY %eEdwV TEaypatono e
anoxketotnd oto PROOSIS, pe satddinin petatponn touv xwdwa tov MATLAB o
eloaywyng Tou péow otatnng Priobnunc oto PROOSIS, anhonotwvtag v OAn dwdinaoto.
To povtého 1oL e pe TO cLoTpa eréyyov Sounbnre xar Sowpactnue oe
npocopotwoels Babptaiwy petaBdoewy, aAld xat Ge YONYOEY EMTAYLVGY], KE OXOTO Vo
oéroroyn et 1 Aettovpyio xat 7] yxLEOTNTA TOL GYESIAGUOD TwV xaTevhuvTry, eve extuyOnne
1ot 1) ETLSEAOY] TG SUVAILXYG GLITIEQUPOAS TOL UETABANTOL AXEOYLGLOL.

2uvomting, Onproveyninue pio yeviny) puebodoloyla TOL EMTEETEL TNV YOXUUUIXOTONGT
ULOVTEAWY XL TOV LTOAOYIGIO TwY XEESWV TwV 1o TeLbuvTtrv TOoL ATt TOLVTAL 68 OAO TO ELEOG
TOL POUEAOL TLTHGG VLo LOVTEQVOLG OAAK %0l ETOUEVNC YEVIAG HEQOTIOQMODG ULVNTYQEC, UE
evay auTopTomouevo nat Eexabopo tpomo.
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PROOSIS: Propulsion Object-Oriented Simulation Software

Pt2: ol mieon oty eicodo tou fan

Pt3: ohnn mieon oy €€odo touv cupmeoty) vMANG Tieong

Ps3: otatinn mieon oty €€odo touv cupmieoty) vYNANG Tieong

Pt5: olnn mieon oty €€odo 1oL 6TEORIAOL YaUUNANG TtieaNg

RU: Ratio Unit

TET: Beppoxpacio etood0v atov 61poftho petd tov Bakapo uovong
TRA: 1060670 ¢ UeYLoTyg WoNg

Tt3: ohny Bepponpaocio 6t e€odo ToL cLuTLeaTy] LYNAYS Ttieang
Tt4: ohnn Bepponpasio otny e€odo Tov Bakdpouv xaderng

Tt45: ol Bepponpascta otny €€odo Tov aTEORilov VYNNG Tieorg
VAN: axpogioto petaBintol euBadod Tou Seutepedovtog QeIATOS AR
VBV: BodBida petaine anouaotevong aéoo

Wit: noupoyn waleg xavotpon

W1: olny) maxpoyn aepx GTOV UV THEX

9.1 Ewoywyn xot ewontind vroBabpo

9.1.1 Ewooywyn

Ot aeplootpofiior Bewpobvtat 1oLt TeEWS TOADTAOXN GLOTNIATA, OTIOL 1] axELBELL KATA TNV
AELTOLEYLA TOVG EVOLL ATTAEXLTYTY], EVE) YQ7|CLLOTIOLOLVTAL OE BLOUNYAVIXES EPXOUOYES (Ylat TN
TUEUYWYY] MAEXTOMNG UL UMYAVIHNG  toxDog) uat  mEowbntnd cvotmuota.  21ny
agpovounnyy Bropnyavia, ot aeplooTEOBtlot eivar 7] ubELX TNYY toyLOS %ol XLTOL Ot
nVNTNEES, oe avtifieon pe Toug uvntees turboshaft Bropnyoviney epapuoywy, Aettoveyody
oe éva peyaho edpog ekwtepwy ouvbnuwy xat toyvog [1]. Xvvenng, anatteitar vor Eyovy Ty
emtBopn T Aettovpyla evidg avoTrEmy oplwy LTd petaBailopeves ouvbuxec. Apa, T0 GLOTNPX
eléyyov ToL wvnTNEa €yet ({wTny onpaota, TEQAAPBAVOVTAG %LEIWwG HETXBXALOKEVES
TEUAUETEOVG AVAAOYX Phe TG ouvONneg TTNomNg, e onomo va emttevybel o oTodY0g YENONG TOL
aeplootEofilov. Anhadn omouteitar Vo ToEGyEl Eva TEOSIAYEYQXUMUEVO ETUTMESO MONG
avahoyo pe g e€wtepés ouvinreg oe OAO TO PanEAO TTNONG. ALTE T CLOTHUATH EYOLY
e€elybel and T QYA LOPOUNYAVIUX OE TANEOLG AEUOOIOTNTAC PNPLAAK CLCTHUATX
eréyyov (FADEC), adAd 7 ooy Toug amootoy] Topopevet 1) idta:

1. Awxtnpnor otabeprg wong, avahoya pe ™V emtheyuevn Héon g pavétac.
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2. Aettovpyioe pe v mEoBAemopevy anddoon, xatd g petaBatinég meELOSOULS,
avapeca oe StopopeTna eninedu toyhOg not céwtepues ouvOuec.

3. Arxtnenor ouyrexptpévey Teptbwplnv acpaieiog

Ov mpwtot dbo octdyol cvumepAapBavovial oTov Topéa Otayelptong toybog (power
management) TOL GLOTYUATOG EAEYYO, EVW O TEAELTAIOG GTOYOG ETLTLYYAVETAL EVTOG TOV
Topéa Tpootaatag (protection logic) Tov cvoTHpaTog eAéyyoL. Avtol ot Vo Topelg, pall pe
TOLG eMEVEQYNTES (actuators) ot Toug atabnTypeg (sensors) anotedoby T xdELX e€xETNATY
TOL GUGTY|AATOG EAEYYOV.

I'evinar, dev vmapyovy Stabéotues apnetés SNPOCLEHTELS TOL VX APOEOLY T1] TEOCOUOLWGY]
AELTOLEYLOG UYNTNEWV TG TOMTXUTC aepoToplag pall pe To avtiotoryo abotnua eréyyov. H
OYETLNY| EQELVXL TIOV LTIAXEYEL, naTaTLaveTal e To Dépa Twv Bropnyavinwy aeptootEoBilwy, ot
OTOLOL OUWG AELTOLEYOLY GE Evar PO ebPOC TePLBaloviney cuvinuwy. Enouévwg vinoye
i eAdetdn uotevbovnetwy yoappwy oo acpomoEES epappnoyes [1]. Zvvenwg ot mnyeg, otig
ornoteg avt) 1 Atmhwpatiny Epyaota Basiotue, Eentvody and to 2008, ondte nan ytve pio
dnpoatevon 2], mov meptéypape Ttg SuvartdTTeg TOL Aoytouinod Commercial Modular Aero-
Propulsion System Simulation (C-MAPSS), 1o onoio pnogei va tpocopotwast ™) Aettovgyia
nvnmowy  turbofan. Avtd 10 Aoylopind  avamtLybnxe 010 epmoEnd  MAETO
MATLAB/Simulink, Bociotue oe éva TEOYRAUUA TEOCOPOIWENG AELTOLEYLAG VN TTOWY
OTEATLWTIUNG YOV oewS Tov avanthybnxe and 1 NASA (MAPSS) xat o atoyog Tov Moy va
dnutovpynoel plo TEOGRAGIUY] TAXTPOQUX TOL Vo APOEX TIG AVAYUES TNG TOMTIUNG
aepomoplag. AvTh 7 dNHOCLELOY] EXTOC ATO T1 UOVIEAOTOGY] TOL HIVNTNEX HAVEL pia
CLYOTITINY] TIEQLYQAPT] TG AQYLTEXTOVINYG TOL GLUOTHIATOG EAEYYOL UL TOL WG AELTOLEYEL GE
OLVEQYXOLX [LE TOV ULVYTY|OA.

2 ovveyelx TEOTAONKE Pix TLO AETTOUEENG AEYLTEXLTOVIXY] TOL GLOTNUXTOG EAEYYOL [3], 7
omola epaEpROaTNxE oe évay nvntnea turbofan péyiote wong 178 kIN xdvovtag yonomn tov
Moytopinod C-MAPSS. Xe avt v dnpooievon, 10 mANeeg abotua ekéyyou, dniadn o
TOUENG DLy ElOLaNg Loy LOC %ot O TOPENS TEOCTAGLNG, avaAbONKay Ste€odind, onodTe 1 perety
UTOQOLOE VX EPUOUOCTEL UKL G GAAX UOVTEAX nynTNnewv. Eniong, mpotdbnure évag vopog
eléyyou ToL Vo TPl el OTIC ATULTHOELS TG EPUOUOYNG ALTHG nat avaALONUe 1) eMiSEUGY TwY
TUEAUETEWY Tov. 210 Bpyaxomoeto Osppinwv Xtpollopnyavev tov Ebvirod Metoofiov
[Tohvteyvelov, éyoviag wg avagpoEd xvty T1 Onpocicucy), dnupovpyninre éva poviého
nvrea turbofan Stmhob toumavoy pall pe to avtiotoryo abotpa eréyyou pubuilovrag
EUTIELONG T XEQOY.

Y10 530 ATAA/SAE/ASEE Joint Propulsion Conference (2017), napovodotnoy 860
apbpa oyetng pe utvntipeg geared turbofan, mov pépovy SNAadY| PElWTNEX GTEOY®LY, Ol
omoiot eniong dtabétovy nat aupoyvoto petaPAntod euBadod oto Sevtepebov Pebux aEEA.
210 mpwto &pbpo [4], 10 mEotewvdpevo cLOTPA EAEYYOL NTAV TXEOUOLO WUE TNV
npoavaypepbeion dnpoatievan [3] xat excl avaddbOrnue 71 TpOCOROIWOY TANEOLE UDHAOL TTYONG
not ploc emtdryovon amoyeiwone. H pehétn awtr éywve oto hoyopind MATLAB/Simulink,
yonoponotwvtag ™V BtBiobnun y ) npocopoincr beppodvvapmnewy cvomuatwy (T-
MATS) not e€wtepnoig emddtec. To devtepo apbpoo [5] eotiace otn poviehonoinoyn tov
anpouaiov uetaBAntol euBadod wg éva e€dETNPX e SUVAULIXTY CLUPTEQUPOQEE. 2e ALTY| T7]
TEPINTWO 1 uerety npaypatonominxe pe 1o Aoytound TTECTrA, 1o onoto Baociletat ota
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Aoyopind MATLAB/Simulink »ow Numerical Propulsion System Simulation (NPSS),

YOYOLLOTOLOVTAG EVay ¥OvO vOuo ekéyyov [3], [4].

Xt mhadote tov epevvnToL mpoyesppatog Clean Sky 2, 1o Epyaotmoio Ocppinwv
ZtpoBhounyavey, oe cuvepyaoia pe v etarpeio Airbus, éyet avokdBet v avdmtuén evog
OLGTNUXTOG EAEYYOL YL KEQOTIOPIMO XIVYTHOX TOEOYNYUEVOL TOTOL, GUYUEXQLUEVE EVOV
nntpo turbofan pe pelwtoa otEoYwY xal axopbolo petafintod epPadod Y To
deuTeEELOV PELIA Q.

Xy acpomopwy] Bropnyavia, o Oeppinog Babpodc anddoone twv nivntnewy eyet Bektwbet
ue v advénorn tov OPR xot g TET, ahkd 1 oupBotint] teyvoroyio Exel QTaoeL 68 XOQPEGUO
not eTTAEOY pinEeg Behtiwoelg oe avta tar heyébrn dev Oa éyouvv onpavtuny enintwon otov
owvoAno Pobpd amoddoone. Emopévee, plo addn otpotnymn eivar 7 BeAtiwon touv
npowtntnod Babuod anddoong sat évag 10omog Yo var emttevy el avtod elvar 1 adénor touv
Aoyou mapdnopdng. O Aoyog maparapudne uropet va avénbet eite peyoahwvovtag 17 SLAIETOO
Tov fan, eite pxEaivoOVTag TOV TLENVX TOL UVNTYEX, eite auvdvalovtag xat Tig dvo uebodoug.
Opwg vTdEYEL Evar AVHOTATO OELO YLt T7] SLAUETEO TOL fan, Yot proet va vrdpéovy {NTpaTa
OYETWA PE TO BAOOG TOL UVNTNEX, TNV ATOGTAGT] TOL ATO TO €duog OTay Tonobetnbet 610
XEQOGAAPOS UL TY] UEYVLOTY TAYDTNTX GTO AUQO TwV TTEELYlWY ToL fan, Yo vor amogevybovy
ONPOVTIMEG ATWAEIEG AOYW ELPAVLIOYG UVUATWY xEoLONG. Eniong, Sev unopel va emttevybetl 1
EXTETAUUEVY] Melwor] Tou peyéboug Tov muENVX TOL WYNTNEX, AOYW AATUCUELACTIUOV
TIEQLOPLOUWY Yot TO LYPOG TWY TTEELYIWY TOL GLUTLEGTY] LYNANG TiieomC.

Ernopévwe, 1 onpavtnn adénorn e Swepétpou tou fan eivar 1o mo ntbavo oevdpro, onote 1)
T DTN T TEQLOTEOYYG TOL TEETEL Vo petwbetl yix var Stxtnenbet 1 taydTa 610 dMEO TwWY
TTEQLYLWY TOL EVTOG 0PLWY, aAAG oLYYEOVLS Oo vrapet pia aovpPBatoOT T TV BEATLOTWY
tayuttey tou fan, tov LPC xow tov LPT. Onote, o LPC xar o LPT Oa Aettovpyobdv oe
YAUNAOTEEN Tay b, 0 Babpog amodoong Tov Ba petwbel xan évag vdnrotepog apbuog
BaOuidwy O amartnBet yix ) Aettovpyior ToLG. XuVen WG, Evag TEOTOG YL VA XVTLUETWTLGTOLY
ot o aAANAe€apTpeva {NTNHaTa eivat 1] epaEproyT evog nivntnea geared turbofan, dmov
otov a€ova yauning mieong, peta tov LPC tomobeteitanr évag petwtmoeug otpopmy (muping
TN TInOg), wote o fan xat 10 obotua LPC/LPT va Aettovpynoouvy oty Béltioty] toaydtntd
TOUG.

O mvntieg turbofan pe petw oo 6TEOPMY eivat (ic aveQYOUEVT] THGY] GTYY AEQOVXLTIY YN
Bropmyavio xo O7 etva emvyetpnotan pio ooyéveta t€toton nov nvntnea (PW1000G).
Xe auTh] T TEPITTWGY), O MWVNTNEAC EYEL XXUNAOTEQO MYNTXO ATMOTOTWUA, AOYW TYG
UELWPEVNS TaryLTNTaG TeplaTeoyng Tov fan. Eniong o otpdfihog yauning mieong, apo %ot o
OLUTIECTNG XXUNANG TEOYG AELTOLEYOLY G LYNAOTEQES TaYLTNTEG TEQLOTEOYYG, OMOTE
yoetaloviat Ayotepeg Babpideg petwvoviag onpaviind 10 cuvolnd Bapog g wnyavne. To
omoio ev pepet avtiotabuiletar and 10 BAEOG TOL PELWTYOX GTEOPWY.

O otoyoc g mapovoag Amiwpatiune Epyaotag eivar 1 Snpovpyia piog pebodov
MLOVTEAOTIOINGG TOL CLOTHATOG EAEYYOL EVOG GTEORBIAOAVTISQNOTNM KXl DTTOAOYIGUOD TWY
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Tapapétpwy Tov oto meptBdiiov PROOSIS®. H uébodog auti extdg amd tov oyediacpd tou
OLOTHPATOG EAEYYOL TOV ULVYTYQX, TIOETIEL VX EMLTOETEL TYV OAOUATQWUEVT] TOOCOUOLWEY] TG
AeLTovEylag Tov, AApPBAvovTag LTOPY UXL T THEEAMOUEVE GULOTNUXTY, OTWG XLTO TYG
MToVGTG, T1)G MUXAOPOELNG TOL AEQA YL TNV UUUTILVE TV ETULBATWY UAL TO GLATYA XAVGLULOL.

210 debTeEOo neYdAxto T1g epyaaiag napovataletat 1 pebodog TaEIHCUATOS LOVIEAWY 7|
omoio Statumwdnre and tov Edmunds [6] now yonotponoteitor yiow 1oV LTOAOYOUO TwY
%eEdwv TV xatevbuvtey ToL CLOTYHATOS EAEYYOL ot xdbe onpeio Tov Yauélov Tnone. H
uebodog  mpoypappatiotue oto Aoytouxd MATLAB xow 1o amoteréopotd g
®€lOAOYOOVTAL E OXOTO VX EVIOTULGTOLY Ol XATUAAMAES TLUEG YLX TIC TUQAUETQOLS TOL
LTIELGEQYOVTAL GE QVTY] T7] Stadasia.

210 TPIT0 nePdAxto, évar povtého nvntiea turbofan pall pe To, eUTELOUE VTOAOYLGUEVO,
oLOTNPO EAEYYOL EPUOUOLETAL MUl TOOCOUOLWVETAL GE €V GTEVO eDPOG cuViNuwy 61O
PROOSIS. 211 ovvéyela 7 dtxdinacior yoappinomoinong epapopoletar xat agloloyeitar yo
70 1810 OVTELO XIYNTNEX GE OLO TO YAXEAO TTNOYG TOL Ut Uetd axoiovfovy o naboptopog
evog Mo e€eMYUEVOL CLOTNUXTOG EAEYYOL AL 7] TEOCOUOLWGY] AELTOLEYIXG TOL TAY|QOLG
EVOWPXTOUEVOL GLOTNUATOG. 2& ALTO TO UEPAAXLO, TO XTOTEAEOPATH TNG Sladiraciog
yoapponoinong, nov éaafe ywea oto PROOSIS, petagépovrtar oto Aoyiopnd MATLAB
Yoo ™y entéleon g pebodov tov Edmunds.

210 1810010 uepdAato vtobeteiton évag uvnneag turbofan Stmhod tvuTdVOL, pE HELWTYOX
0TEOYPRY nxL oaxEOYLOLo petaailopevou epPadol o o Sevtepebov pedua adpa. Livetor
Y0707 ATAODOTEQYG XOYLTEXTOVINYG YL TOV TOUEX TEOCTAGLAG TOL GLOTNUATOG EAEYYOL KAl
notoypdpovtan ot mbaveg advvapieg xal mEotaoelg BeATiwong Tov povtelov. 2e autd TOo
nepaAato, 7 OSdacia yoapuwonoinong, xxbwg xoat ot vmoloytopol yw ) pébodo
Edmunds, extehodvtoar amordetonnd oto PROOSIS, ywoeic ™ y0eNon T0v AOyopmxob
MATLAB.

2TO MEUTITO %L TEAELTALO HEPUANLO, SLATLTOVOVTAL TAQATYEVOELS UL UEANOVTINES TQOTATELG,
ue onond va emextafody ot SuvatotTeg avtyg g pebodou yx va eivar duvaty 1 anEtPng
TPOCGOPOIWOY] LOVTEQV®V SLATAEEWY UVYTHEWY, OTIWG O UV THEAS TOL TETXOTOL UEPUAXLIOD.

9.1.2 Mebodog yoapuronoinong

O aeptooteoflhog amotelel éva 1] YOXUMUIXO OGOOTYHO %Ol EXEIVOL OL XIVYTYQEC TOL
ETLYELQOLY GT1V AEQOVALTIALX AELTOLEYOVY UATW ATO EvTova et BaAlopeveg auvBreg, OTWS
SLopoEeTINO LYOPETEO, TaYLTNTX TTHGNG Kt eNLNESO Loy LOC. ONOTE Evar LOVASINO YORPIIHO
MOVTEAO OTOV YWEO %ATAOTAGYG OV ElVXL IMAVO VX AVTITQOCKTELGEL OAO TO ELEOG TOL
PANELOL TTNONG. LVVETWG, epappoletar pia TanwBovy Stadinactio yoappnonoinong [10] yro
SLPOEETING GYPEl LOVLULYC HATAOTAGYG TOL PAKELOL TTYGG.

2 To PROOSIS eivar éva aviirelpevootooges neptBdAlov Teocopoiwong emdocewy aeptooToBilwy xot
yonotponoteital anod 1o Epyaototo Oepuinav XtooBhounyavey ug 1 xdpta mAatpoopa Sie€aywyng éoeuvag
oe autd 10 Tedio.
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Miot yevinr| TeQLyQopy] TV (1] YOXUUIUOV Kol YOOVINA EEXQTWUEVWY EELOMOEWY UATAOTACY|C

elvot:

x(t) = flx(®),u®), t]
y(t) = hlx(t),u(t),t]

Omov t eivar 0 ypovog nat x(t), u(t), y(t) elvor to yooviud c€xQTopeve StavOoRATH TwY
UETABANTWY XATAOTACTG, TwY KETAXRANTOV elaOS0L Kt Twv petaBAntav e€ddov aviiotorya.

Or ey nég TLUES TV UETAPRANTOV AATAOTAGNG YL TY) YQOVIXT] GTLYY to lvat:
x(t,) = x,

T évae ovopaotind opa etoodov U(t) 7 Srapopiny] eélowon T OVOUGTIHNG TEOYLAS TOL
SLXVOOUATOG UETABANTOV HATAOTAGYG ElvaLL:

() = f[x@,u®, ]

AvtioTorya, 1 OVORaoTHT| TOYI& TOL StavDOUATOS LT BANTOV EEOS0L TEQLYORPETAL ATO TNV
ekiowon:

y(@ = h[[x@®,u®),t]

Av vrdpyovy otabepd Stavdopata U(t) = U xow x(t) = X, yio o onoia 10 f (X, T, t) elvon

ic0 pe undey, 10te 10 X Hewpeitat v 1 kXTUOTACY] LGOPEOTIAG.

Yrofétovtar pineég Statapayes & and TIG OVOUACTINEG TOOYLEG TWY SLAVLOUATWY LETABANTOV
AATAOTAOTG X, HETABANTOY etodS0ou u nat petaBintav e€odou y:

xs(t) = x(t) — x(2)
us(t) = u(®) —u(t)

ys(t) = y(@®) — y(@®)

Eniong opiloviar ot anokovbeg pepnés mopdywyor yloo N PETAPANTEC UXTAOTAONG, M
netaBAnTEG et00S0L nat p petaBAnTég e€ddou:

of af; ]

—_— =|— [ =1.. i=1..
9y (x,u,t) I(’)x]- (x,u, t)_ ,yla i nKatL j n
0 of; ]

%(x,u,t) = [a—l];(x,u,t)- Jyai=1l.nkaj=1..m
ah( t)_'ahi( t)- 1 1

9% x,u,t) = ox; X, U, -,}/Lal =l.nkaj=1..p
oh [0h; ]

—_— =|— [ =1... =1..
Iu (x,u,t) B (x,u, )|,y i p KaL j m

Emnéov, ot eéionoelc *atdotoeonGg avantdooovTal yoow anO TG OVOPRXOTIMEG TQOYLEG,
epappoloviag oelpd Taylor:
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x(6) = flx(®),u(®), t] ;
= [0, €] + 5 [0, 4D, 1] - (x(©) ~ ¥D)

+ % [x(@®, u(®), t] - (w® — u@®)) + bpot vipnAdTepns Tééng

y(®) = hlx(®),u(D), t] ”
= h[;(\t—)/) 17(5) t] + a [;G—jl 17(5! t] ) (X(t) - ;G:—)’)

4 Z_: [x(®), u®), t] - (w(®) — u®)) + bpot vipnAdTepng Tééng

Telna, eqv T UNTEWX TOL YOXUHOTOLYUEVOL Y WDEOL UXTAGTACYC OQLOTOLY WG

of — —
A(®) = 2L [0, (D). 1

oh —_
B(t) =5 [x(0),u(®), ]

of — —
C(t) = %[X(t),u(t),t]

oh — —
D(t) = —|x(t),u(t),t
() = = [¥(®, 200 ]
ot e€lOWOELS UATAOTAGTG TOV YOXIHOTOLYUEVOL LOVTEAOD Elvart:
xs5(t) = A(t) - x5(t) + B(t) - us(t) + 6pot vipnAdrepns tasng

ys() = C(t) - x5(t) + D(t) - us(t) + 6por vypnAdTepns Taéng

Xovenwg, av Oewpnbel Ot o petaBintéc uxtdotaong, ot petaAntéc €codov xal Ot
uetaBAnTEG e€O50UL Elval EMXEUMS HOVTA GTNY OVOPXGTINY] TOLG TLT], TOTE Ot OPOL LYNAOTEENS
TAENG AUEAODVTAL UL AV TO GLOTNPA Elvort ave€dOTYTO TOL YEOVOL TOTE Ol TEAXES EELOWTELG
NATAOTUONG ELvarL:

9'65=A'X5+B'u(5

Vs =C-x5+D-u5
Emonpaivetoar ex véov OTL OTIC YOUULIUOTOMPEVES EELOWOELS To SLAVOOUXTX HETXBANTOV

nATROTAONG, HeTABANTWY et0G0L not puetaBANTev e€080L eivat loo pe TIG UIXEEC SLXTAQUYES
amO TNV OVOPAOTINY] TOLG UXTAGTAGY] (LOOEQOTIA).

9.1.3 Acttovpyla not TOMUEIS CLOTNUATOG EAEYYOL HVNTNOWY TNG
TOMTIXTG REQOTIOQING

H tun ™c wong, v onola napdyet évag oTeoBthoaviidpaotneag, dev propel vo petondet
XUECH, OTIOTE Ol XATACHEVATTEG TWV ULVYTOWY TOOTEVOLY OO eVUAAXNTINEG UETUBAYTEC TTOL
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UTIOQOLY AUECH VX CLGYETIGTOVY e TO EMITESO NG WOTS (HE OYESOV YOO To0T0). H pio
HeTaBANTY elvar 7 TayLTNTa TEELoTEOPNG Tov &fova YapnAng taybtag (Nf) yix
Tepintwon turbofan nvnmewy 1 1 Ty b T TEQLETEOYNG TOL d€ova LYNANG TaryLTNTag (NC)
Yl T TEPINTLOoY nvtnewy turbojet. H addn petaBint eivar o Adyog mieong Tov uvntex
(EPR), o onolog opiletat wg:

Pts

EPR = —

Pt,
omov Pts eivat 1 ol mieon ot é€odo tou 6T1p0BIAoL YaunAng nieong nat 1 Pta eivot 1 oAy
Tieor oty eloodo Tou fan.

I évae Sedopévo emimedo toybog, 10 adotnpa edéyyov pvbuilet 1o anoutovuevo Nf y EPR
ue oxono va Statrencet o1abepd 1o eninedo ™G WONG AnEVaVTL 611 RETXBAAROUEVY] TLUY| TNG
TUXVOTYTAC TOL KEQEX, 1 ool e€aptatat and To vopetpo. Eniong, T cvotnuata eAéyyov
nov yonoponooLy 10 EPR wg ) ndpte petaffAnt ekéyyov, umopet vor Stxbétovv
Suvatdta vor adkd€ouvy ) petaBAnty eréyyov oe NI, eqv ot tpéc nieong nov AapPavovot
dev Bewpovvtan aétomioTec.

To obotpa ehéyyov evog uvnEa pmopet va Statumwbel pe Tov Tapandtw adyoetbuo [2],
[3] (BAéme Zynpo 1):

1. H 0éon g pavétag, AapBavoviag vtody to vog mnong, ™y Oeppoxpactonn
dlpopd amd TV oM atuoopapa xat xEtbpd Mach g mTiong Tov aspoondPoLg
HeTaTEETETOL O piae avtioToryn Tt avapopds Nf 1 EPR.

2. O setpoint eheyntng (setpoint controller) cuyxEivel TV XTAUTOLUEVY] TLUY KE TNV
TEXYUXTIN TLUT] TG RETaBANTNG EAéyy o, OTwE auTH TEoexLPe and Toug atabnnEeg, xat 1
BLapoEd ToVg (OPAApL) UeTATEENETHL 08 METXBOAY TG ooy NG xavatpov AWT set.

3. 211 ovvéyeta, 1 péytoty T AWE max xa 7 ehdeytot) tiun AWE min petaBoing mg
TLEOY 1S UXVGLUOL LTOAOYLLOVTAL ATO TOLG EAEYXTEC TOL TOPEN TEOCTAGLAG TOL GLOTYUATOC
eléyyovu (limit controller) yto v Sttypn el 1 acpadng AsttovEyla TOL YN TNEX.

4. H npn AWT set ovyxpiveton pe tg npée AWE min o AW max xa npondmtet
evToA petaolng mapoyyg xavoipov AWE cmd, mov avonotel GAOLG TOLG TEQLOPLGOLG
(selector).

5. Telnd, n tun AWE cmd petadidetar otov enevepynt] ¢ AVTAIXG UAVGLUOD, pe
onomo va emtevybet 1 anattodpevn Tty avapopds Nf 1 EPR.

Omnote 1o Bripota 1 xar 2 tov adyopibpov apopoLy Tov Topéa Stayelplong Loy bog Tov
CLOTNPATOG EAEYYOL Mot T BYpata 3 uat 4 apOEOLY TOV TOPER TEOGTAGLAGC TOV GLGTYUXTOG
eléyyov.
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. .(‘ ) > ‘
[—’ - .
Conditions Setpoirt % o Actuators Engine  p—
Setpont Controller

Artude, Mach, Temperature Selector

m lor ( AW max
Lime Controlle |%mei

Sensors

IxNua 1 - Fevikr avamopAotoon CUCTAUOTOG EAEYXOU UE TIG BACLKEG LETOPBANTEC

Mio npwtapyny] dtetaérn tov Topéa tpootactiag [3] nepthopBovet 1EooeQLg EAEYXTESG HEVLOTNG
TLUNG Mot BVO EAEYUTEG EAAYLOTYS TLUNG.

Y7apyouvy 800 eAeynTEG (0T TEQIMTWEY KLV THEX SITAOL TUTIAYOD) TOL APYOEOLY TNV UEVLOTY
T DTN TA TEQLOTEOYNS TwV a€OVWY, YT OE TEQITTWGY] LTEQTAYVLVCYG, WTOQEL Vor TEOXLYOLY
UMXOVIXEC XOTOYIEG TWV TTEQLYLWY 7] TwV diouwv. O d€ovag YAUNANG TayLTNTAC KTOEEL Vo
0dnynbel oe vreETdyLVOT, Yot 1] emdelvewor] ¢ xaTdoTaoNg N pie anEoBrenty Yboed Tov
nntex elvar Suvatd va mpoxaéoet pio AavBaopévy odlevén pe tov aéova vdnivg
o) OTNTAC. ATO TV dAAY, 0 d€ovag LYNANG TayLTNTAG UToEEL Vo bTepTaryLVDEL, edv o d€ovag
YAPNAYG ToyDTNTHG LTEEPel TEWTOC TO OELO TAYLTNTAG 7] EXV 7] TXEOYY] UAVGLUOL GTOV
Bokapo nadong elvor peyoakbtepn and v avopevopevy, eéuttiag edattopatnng BoakBidog
NOVGLUO 7] EAXTTOPXTIXOD atabNTNoo TayLTNTAC TEPLOTEOPTC.

O topéag Tpootaciog TeQIAUBAvEL eTLONG uaL SLO EAEYXTES LA TV UEYLOTY] XL TNV EAAYLOTY
TIUT] TG OTaTNYG Tiieong Asttovpylag Tov Hudapov xadong Pss. H peyiom) nicon mpoxvntet
MO TNV UNYoVIUT] avToY Y Tov TeBANuatog Tou BaAddpon xadong, eve 1 eAdyloTy] Tieon
Srxopaiilet pla otabep?) Aettovpyia TOL KVNTNEX GE YAPNAL TiTESX LGYDOG.

Mio Al petaBAnTY) ToL UTOEEL Vo el HEYLoTY xa eAdytoTy Ttuy] eivae 1o Ratio Unit, to
Wy

omnolo opileton wg: RU = s
3

To ehaytoto opto 1ov RU npootatedel o1l entBoadivoetg 1oV GUUTLECTY| YUUNANG Tieong
and 10 avopevo tou stall xar tov OdAapo xadong and 1o va ofnoet (blow out), eve o0
ueytoto 0pLo Tov Sxopaliler ouyrexptpévo meplwplo TIARWONG TOL GLUTLESTY] LYNAYG
TEOC UXTA TNV ETULTAYLVOY].

O 1tehevtaiog EAeYXTNG TEOOTATEVEL TOV YNTNEX altO pioe Thavy TAARWGY TOL GLUTLESTY
vYmAng mieong oe amoTOpE emtTaryLVoELS. [l avTd 10 GnOTO, anatteltan piot GLOYETIGY SLO
petaBAntwy ya voe dtxtrenbel 1o embopnto neptbwpto maApwong yx 6Ao 10 cLEOS TG
Lo LOG, OTWG:

1. WIf ouvaptnoet tov Nc
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2. RU ovvaptnoet Tov Nc
3. Tt ouvaptoet Tou Nc

4. Nc owvaToet Tou Nc

9.1.4 Koatevboving PI

Mio %o TEOGEYYLON YLX TOV VORO eléyyou GTOV setpoint eAeynT?], GAAX %ol Yl TOLG
EAEYUTEC GTOV TOPEN TTPOGTAGLAG TOL GLATNLATOG EAEYYOL EVAL O AVXAOYILOG-OMOUANEWTIUOG
(PI control) [3], [4]. Avtog o tOmog natevbuvTy YENOLLOTOLEITAL GE TEOGOUOLWGELS
Aettovpyiag nvntewy turbofan, éyet pehetbel oe StapopeTinég nepITTWOELS 1AL 7] TOEOLGLY
TOL OLOUATEWTY] Staopallet UNSeVInd CYUAUN LOVING XATAOTACTC.
H ovvaptmon petapopag tov PI natevbovty eivar [9]:
1 Kp s+ Ki
Ge(s) = Kp + Koo = 2™t

Omnwg paivetor xat 610 Zynpa 2, o uxtevbuvtng amotekeital and 10 AVAAOYIKO UEQOG, TOL
nepthapBavet To avakoyino népdog Kp nat 10 ohorknowtind pépog, mov mepriapuBdver évay
OAOUANEWTY] UL EVaL OLOXANEWTHO %épdog Ki.

Kp

1
s

Ki Integrator

IxNua 2 - Aoptkd Sidypappa Pl kateuBuvtn

9.2  Awdacioc TOAOYLGIOL 1EEWV

9.2.1 Mébodoc tov Edmunds

H yonon otabepwv xepdwv otoug uatevbuviég T0v GLOTNUATOG EAEYYOL TWV AEQOTOQIUWY
nvntewy B 0dnyodoe oe 11 anodenTy) AelTOLEYIX AOY® TG 1] YOXUUINNG CUUTEQUPOQAS
TOL NYNTNEX %ol TV HeTHBoAlopevey cuvbnuev mov avtol Asttoveyobv. Ondte eivor
XTAEALTNTY] Ui XVTOUXTOTOPUEVY] SLASINATCLY TEOYOAUUATIOUOD TWV TLUOV TWY XEEOWY GE
n&be onpelo, yua To onolo eivat StabEGLLo TO YOAUUIXOTOMNPEVO LOVTELO TOL ULVYTHOA.

156



Mio a6 tig mo yvwotég pebddoug etvan 7 pebodog tanprdopatog poviéhwy tou Edmunds
(2], [4], [7], edhrog pebodog KQ (K-matrix compensator, Q-desired response) [11], n onola
YOYOLLOTOLEL T7] GLVAQTYOY UETAPOQES TOL CLOTHHUATOS, TNV CLVAQETYCY HKETAPOQRS TOL
TEOTEVOUEVOL %A TELOLYTY), EYOVTAC WG AYVWOTES TAOAUETOOLG T HEQEDY], XA Ui GLVEQOTNOY
UETAUPOOAS «GTOY O TOL €YEL Tar EMOVUNTA YAEANTYOLOTING ATIOUQLGT|G.

H embount) andxplon tov ovotpatog mpénet vo €yet LAO cuvtedeoTn amocBeong,
nepwpto népdoug vPMroTepo and 6 dB xot meptbwplo paong vPnroTtepo and 45° [3]. H
uebodog tov Edmunds vrnoloyilet ta #€067 pe oxomod va mpooceyyloet, 060 elvat SuVaTOY, TNV
XTOUQLGY] TOL GLOTNUATOS XAELGTOL BEOYOL TNG GLVAQETNOYG KETXPOQRAS «OTOYODH GE EVAL
eDEOG GLYVOTNTWV UE TNV AOYINY] TV EAAYIOTWY TETEAYWVWY [6].

2y TaoLoK eEYXala To YaVOpREVR oL e€eTdlovTar ot T HeTaBaTiny AELTOovEYla TOV
nVNTNEN, TEEMXUPBAVOLY LOVO TNV Suvapn) Twy a€OVwy, OTOTE TO EDEOG GLYVOTHTWY TOL
emhéyOnue yua ™y egaopoyn e pebodou eivar amo 0.01 Hz ewg 5 Hz [12], [13]. Eniong 7
uebodog tov Edmunds nepiypapeton nor epouppoletar oe piot AmTAOTOMUEVY] LOQYT Lo
UMTEWO GLVAETN OGS peTaopag 1x1.

To povtélo ToL MVNTNEX AVATXEICTATAL ATTO TV GLUYAETNGY] KeTapoeds Gp(s).
O natevbuving PI mou elvar mpog oyedlacpod Exet cuVAETNOY KETAPOQAS:

K 'S+Ki

Ge(s) = £
H ouvvdpton petaypopds «otoyoo» Tt(s) pmopel va 0plotel wg 7] oLuVAETYOY UETAPOQRS
nheltotob BEOYoL TOL TEQIAAUBAVEL TNV GLVEQTNOY] UETXPOQES TOL UOVTEAOL TOL MLVYTHOX
Gp(s) not ) oLVERETNOY HETAPOPAS eVOG xaTeLOLYTY «oTOYO Ki(s).

Gy (s) - Ke(s)
1+ Gy(s) - Ke(s)

T (s) =

Omote, éyoviag oploel v oLVEETNOY HeTapoEds Tt(s), 1 cLVAETNOY WETAPOEES TOL
10teLduvTY) «OTOYO UTOEEL Vo EXPOROTEL WG:

Ki(s) = Gp(s)™H - Te(s) - (A = Te(s) ™
Mio 6uveeT07 GehpaTog opileton wg:
E(s) = T.(s) = T(s)
st pmoget var SeryBet Htu:
(1 =T()) (G (5) " Ke(s) = Gp(5) " Ge(8)) (1 = T(s)) = E(s)

Eniong, 1o ||E|| propel v sivor aouetd wingd, edv 10 Ge(s) eivar xovtd oto Kt(s), tote 10
(1-T(s)) proget va avtinataotabet and to (1-Tt(s)).

Omnodrte mponvmtet:

(1 =Te(5)) - (Gp(5) * Ke(8) = Gp(5) - Ge(5)) - (1 = Te(s)) = E(5)

H ovvapmon petagopdg tov natevbuvty Ge(s) prnopet va Statumwbet ex véou wg:
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1
Ge(s) = a0) N(s)

onov d(s) = s v N(s) = Ky, s + K;

Emniong, ot anohovbeg ovvaptnoetg opiloviar, pe oxomd va amhomonbet 7 ouvdEtron
CPAINLATOC:
B(s) =1-T(s)
A(S) = = B(5) G
s) = a6 s) - Gp(s)
V(s) = B(S)  Gy(s) - Ke(s) - B(s)

Omnore, 1 6LVAETNOY CPAALATOG:

(1= To()) (Gp(5) * Ke(5) = Gp(5) * Ge(5)) (1 = Ty(s)) = E(s)
Boc yiver:
Y(s) = A(s)*N(s) - B(s) + E(s)
ZNUELWVETAL OTL OL &YVWOTOL GLVTEAeoTeG (EESY) Tng owvaeone N(s) eppaviovtor
YOXRIG OE oUTN TN OYE0N, Ot aAdeg ovvaptioes A(s), B(s) and Y(s) eivar yvwotég xa

UTOEOLY Vor LTOAOYLETOLY Yl #&be TN Tov s. Emopévwe 1o mpdBinua nposdioptopod g
owvaEtone N(s) mov ehaytotonotel v anokovbn avTinetpeviny] cuvaETNoN:

IEI) 2 = [7 [E(—jw) - E(jo)ldw
civor dver YopAO TEOBMMOL ENLYIGTOY TETpUYMVLY £V 1] GLYLETOMN:
Y(s) = A(s) - N(s)-B(s) + E(s)
avtnataotabdel pe:
Y(s) = A(s)*N(s) - B(s) + E(s)

Me natahniouvg vrokoytouong 1 pebodog uatadnyel 6Tov TEOGSLOPIGUO TwY BVO AYVWGTWY
7eEdwv nal TO emopevo Brpo elval o mEoypappatiopos e pebodov oto Aoyiopind
MATLAB, y0onotHonotwvtag vot OVTELO AVNTHEA. ZUYUEXQLUEV, YOV|OLLOTOEITaL Ui
CLYVAETNOY HETAPOEAS, TOL TEONADE and uin Stadimacia yooppnonoinang [7] evog nvntyoo
turbofan Stmhob topndvov. Avtd To poviéro Tov nvntiea Tapayet 400,000 N wong s éyet
©G peTaBANTEC HATAOTAUGYG TIC TAYDTNTES TEQLOTEOYYS Twv afovwy tou. H yoappironoinon
eytve yo aptBuo Mach 0, vog ntiong 0 m now péytot won.

H ovvaptmon petapopdg touv uvnmea e autd T0 aNuelo AettovEylag eivat:
ANg 230.7 - s + 2032

G = =
PO = AW, = 1 85645+ 17.47

omov AWT eivar 1 wn Sataparyy tov Wi (elcodog) nar ANT eivar 1 gy Stxtapayy| Tov
Nf (e€od0q).
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2T CLVEYELXL, O TEOGOLOPLGOC TG GLVAQTYOYG HETAPOQRAS «GTOY O eAxBe YwEx, optlovTag
I TULEAUUETEOLS LN GUVEETNONG peTapopags 2™ taéews uAetato Bpodyov [9]. H enthoyn o)
UTIOAOYELTAL UG TO YEYOVOG OTL Tar emtbuunTd YOQOXTNEIOTIXG ATOXQLOYG, OTWG O
ouvtedeotyg andcBeang  xat 0 ypovog anonatdotacns Ts pmopoy eDrOAN Vo UTOAOYLGTOLY.

wn
$2+2-( wy s+ wi

Ti(s) =

Omnwg éyet 16 avapeplel, 10 obotpo tdavind TEETEL v eyl xplotun anocBeon [4], onote
emhéyetat evag LYNAOG GULVTEREGTY|C ATOGBEONG, eV O YPOVOG anoxatdotaoyg xabopileto
oto 1 s. Avtd elvon évae Aoyind ypovind TAXIGLO Yo VO ATOQQOYHGEL 1] PNYoVY] (io KLnET|
Swxtapayn tov NE (i mapdderypo 1% g ovopaotnng tung twv 2000 rpm, Omeg
onpetwdnue notd 1 SLdEKELX TWV TEOGOUOLWGEWY).

e (), = 444"
ST w, =) On = RAXS

7
Omnorte, 1 6LVAETYNOY HETAPOPAS «GTOY O, TOL LT 1] hebodog mpooeyyilet, eivat:

19.75
s2+8-s+19.75

To edpog ywviaxmy cuyvotnTwy, 6ToL o extekeotel o ahyoplbuog, etvor:

Ti(s) =

EMytoto: w = 21 * frm = 2m - 0.01 = 0.0628 r/s
Méyioto: @ = 21 * frnay = 2m+5=314271/s

‘Apa, anorovbwviag avty ) Stadwmactio yro p=200 ywoetopéveg AoyoptOpiund THéS ywvtoanwmy

kg kg
oLYVOTTWY, To amoteréopota eivar: Kp = 0.9039 rpsm ,Ki = 6.4811 rpsm

[Tooxeipévon va extiunbet 71 opbotta twv amoteleopdtwy, 71 E€080¢ TOL GLOTYUATOS
nhetotod Bpoyov pe xatevbuvty (BAéne Xynuo 3) nor yweic xatevbuvty (BAéne Xynuo 4)
ovyrpivovtatl, pall Pe TV amOKELeY TG CLVETNOYS KETXPOQEAS «GTOYOLY, Yo pio elcodo-

Saxtaparyn 100 rpm.

[

Input

@ num(s) v
den(s)

Go(s)

o

Ki Integrator

IxNUa 3 - AOULKO SLAYPOHHA TOU GUOTHUOTOG KAELoTOU Bpoxou pe KateuBuvtr) Pl
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num(g)

den()

IXNMa 4 - Aopkd SLAYPARHA TOU CUCTAATOG KAELOTOU Bpdxou xwpig kateubuvtn Pl

210 Xynuax 5, TepaTreeital OTL %ot Ol VO TEQITTWOELS Pe TNV CLUVXETNOY] UETAPOQAS TOL
NLVNTHOX EXOLY YUUNAO YOOVO ATOUXTAOTAONG Kot TaEOAO Tov o xatevbuving PI mpoobete
uio vepanovtion 2.75%, 1o opaluo KoviuNg nxtdotaong eivae 0, eve 011 TeEinTwoY Tov
anovotalelt awtog 0 nxteLbuvTy|g TO oYX HoVIENG raTaoTaog elvar 1%. H ovvapton
UETAUPOOAG-GTOYOG TULEOLOLALEL, OTIWS AVAUEVOVTAY, T YUQUNTYOLOTING ATOXQLOYC TTOL ELYXV

1e0el.

120

100T\

80T

60 [

ANf(rpm)

40 |-

—With PI control
20 ——Without control
Target transfer function

Time(s)

IXNMa 5 - ZUYKPLON QITOKPIOEWY TOU CUCTAUOTOC KE Kal xwplg kateuBuvtr Pl kat tTng cuvaptnong HETadopdg
«OTOXOG»

Emnpoclétwg, 1o Sidypappa Bode tov ovotuatog avowtod Bpodyov avanapiotatal 6Tto
Xy 6, 6mou eivar €endBapo Ot 10 TeEtBwELo nEPSOLG elvat ATELRO, EPOCOY 1] UXUTIOAY GTO
dayoappa paong dev ptaver g 180”7 nor 1o mepbwpto uépdoug eivar ico pe 87.96° (to
Suyoappo Bode tov avitiotoryov napadeiypatog eivar mapaninato [7]-Fig. 3.4). Onote 1o
obotpa Bewpeitar evotabéc, wavonotwviag ovyyEoveg g mpobmobéoelg yu meptbwoLo
paong peyaddTeQ0o amd 45 nou meptbnpto xépdoug peyakhtepo and 6 dB.
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Bode Diagram

Magnitude {dB)
=1 =
|

Frequency (rad/s)

IXAHa 6 - Aldypoppa Bode Tou cuoTAUATOC AVOLKTOU Bpoxou

9.2.2 Képdog nopeopob ohorinpew

Mio &AAY petaBANTY] TOL GLOTNPATOG TOL TEETEL VX TEOGOLOPLGTEL EIVXL TO ©EQDOG XOPEGLOD
0V OAOYANEWTY [3], [14]. XOppwva pe TV TEELYEaPT] TOL CLOTNIATOG EAEYYOL TOL ALYV TYOX
(BAéme 9.1.3) petd tov setpoint ekeyuty] 1) voroylopevy Ty tov AW mpénet va tnavomotet
AATOLOLG EYLOTOVG %Al EAAYLOTOVG TeptopLopols. Bay amartmbel pia andtopn emttdyvvor, o
setpoint eheyutyg O vroloyicet pio onpavind LYNAN adénon oMV TREOYY TOL XALGLULOL
odnyovtag mbave oe TUAUWGCT] TOV GLUTLEGTY] LYNANG TEGYS, UATL TO OTOLO ATOTEEMETAL ATO
TOV eAeynTN g emtdyvvong. Apwa, 1 Tty tov AW, omov vroloyiletar and Tov setpoint
eheyuty), B eivo StopoEETHT] ATO EXElVY] TNV TLUY] TOL TEMUA PTAVEL GTOV EMEVEQYYTY TG
BokBidag Tov awoipov, epdooy bu eivar evepyog 0 EAeYXTNG TG EMLTAYVVOYG.

2UVETWG, YEVIUG OVAUECK OTOLG EASYUTEG TOL OGLOTNUXTOG EAEYYOL, ONAADY| GTOV TOMEX
Sroryelptong Loy bog naL OTO TUNUX TEOOTAoLHG, UOvo évag Ou eivar evepyog uabe ypovinn
oYY, aAkd ouyypoveg ot PI natevfuviég otovg vmolotmouvg ekeynteg Ho ouveyicovv va
oloxANE®VOLY TO apdApa petad ¢ Ttpne AWE mov vToloyioTue exel xat ¢ TEAYUXTINNG
npng AWT mov @tavet atov emevepyn ) g avTAiag xowoipov. Ouwg Otav évag eAeyntng yivet
Eavd evepyog, 1 €€080g tou etvat mbavo Ot O Eyet @Tdoet Tov xopeouo, e€uttiag T1g GLVEYOLS
ohouAnpwong, nat u éyel xpyn amouELon otV véa elcodo xal VYNAOTEEY] LTEEANOVTLON.
ATO 10 Yatvopevo, umoel va amoyevydet yonotpomotwvtag ™ wébodo back calculation [14].
Xe ovt) ™ peébodo, 1 Swxpopd petadd ™ meaypating ttune AWE xow excivng mov
LTOAOYIOTNUE ATO TOV EAEYXTY], TOAATAXGLALOUEVY] E TO *EROOG HOPEGUOL OAOXANOWTY]
(IWG), aparpeitar and 10 oakpa mov B odlordnpwbel, Onwg Yaivetar ot 610 Lynua 7.
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Throttle

» ProtectionLogic P Actuators }—D Engine

Conditions Setpoint

Alttude, Mach, Temperature

Sensors

IXNHa 7 - AVaAuTikO Soptko Slaypappa Tou KateuBuvtr) otov setpoint eAeyktn)

To IWG vroloyiletar wg:

Tiwe = Kp
IWG =
Tiwe
, \ , , . i _ 1 _ rpm
Zovenwg oe avtod 0 naEddetypa, To IWG eivau: X~ 09010 = 1.1064 %g

N

Tehna, mpotdOnxe [4] 6T avTd T0 *EESOC MEETEL Vo tnavomotel Ty anOAovbn avico T T
Dt-K;-IWG <1

onov 1o Dt etvan 10 ypovind BNua ¢ TROCOUOIWENG TN AELTOLEYLNG TOL KV THEX. AL, oy
10 Dt eivar ioo pe 0.01 s (1 andun not inOTEQ0), TO YIVOUEVO IXAVOTIOLEL TNV AVIGOTNTA.

9.2.3 Avaloor ToQopeTowy

Xy pekétn mov gytve y v emBeaiwor g pebodov tov Edmunds, emkéyOnmray apyind
200 onpeix natx T0 eLEOG Twv e€eTalOpeveyY cLYVOTNTwWY. OndTe, Yyl Vo eviomoTel
EMNTWOY] RVTNG TG TAEAUETOOL GTNV TeEANY] andnELaY, epappodletat o aptbuog twy 50, 100,
150 sou 200 onpeiowv avtiotorya. Ot petaintég ot onoteg o e€etaaToLy elvat 1) LTEEAKOVTLOY
nat 10 TetdwELo @aong (epdoov 1o TeptiwpEto xépdoug eivat ATELEO).

Extupnbnue ot 0 nepintwon twv 100 onpeiwv eivar 7 mo uaxtddAnin yro var €envijoet 1
TEQUITEQW OLEQELYNOY] YL TIEQLOCOTEQX GNUELX, EPOCOV O YOOVOG ATOAATXOTACNG AL 7]
DTEQANOVTLOY], OTWG SLAUEIVETAL ATO TO XyNua 8, €xovy peyaAdtepn Beltiwon and ta 50 ota
100 onpela oe oyéon anod ta 100 ota 150 onpete. Etdinotepa, 1 viepandviion and 1o 50 ota
100 onpeta eyt petwbel xatd 3.12%, evw 1 vrepaxdvtion and ta 100 ota 150 onpela éyet
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netwbet nata 1.33% (Bréne Ilivarag 1). Ondte, ot mANEOLS KMUONAC TOOGOUOLWGELS TNG
Aettovpyiag tov uvntnea extvodv yonotponowwvtag 100 onuela mpocéyytong yix Tov
LTOAOYIOUO TV amotTobUevwY xeEdwv. Emmpocbétng, o Aoyog tov avaroyiwod mpog to
ohouANEwTnO %€pd0g amod T 50 onuela ot 200 onpeio eyet pio avemaiohnm pelwon.
Tevina, amodelybnue 61 0 AOyog atwTOG TP EVEL OLGLXGTIG 6TaDEEOG, eVl nat Tar GDO %EEOT
aw&avovtat, xabng eviaybetat 0 aptOpog Twv oNpelwy TEOGEYYLONG.

120 T T T T T
,—-,4__‘___‘_
100 -
80 1
E
=
= 60 m
=
<
40 N
—50 points
— 100 points
20 150 points| 7
=200 points
0 I I I I 1 I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time(s)

IXAUa 8 - ZUYKPLON QMOKPLOEWV yLa SLopOPETIKO aplOuUo onueiwv poogyyLong

Points Ymegaxovtion IlepiOmpro piorng Kp Ki Kp/Ki
%) (dB) (ke/s/tpm) _ (kg/s/mpm)
50 7.89 81.9 0.2248 1.6337 0.1376
100 4.77 85.93 0.4512 3.2495 0.1388
150 3.44 87.28 0.6775 4.8653 0.1392
200 2.76 87.96 0.9039 0.4811 0.1394

Mivakag 1 - EMOKOTNOoN TWV MEPUTTWOEWY TOU EEETAOTNKAV HE SLadopeTIKO aplBud onueiwv mpooéyylong

Mio &AAn pelét yix ™y emidpaoy TV TREXPETEWY ™G Mebodou eivar N extiunon g
EMINTWOYC TOL EYEL O YPOVOG ATOUATAGTAGNG OTX LTOAOYLLOUEVX HEQEDY), ETOUEVWS UXL OTNY
XTOXELGY] TOL UVNTYOX, YOY|CLULOTIOLOVTAG TOV 187 0QLOUEVO GuvTereaTy anooPeong 0.9.

Amodewmvdetal 010 ZyNpa 9, OTWS avapevoTay, OTL 0 XEOVOS anonxtdotaons twv 0.5 s,
TEAYEL TNV TILO YONYOQEY] ATOXQLOY], KE TNV UQOTEQRY] LTEQANOVTICY]. 2TV GULVEYELX, 7]
TEEINTWOY e T7] OELTEEY] NAUADTEQY] CLTEQLPOQE ELVAL EXELVY] LE TOV YOOVO XTOUXTHCTAGYG
tov 1 s, n omola elye NdN epapuoctel GTOLG AEYMOLS LRoloyopovs. Ot dAdeg dLO
TEQLTTWOELG, IXAVOTIOLOLY TOV TEQLOPLOUO TOLG YLX TOV YOOVO XTMOXTACTNGYG, AAAN EYOLY
vdnAotepn vregaxovtion. O Adyog Twv xeEdwv petwvetar, xabwg avgivetar o ypovog
ATOAATAOTACYG TG CLVAETNONG KETaUPOEAS «aTOY0» (BAéne TTivanag 2), ondte 1 tooppomio
UETHED TOL AVAAOYLHOL %0l TOL OAOUANEWTIMOL UEQOLG EIVAL BLAPOPETINY), OTIOL GTNV KEAETY
Yl v eTidEaaY ToL AELOROL TWV CNHELWY TEOCEYYLONG TaEXUEVEL OYESOV oTabeE).
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120 T T T T

100 — . L

ANf(rpm)
3
|

40 n
—Ts=0.5s
—Ts=1s
20 Ts=15s| |
——Ts=2s
0 | I | | I I I | |
0 0.05 01 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time(s)

IXNHa 9 - ZUYKPLON TWV AMOKPIoEWV UE ToV (810 ouvteleoTr) andoBeong kal SLadopeTIkoUS XpOVOUG

amoKATACTAoNG
Specifications Phase Margin Kp Ki Kp/Ki
(dB) (kg/s/rpm) (kg/s/rpm)
=0.9 Ts=0.5s 88.82 1.2611 7.2566 0.17378
£=0.9 Ts=1s 85.93 0.4512 3.2495 0.13885
=0.9 Ts=1.5s 79.48 0.2113 1.9212 0.10998
=0.9 Ts=2s 64.8 0.1031 1.3021 0.07918
Mivakag 2 - EMOKOTNON MOTEAECUATWY UE TOV (810 cuvteAeoT andoBeong Kat SLadopeTIKOUE XPOVOUG
amoKATACTAoNG

IMapoda avtd, pla o TEOCENTINY e€eTaon 0TV ATOUELOY] e YEOVO amoxxtdotacns 0.5 s
anoxaAbnTel 670 ZyNpa 10, 61t 10 ehoue ®AetoToL BEOYOL EYEL TUEAUEVOLOES TUAXVTOOELS
YOOW ATO TNV TLUY] ROVLUYS XATROTRGYG, OTOTE Dewpeltat OTL elvat pioe SUGUEVYIC GLVETELX YLt
TOV UV TNOA UXL ETUAEYETAL 7] TEQIMTWOY] e TOV YPOVO ATOAATAOTACYG TOL 1 5.

101 1

100.8 b
100.6 - 7
1004~ 7

—~100.2 n

1OOWW

ANf(rpm

994 n

99.2 - 7

99 | | | | | | | | |
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Time(s)

IxAua 10 - AemTOpEPAG OVaTOPAOTAOH TNG AMOKPLONG TOU CUCTAUATOG KE XpOVo amokatdotaong 0.5 s
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9.3  Movteho nvnmea turbofan

9.3.1 Apywd poviédo uvnea turbofan pe epnelpind LTOAOYLOUO

1EEOWY

To npwto povtého nvnea mov efetdotnue eivat evag nvneag turbofan Sithod topndvou
(Bréne Zynuo 11), Tov mepthopBavet pior TUTHYN KEYLTEXTOVINY] TOL CLOTHATOG EAEYYOL [3].
e ouTO TO HOVTEAD, Ta %EE0Y Twv naTeLhuVTOV TEOGSLOPIETNMAY EUTIELOME e SOMLUES,
EMOUEVWE ALTO TO LOVTEAD Bewpeltat a€lOTLOTO Yo emTayLVOELS Kot ETLBEASVVOELG OE TEEITOL
otabepéc ouvbnueg bpoug Tong 11,000 m nat apiBpod Mach ntnong 0.8, epdcov Sev vinye

1ATOLOL ELGOLG TEOYEAUUATIOUOS HEQSWV.

@R s
. ]
E] B 1 i
s :
5= S i e = —
= mf‘ il o (P e
D - = H ST |
o _— = | —= o =g
P @ . — .
— Tt ’_‘.,Z“-"j o T”’.‘i‘.! —~ l -39 < |
ﬁ - 2] H Lt = —— ‘ s, dnnind o emnpan
St @ et 1= :“:. .?..
e s - —
ﬂ ?Lt‘o‘:«- — * ® -3
! — % ] o = L
= l. i 1

SxAua 11 - MovtéAo Tou KlvnThpa Kal Tou cuoTthpatog eAéyxou oto PROOSIS

Zovenwg, entBaAletor eva mEoid ywviag pavétag (PLA) otov mivntipo yio va e€etaotet 7
eMAEMEL TOL GLGTNUATOG eRéyyoL (BAéme Xynua 12).
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PLA (degrees) (-)
<R

[SX]
(=]
1

381

36

281

267\ T T T T T T T T T T
0 2 4 6 8 10

Time (s)

IxAMa 12 - NpodiA PLA

210 Zympoe 13 uotaypapetar OTL TN OVLUY XATAOTXGY] O NIVNTNEAS PTavel Ty embopntm
i tov EPR, 0nwg a1 vmokoyiotne and tov setpoint ekeynty, evw xatd v entBpaduvon
uetaéd 2.5 s uo 4 s, aivetar OTL evepyomoteitat o eheyutyg Tov RU, yio vo aumopevybet pio
anoTouY emPBoaduvay).

- EPR actual - EPR command
154

1.4+
1.3
1.2
1.1+

0 2 4 6 8 10 12 14 16
Time (s)

EPR (-)

Ixnua 13 - ZuykpLon g anokplong tou EPR pe to mpodiA tou EPR mou avtiotolxel otn petafoAr tou PLA

9.3.2 Epoppoyn TooyoahaTiopod #eedwv

9.3.2.1 ZOynptom YOURIMOD ®at Y] YOAUUILOL LOVTELOL
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O nwdwog yoappnonoinong epapuoatne eviog tov PROOSIS oe éva poviého nvntoa
turbofan, SimAod Topmdvou, yweic aviuetén pevpatwy (BAéne Xynua 14) to onoto Bacileta
oe plo TEOCUEPOGUEVY] Ex80aY evog epmopwol xvntiea. Ot TaEdUeTEoL AetTOLEYLAG TOL
NWVNTNEX OE HEYLOTN waY), ptlpo Mach 0 xot Opog 0 m nataypapovtar otov Iivaxag 3.

Metafinty  Twr
FN (N) 128,080
BPR 5.067
Nc (rpm) 12,501
Nf (rpm) 4,126
EPR 1,472
W1 (kg/s) 424
Wt (kg/s) 1.2216
OPR 26.57

Mivakag 3 - Baowkd peyedn Aettoupyiog tou Kivntrpa

Ot ttpéc twv pomwv adpaveiag twy 6o akdvwy napovataloviatl atov Iivaxag 4.

Variable Value

Moment of inertia of HP shaft (kg'm®) 15.8
Moment of inertia of LP shaft (kg'm?) 00.8

Mivakag 4 - Pomég adpAveLog TOU KLvntrpa

Onwg avapepbnre napandvw, oty nogovoa epyxoia, REAETNONHue LOVO 1 SuVUUINN TwY
ax€Ovwy, 1 omolx TEELYEAPETAL Y TOLG BLO d€oveg amod Ti¢ EloWOELS:

d N
AP * My = I p * Nf * it
AP*TIm=IHP*Nc*dNC
dt

onov AP eivar 1) Stpopd ¢ LoEQYOUEVNS ATO TNV e€QYOUEVY LOYD, Nm EIVAL O UIYAVINOG
Babpog anodoong tov aova uot Inp, Iip civar ot poneg adpdvetag twv a€ovwy.
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IXAHa 14 - Ixnuatiko Staypappa kwntrpa turbofan

O #wdag YOAUUIXOTOLYOY|C YO OLULOTOLEL TO LOVTEAD nat EPUOUOLEL UIXEES OLATAQUYES OTLG
netaBAntég nataotaong Nf war Nc o ot petainm etoodov Wiyl vor utoroytatody ot
nivareg A, B, C, D tou yopou xnataotaonc. Ot petaintég e€6dov apyna opiotnnay ot EPR,
Ps; now Nf. Ot ebiowoetg twv Stxtapaywmy mov yenotponominuay aoyind Ntav:

OSwy = 107° + 107* - |W £yl
Sye = 107° + 107* -+ [Ny
Ony = 107° + 107* - |Nfy]
onov Wi, Neg ot Nfs elvot ot Tipég v petaAntemy o1n poviun ®atdotac.

Ot pepég Tapaywyol mov YEeLxloVTaL Yl TOV LTOAOYIGUO TWV GTOLYELWY TV TUVAUWY TOL
Y WEOL ATAOTHGYG LTOAOYILoVTaL pe Ty eélowor LTEOOoTd Tapaywytong 2 onuetwy [15]:

_ fi (xj + ij) - fi(x;)

lj 6x]

211 ovveyetx epappoletat éva TEOYIA TaEoy Mg xawaipov tomov fuel spike (BAéne Zynpo 15),
TO OTIOLO ATOTEAEL piat anEaio hetaBoAN Yo var avadetéet Ty SlupoEa TOL YOXUUIXOL LE TO
un youupud poviero. To mpoyih Eexvder amd ) Ty nooyns xavoipov 0.5 kg/s omov
XTOTEAEL XL TO GYHUELO OTOL YOAUUIKOTIOMONUE O NYNTNOGC.
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WF (kg/s)

o
—
[ ]
w
-
w

Time (s)

Ixnua 15 - Npodik mapoxng kavaoipou yia fuel spike

210 Zynpo 16 xar oto Zynpa 17 napatneodviar ot amoxiicelg tou yoapuos (linear)
UOVTEAOL aTO TNV ATOXELOY| TOL WY YOXUUxoL (non linear) povtélov, #dt 10 omoio
AVALPLEVOVTAY, €POCOY ElVIL €V GEVAQLO TOL Ot navoviueg ouvOnueg Bo xaddmTOvVTOY AmO
TIEQLOCOTEQX TOL EVOG YOXUIUG LOVTEAX.

- Non Linear - Linear
1.354

1.3+

1.257

EPR

1.2

1157

L1-

Time (s)

IxNHa 16 - ZUyKpLon Twv armokpioewyv tou EPR TOU ypappLKOU KOL [N YPOKLKOU LOVTEAOU
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- Non Linear - Linear
3,800

3,600 / -\
3,500 / \\
3,400 / \\\
3,300 \\
3,200 \\

3,100 / \\
)/ S . S

0 1 2 3 4 5
Time(s)

Nf (rpm)

3.000

Ixnua 17 - ZuykpLlon twv anokpioewv tou Nf Tou ypaplkou Kat pn YpOoUULKoU HOVTEAOU

21 ovvéyeto eytve pio SteEebvr o wg mEog To ueyebog g Statapayng mov emtBailetor Ko
e€etaoTnay emAAEOY Ot e€Y|C MEQIMTWOELG:

1) 6X =107* - [Xg|, 6U = 107* - |Ug]
2)8X =1073 - |Xg|, 6U = 1073 - |U]
3)6X = 1072 |Xg|, 6U = 1072 - |Ug]
OTOL O BelnTNG S LTOSNAGVEL TNV TN TV UETABANTOV 6T1 LOVIUY naTtaotao] (steady state).

Omnote yu 10 TEOYIA 610 Ly Npar 15 voloylomue 10 anOALTO GPAAUX UETAED TOL YOXUULLOD
nOL U] YOXUUIXOL pOVTEAOL Yo T ndbe meplntwon xot T anOTEAEoUATH TOXEOLOLRLOVTAL
otov Iivaxacg 5.

EZiowon Srxtaguyng Expr Epss Ent
(Vo) (Vo) (Vo)

1075+ 10~*-|X | 02337 0.8504 0.8101
107% - X 0.2337 0.8506 0.8101
1073 - | X 02152 0.7927 0.8072
1072 - X 0.1140 05857 0.7592

Mivakag 5 - AltOAUTO opAApA TwV SLadOPETIKWY EELCWOEWV SLATAPAXNG VLA TPELC LETABANTEG TOU KlvnTHpa

H mepintwon ya 1o péyebog g Sratapayng 10% Sev napovoidletar nxbwg 10 yoouppmxno
UOVTELO BEV UTOEEL Vo AV TIXATOTTOLOEL TNV ASLTOVEYLX TOL VN THEx. OTOTE N TEPITTWOY] TG
Srataxparyng Tov 1% Bewpetitar 1 naAdTeE.

9.3.2.2 @anekog ntNong

H dwxdwacia yooupnoTOolNoNG EPUOUOCTNUE GTY] GLVEYELX O TOMATAOLG GLYOLAGUOLS
aptBpod Mach ntyong ot OPoug nnong xat oe xdbe onpelo, eketaotnne 10 TAYEES EDEOG NG
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toyvos. To evpog ¢ OSopbwpévne wong oe ndbe onueio Aettovpylag, tO OTOLO
QVTITEOCWTELEL TO ELEOG TNG LOYLOG, TEOGSLoEIleTal pe T yEYon tou throttle ratio [10]:

Tt,

TR = ———
Tt,SLS

211 ovvéyeta e€eTaoTNUE eXV O TEAYOVTAG TOL LPoLE TTN oG ToEel vo amaAelpbel (Heéow
™e yonone Sropbwpévey xat adidotatwy peyebov) yur v Stevxolvvbel 7 Stadwaoio
TEOYQAUUATIOUOL TwV 1eEdwv. Onote eetaotnue 7 Staopd otg ttpés tov EPR ot tou
Stopbwpevou Nf yia 61a0ep6 aptbuo Mach 0.8 yro dog ntiong 5,000 m xow 10,000 m. Onwg
patvetat oto ynpa 18 not ato Zynpa 19, 7 yonon tov peyéboug g Stopbwuévnc wong etva
eynoEn, nabwg dev mapatnoovvtar daitepeg amoxAicel uetadd Twv Lo vdwy TTNoNG.
>uvenwg 1o EPR xou 10 Stopbwpévo Nf e€aptatan wovo and tov aptbpd Mach xot to eninedo
LoYLOG.

4400 T T T T T T T

T

4200 e g

T

4000

-~ 3800 - 7

T

E. & -
— 3600 P

ted
.

© 3400 | L i

3200 o .

3000

Nf corre

T
L}
I

2800

& -5000 m
& - #-10000 m

2400 I I l I I 1 I
0 1 2 3 4 5 6 8

Fn corrected(N) x10*

2600

T
-

~

SXNua 18 - Tuykplon HeTaEL TwV TIHWVY Tou StopBwuévou Nf cuvaptrioetl tng SlopBwpévng wong yla SVo LN
nTAong
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1.5

141

131

T2

09

0.8

1 1 1

= ®-5000 m
- ®++10000 m

0.7

2 3 4 5

Fn corrected(N)

8

x10*

IxNua 19 - Zuykplon PHeTagy Twv TLWV Tou EPR cuvaptioel tng SlopBwpévng wong yla SUo LN TRong

To eninedo toybdog pmogel va avanmopaotabel and 1 Sopbwpévy won péow evog

HETAOY NI TIOROD TOL evpoug ¢ oto péyebog TRA mov petafarietar and 0% o 100%.

Avtd yiveto pe ] oyéon:

TRA(Fncorrected)

( 100

Fncorrected max ~ Fncorrected min

100

) *Fngorrectea

— Fnorrectea min * (

Fncorrected max ~— Fncorrected min)

H ovoyétion mg Stopbwpévng wong pe v napdpueteo TRA napovoaletar oto Xynua 20.

100

90

80

70

60

50

TRA(%)

40

30

20

10

T

T

- ——Mach 0 -
———Mach 0.4
- Mach 0.8 -
| | | 1 1
2 4 6 8 10 12 14
Fn corrected(N) %10%

Ixnua 20 - Avanapdotoon Tou MANPoUG EUPOUG TNG Mapapétpou TRA cuvaptroetl TnG SLopBwuévng waong yLa

Sltadopetikolg aptbpoug Mach
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9.3.2.3 TNoap punomoin oy not LTOAOYLOROG ©eEOWY

Ttoe v epappoyn avty emthéyOnue 10 1% wg 10 péyebog g Sttapaymng »at ot axolovbeg
TOEAUETOOL Lo T7] SLaSUAGLo YORPLIIHOTONGYG KoLt ETELTA VLot TOV LTOAOYLOKO HEQD®WV:

e 25 onpela xxT& TO eDEOG NG LoYLOG
e 14 xpBpot Mach (0, 0.1, 0.2, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8),

o 2 péyota YN ntnong (5,000 m xow 10,000 m), wote va Angbel n péon iy twy
nedwv xat Twv Ttpev 1ou EPR xot tou Stopbwpévov N oe uabe onpeto

Omnote apywd vmoroyiotuay Tt x€pdn yw toug nxtevbuvtés tou EPR xor touv Nf
YOYOLLOTIOLWVTAG TLG AVTIGTOLYEG GLVXQTYOELG UETAPOQUG:

AEPR ANf

Gepr(s) = aw; Gy, (s) = aw;

210 n&be oMpElo YOAUUIMOTOIOYG LTOAOYILOVTAY %L 1] T KOVIENG naTaoTaong Tov EPR

nat Tov Stopbuwpévonv Nf, wote va ovoyetiotody pe tov aptud Mach xor 10 TRA not v
nwvoaxonotbody, omwg aivetar oto Lynue 21 ot oto Xy 22.

5000 ~,
4000
3000

2000 ~

Nf corrected (rpm)

0.8

40 oy 05
5 02 03
TRA (%) e Mach number

SxAua 21 - Tyég StopBwpévou Nf cuvaptroet tou aplBuol Mach kat tou TRA
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EPR

0.7 0.8
0.5 08
40 0.4 :

0.3

20 0.1 0.2
TRA (%) g 0 Mach number

IxNua 22 - Tiég EPR ouvaptroet tou aplBpot Mach kat tou TRA

Ernerta 1 #épdn Kp s Ki twv setpoint eheyntwv vmoloyiotuay nat mvaxonombnroy
ovvaptoet Tov axEtbpod Mach xo tov TRA, eve 10 IWG ovoyetiotmue pdvo pe tov aptbuod
Mach sow ednebn pio wéom tuy xatd 1o edEog g toyvog. Lo Tupdderypa, oto Xynpo 23,
nopovaotaletan 1 natavout] Tov xépdoug Kp tou setpoint eheynty tov Nf yua StopopeTinodg

aptBpode Mach »a’ 6ho 1o ebpog g toyvog.

Kp Nf (kg/s/rpm)
°© o o o o9
o8 ® & 8 <
v / / / /

0.4

60 -
100 08 Mach number

TRA (%)

IxAua 23 - Tyuég tou képSoug Kp tou setpoint eAeykth yia to Nf cuvaptrioet tou apBuol Mach kat TRA

210 Zynpa 24 mapovaotdletal 1 xatavopy tou xépdoug Ki tou setpoint ekeyntn tov EPR yuo
Srapopetinodg aptbpodgc Mach xad” Oho 1o ebpog ¢ toybog.
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2000
1750
1500
1250

Ki EPR (kg/s)
2 3 8
o o o
l ] !

250

0=

40 0.4
60 :
0.6
80 100 0.8

TRA (%) Mach number

IxNua 24 - Tyueég tou kEpdoug Ki tou setpoint eheyktr yia to EPR ouvaptriost Tou aptBpol Mach kat TRA

217 GULVEYELL LTOAOYLOTNMAY Ol TLUES TWY XEESWY Yot TOV TOPEN TEOGTAGLAG TOL GLOTHIATOS
eléyyou. Onwe mpotdbnxne oto [3], 1o #6087 avtwy Twv xatevbuvtov eivar otabepa, onoTe Yo
Toug eheyntéc Tou péytotov Nf o Ne, vrtoloylotue pio péon ttun y 1o xdbe népdog oe
ouvBnureg OPouvg 0 m xaw aptbpod Mach 0. T T #6057 Tov nxTELOLYTY GTOLG EAeYXTES Yia
TO Uéyloto ot eddytoto  Pss, amogaciotire petd and mpocopotwoelg, Ot Oo
TEOYQUUUXTIOTOLY e TOV (BLO TEOTO We Toug setpoint eleyutés, AOYw TEORANUATWY
oLYXMGNG. XTOV EASYUT] TNG EMLTAYLVGYG 7] X007 KIKG GLVEETNONG KEYIGTOL Nc 8ev NUTEOTY|
SuvaTy YTl 7 aVTIOTOLY Y] CLVAQTYOY KETAPOQAS TTAETYUYE XEVNTHE %EEOT pe T uebodo
Edmunds [7], eve 7 yenon ovveptoewy peyiotov Wi xar RU nporadodoay mpoBinuota
o1 abyxMa] Tov poviéron. Onote yonotponombnxe 1 Ao g ouvdeong peyioton Tts,
7 onola vokoyiotnue yetpouivnta o 9 aptbpovg Mach. Anhady, Eentvovtag amd pio LN
tov TRA, emBatloviay pio Brpotinn petaBory nor npocapoloviay 1 Ttpy e HeToBoANC
oG wote To teptbnpto TaApwong v etvar 10% uo natarypdpovtay 7 péyto tpn Tts mov
eppaviCovtay exelvr] 11 OTLYY. 211 oLvEYELx T amoTteléopata Staxtebnray pe v avtiotoryn
Beoponpacia Tt xaw ovoyetiotnray pe tov apbuo Mach xor 10 Stopbwpévo N (BAéne
2ympe 25). Emetdn o eheyntng avtdg Svatar va evepyomonbel oe mOMES TEQITTOOELS KL 7]
eloodog tov dev eivar otablept], amopaciotTne var €YEl TOOYQXUUUXTIOUEVX KEQDY OTWG OL
setpoint eAeyutéc.
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Tt3/Tt2
N
/

0.8

06 0.7

x10% ' 1 oy OB
08 0 :

Nc corrected (rpm) Mach number

IxAua 25 - Méylotn tun Tt3/Tt2 cuvaptrost tou aptBuol Mach kat tou Stopbwpévou Nc

2VETIOG Ol GUVXQTYOELG UETAPOQAS TTOL YONOLUOTONONUAY YLt TOV LTOAOYIGUO TWY HEEOWY
TOL TOPEX TEOOTAGCLUG ElvarL:

PS3

__ ANc _ ANy _ 4
GNC(S) - AWf’ GNf(S) - AWf’ GPS3 (S) - AWf

ATt3
AWf

, Greg (s) =

9.3.2.4 ITANpwG EVOWPXTWUEVO LOVTEAO

To mANEEC LOVTELO TOL UWVNTNEA, UE TOLG AtGHNTNEES, TOLG ETEVEQYNTES XAl TO GLGTYHA
eAéyyou Srpopmbnue natddinio (BAéme Xynpo 26) xot éyve O TEOGSLOPIGUOG TWY
TEAELTAWY TAEAUETOWY TOL ATALTOLYTALY YLt VL YIVOLY Ot TEOGOPOLWoELS. AQyud eéetaoTnue
7] GLULTIEQLPOQEE TOL UOVTEAOL, OTaY Ol aabnTNEEg Ntay oe petafotiny AsttovEyia (transient
mode), Sniadn éyovtag piox ypoviuy] xuabuotépnon oty anduELoY, UKL EVIOTIOTUXY
npofMpata  odyrhone. Omnote or oobnineeg pvbulomray oe Asttovgyia UOVLUNG
natdotaog (steady state mode), extOC AnO EXEIVOV TN TUEOY NS KAVGLOL, OTIOL 1] YEOVINY
otabepa pvbpiotne ot 0.01 s. O emevepyntig e BaABidag anopdotevong elye yoovuy
otabepd 0.04 s [2] ot o emevepynmg g BodBidag xavatpov eiye otabepd 0.001 s, 7 omoix
NTOY ETXEUYG YL TNV ELOTAOELX TOV GLOTNUXTOC KAl 0T LETABATINY NATAGTACY].

176



IXNHA 26 - IXNUATIKO SLAYPOULO TOU HOVTEAOU TOU KIVNTAPA UE TO cUOTNA EAEYXOU

X mewtn TEocopoincy divetat éva mpogih TRA tdnov square cycle (BAéne Xynpa 27),
€Y OVTOG EVEQYOTOMUEVO TOV EAeyyo Tou Nf no puOuilovrag tig ewtepinég ouvbnueg oe Vo
nmong 0 m xa aptbpd Mach 0.

40

25

20

0 2 4 6 8 10 12
Time (s)

Ixnua 27 - MetaBoAn tou TRA wg mtpog tov xpdvo

Y10 XZynuo 28 gaivetar 0Tt 0 nvnteag axoiovbel axpBwg to mEowih touv Nf mou
emBarAietal, ywELS va Toeovatalel ATOXALOY).
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- Nf command - Nf
3,000

2,900

2,800

2,700

2,600

Nf (rpm)

2,500

2,400

2,300

2.200-

6 8 10 12
Time (s)

o
]
o~

Ixnua 28 - Antokpion tou Nf oe petafoln square cycle

210 Zynpa 29 noepovotaleton 1) ano%ELeY TG TUEOYNG XAVGLAOL Yot XLTY| T1] HETABOAY), OTIOL
ot onpelar PeTdBaonG amd 1 POVIY] 0T KETHRBATINY UXTUOTACY] XL XVTIGTEOPX LTIAEYOLY
LTIEQANOVTIOELG, Ol OTIOIEG TUEATYQOLVTAL UL OE AAAES avTioToryeg pehéteg [1].

0.557
0.5

0.45

WF (kg/s)

0.35

0.3

0.25

0.2-

6 8 10 12
Time (s)

o 4
~
o~

Ixnua 29 - Anokpilon tou Wf og petaBoln square cycle

211 S8ebd1en mEOooOopOlwaY epupuoletar pio Babutato adénon tov TRA and 1o 15% oto
90% now peta axorovbel 1 avtiotoryn peiwon (Bréne Xynua 30). O ékeyyog 1o EPR eivar
EVEQYOTOPEVOG GE GUTY] T7] MEPINTWOY] evew ot eéwtepneg ouvbnueg pubuiomuay o vog
nong 10,000 m no aptbud Mach 0.8.
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xnAua 30 - NMpodik TRA moAamAwy emunédwv LoxVog

2to Xynpa 31 Sev nopatnpettat xanotx andonhoy petab Tov ovopaoTinod Teoyid tov EPR
%L TNG AMOKELGG TOL VI TYOA.

=EPR - EPR command
144

1.35
1.3
1.257

1.2

EPR (-)

1.154

114

1.05

0.95-

2 30 40 50 60
Time (s)

(=T
—_
(=]

Ixnua 31 - Andkpion tou EPR og moAamAd enineda Loxvog

To Zynpoa 32 eivar moxgopoto pe 10 Zynpa 29 o pio petaPaon, xabog napovoidle
DTEQANOVTIOELS OTNY EVUEEY TV UETABATINWY PUOEWY UATA TNV ETULTAYVVOY] XAl AVTIOTOUYES
Bubioelg oy emBpdduvon.
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0.5

0.45 4

0.4

0.357

WF (kg/s)
o

0.257

0.2

0.157

0.1-

0 10 2 30 40 50 60
Time (s)

Ixnua 32 - Antokpion tou Wf oe moAamAd entineda loxvog
H 1ol npocopoiwon nepthapuBavet pio anotoun petdBaon and TRA 15% oto TRA 95%

not emetta o avtiotoryn emPBoaduvon (BAene Xynpa 33), oe vog ntnong 0 m xot aptbpo
Mach 0, éyovtag evepyomotnuevo tov setpoint eheyxty tov EPR.

1007

904

80

704

60

504

TRA (%) (-)

401

304

20

10-

o 2 4 & 3 10 12 14 16
Time (s)

IxNnua 33 - NpodiA TRA yLa anotopeg petafaoelg petaly idle kat take-off

Qaivetar 010 ZyNpa 34 6Tt 0 nivnEag oTig petaPatinég aoetg dev anorovbel axptfug to
emtBariopevo npogih tov EPR, xabog evepyomotodvtat o ekeyntng )¢ emtayvvong (uéytoto
Tts) not 0 eheyutyg g emPBpdduvong (ehaytoto RU) otig avtiotoryeg petaBoréc.
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=EPR - EPR command
1454

1.4+

1351

137

1.257

EPR (-)

—

1.2
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|
|
|
|
|
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115

117

8 10 12 14 16
Time (s)

105 : - : ;

Ixnua 34 - Antokplon EPR o anotopeg petaPaoelg petaly idle kat take-off

210 Xynuex 35 mxpatreeitar OTL 6TV EMTAYLYGY 1] 007 PTavel To entbountd g eninedo
evtog 1.5 s, onote wmavornoteitat o oyetinog xavoviopog [18].

140,000

120,000

100,000

z
= 80,000
[T

60,0001

40,000

o 2 4 & s w0 w116
Time (s)

20.000-

IxNua 35 - AmOKpLon TNG WOoNG O€ AMOTOUES LeTaBdoelg petaly idle kat take-off

270 Ly 36 AATUYQXPETAL 7] YOAPIY] ASLTOLEYIXG TOL XYNTNEX oToV Y&ETY Tov HPC yia
oXUTY] T7] HETBOAY Mot QaiveTot OTL O UVNTHEXG OEV TANCLUGE TNV YOXUUTY] TAARWGYG, xabwg
70 eAdytoTo TePimELo TAARWONG ToL KaTayeapnne Ntay epimov 10.5%.
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IxAMa 36 - Xaptng tou HPC

2UVETMG XATOTY OUTWY WV TEOCOUOLwoewY, emtBefatwlnne 7 xadky Aettovpyle TOL
CLOTHATOG EAEYYOL OE GUVEQYXGLX [UE TOV ULV TVQA.

9.4 Movteho nivninpa geared turbofan

9.4.1 Ilepryoxyr TOL LOVTEAOL

O xmynmoeag mov Ntav Srubéotpog oto Epyaotoo Oepumnwy Xtpofidopnyavey yua vo
epappootel 1 1S pebodog, Onwe otov nvrea turbofan, Mty éva poviého xuvnTE®
turbofan StmAob touTAvOL, YWEIC AVEUEEY] PELUATWY TOL EPEQE UELWTHEX GTEOPMY LeTaED
tov LPC xat tov fan no axpogdoto petaBintod epBadod ato devtepebov pevpa aépa. To
ueytoto vog mnong tov uvntex avtod Nrav 10,668 m xot o péyiotog appde Mach
nong Nrav 0.75. Ta nhptx Aettovpywa peyébn tov nvntiea oe vog nmong 0 m, aptbuo
Mach 0 nou puéytom won xatayedypovtar atov Iivarag 6.

FN (N) 152,743
EPR 1.2597
Nf (tpm) 2,070
Nc (rpm) 17,403
OPR 42.07
BPR 17.14
Wi (kg/s) 0.87948
W1 (kg/s) 776.76
A18 (m?)  3.34363

Mivakag 6 - Baowkad peyedn Aettoupyiag tou geared turbofan kwntipa
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Ot pomég adpavelag Tov GLOTNUATOS eEXTUNONKaY, ePOGOY Bev 1TaY YVWOTES, XAl CLUVETWG
uTNEYE pio aBeBatOTNTA WG TEOC AVTES TIC TAEAUETOOVS, AOYW EARELYYC GYETIMMV OVAPOQWY
ytoe Tétotov tnov nvntreec. Ievind, mopatnpeitoar pio afroonpeiwty Stapops HeTaéd g
pomng adpavetag Tov aéova HP »at g ouvolinng pomyg adpdvetag tov a€ova LP pali pe ™
ooy adpaverag Tov fan (mov eivor oLlELYHEVAE CLOTPXTE AOYW TOL UELWTHEA GTOOPRV).
Omnote punopet va npoPreplet Ot o d€ovag HP Oo eivar mo evaicOntog oe petaforég g
1oy 0Oog. Tar ©OELX PN YAVING YAEAUTNELOTING TOL UV THEX nxTayEdpovTat otov Tivanag 7.

MetaI Ty

Porm adgaverag oo HP &ova (kg'm?) 10
Ponn adgdvetag tov LP d€ova (kgrm?) 50
Pom abpdvetag tov fan(kg'm?) 300
Adyog petddoong petwTyou 3.8

Mivakag 7 - MnYovika XapaKtnpLloTikd tou geared turbofan kwntripa

Y10 Zynpo 37 ot Sixpopég pe 10 Xynpo 14 evtomilovto otov afova LP omov o fan
Sraywoiletar and tov LPC xan peta€d toug napepfarietar o petwtnpag otpopwy. Eniong to
a%EOoYLOLO ToL SevTePehoVTOg PeLUATOG Stabétel pin eloodo dedopévey and Omov AapPavet
NV eVTOAT] Yo TV petaBoAr) Tov epadol tou.

e
) b oa]
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o
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IxNua 37 - IxnUatiko Stdypappa tou geared turbofan kwntripa

9.4.2 Axpoyiaotlo petafBintol epfadod deutepehovtog PebUaTog

H vionoinomn nivntowv pe vdnid BPR xot yoaunko Aoyo mieong tov fan éyet wg ploxo v
Helwon Tov TeEtdwELOL TUAUWGONG AT TNV ETULTAYLVGY] GTNV QAGY] TS ATOYELWGYG, AOY® TOL
U7 OTEXYYXAMOROL TOL axEOYLGiov devteEebovTog PeLuatos. Enopévwg, 1 epapuoyr evog
VAN Sraoparilet 6Tt 10 epBadd Tou axpoyuoiov Ou eivor av€npévo xatd v anoyelwon), ylo
vo Stevpuvbetl o Teptbwpto TdApwong Touv fan, kot petwpévo nata ™ xeovalépn wote o fan
voe Aettovpyet pe ) Beltiot anddoon.
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H vlomoinor evog 1610100 GLOTNUATOS ATTOTEAEL ANOUX AVTIXELUEVO EQELVAG, SLOTL 1] HOLVY|
TPOGEYYLOY PE NAEXTOIHS 1ot LOPAVLMUG GLOTNUATA BEV ATOTEAEL EPLLTY ADGY] YL TNV TOALTINY]
®EQOTOPL AOYW TNG UEYAAYS TOATAOXOTNTAG %ot Tov Bdpoug. Mix mpotevopevy Ao etvo
7 LETMON HEAUATWY UVNUNG OYNUATOS, TwV OTolwv TO oyNua céoptatat oand
Ospporpacion Toug. AvTH 7] IXVOTYTA TOL HEAUATOG YQVOLLOTIOLEITAL YL TOV EAEYYO TOUL
UNYavHod cLETNPATOG ToL ELOWIZEL TNV KivNoT| EVOC NLALOKEVOL SAXTLAIOL %ol GUVETIKG TX
eldopata Tou axpopuaiov [4]. Opwe, tibetar 10 INua ™G aEyNe andxELeNe avToL TOL
OLGTNUATOG, TO OTOlO UToQEel Vo yEetxatel 9.8 s yo va pTdoet and 10 ovopasTuno epBado
070 pUnEOTEEO SuvVaTo 1ot 25 s yra vor emavérbet oty )ty tov Béan [5], xot awtot ot ypovot
elvot oxopo LTTO SLeEeLVY O

O vopog arhayng tov epfadod tov VAN napdybnre wote va vmapyet pioe povadiun youpu
AELTOLEYLOG GTOV XAOTY] TOL BELTERELOVTOG PELIATOS TOL fan xutd uNrog g yeauune BETA
ue ttun 0.55, mou elvar xovta oty xopmdAn Touv Bédtiatov Babpod anddoons. H akkoyn tov
epBadol a1 ovvéyelx ovoyetiotre pe Tov aptipod Mach xat tov Adyo touv Stopbuwpévov Nf
nog v U tou Nf 610 onpeio oyediacuob.

210 Zynpa 38 nataypdpetat 1) pelwan tou epadod nabwng avgavetar o aptbpog Mach, onote
7 Boown Bewpla miow amd T ¥ENON XWTOL TOL PNYIVIoUOoL emBelalmVETal. ZORPWVR e
oyetnn dnpootevan [5], 1 péytotn peiwon tou epuPadod progel va ptacet to 40%, onote o
telndg vopog adhayg epBadod B éyet wg eddytoto dpto ta 2.2326 m”.
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IxAua 38 - Nopog alayng eupasdol tou VAN

9.4.3 I'oappinomoinoy #ot LTOAOYLEUOG XEQO®WV

Or petafAntéc nataotaong st 71 UetaANTy €6080L TREXUEVOLY Ol IBleC OTWS OTY
TOOYODUEVY] TEQITTWOY], eV TO peyebog g emtBaAlopevnc Statapay g Tov emheyOnue elvat
0.1% ot yoe 1%.
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H Swpopd oe awtn ™V epaopoyy eivat 0Tt 1 mvaxonoinoy twv onpelwy tov EPR nat tou
dtopbwuévou Nf cuvaptoet tov aptbuod Mach xouw tov TRA adkd xot 0 vTOAOYLOUOG TWY
1eE3®Y UL 1] AVEAOYY TVaxOToiNeY Toug yivetat evtog Tov PROOSIS ywelg ™) yenon dilwy
Aoytopmev. Avtn 7 petafBao éywve petatpénoviag tov xwdima MATLAB oe yloooo C xa
oe otatnt] BLMobnun 1 onota xadeitan and 1o PROOSIS. T awt6 0V sttvninoa emihéybnme
uioe amAOLOTEQYN EYLTEUTOVINT] Y& TOV TOMEX TEOCTAGLAG TOL GULOTNUXTOG EAEYYOL ot
EPUQUOCTNME HOVO EVOG EAEYXTNG Yl TNV emtdyvvor O&toviag uéytotn Tuy oty
Bepporpacia Tt3. O nwdwmag yoapphnonoinong exteréomue oe éva péyloto YOG TTHNoNG
(7,500 m) now oe a6 Mach 0.75, ever 61V TEONYODUEVY] TEQITTWGY] EYLVOLY DTOAOYLGUOL
oe Lo péytota YN xat yonotponombnue 1 péon T Twv peyebov. H cuvdpton petapopag
«OTOYOD TUEEMELVE 7] ISLat, TO EDPOG GLYVOTHTWY elvart 1t edw ano 0 ewg 5 Hz, ahAd o onpela
npoceyytong avéninxay oe 200.

Xto Zympo 39 o oto Zynpee 40 natayodepetar 1 natavopy) tov Stopbwpévon Nf not tou
EPR ouvvaptoet tov aptbpov Mach xat tov TRA.

2500 ~

N
(=]
[=]
o
/

1500 ~

Nf corrected (rpm)

07 08
05 06
40 0.4 :

0.3

0, 0 o 0:4
TRA (%) Mach number

IxAua 39 - Katavoun tpuwv tou dtopbwpévou Nf cuvaptroet tou aptBpol Mach kot tou TRA
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0.6

40 0.5

03 0.4

TRA (%) ¢ 0 Mach number

Ixnua 40 - Katavopn Tiuwv tou EPR cuvaptrost Tou aptBpuot Mach kat tou TRA

Xto Xynpa 41 moapovoraletan 1 xatavou tov népdovg Kp tou setpoint eheynti tov EPR,

OmoL oL LYNAOTEPES TLUES AATAYQAPOVIAL OTA YXUNAG eNINMESA LOYDOG KAl GTOLG YAUNAOLS
aptBpodg Mach.

3000 —
2500

2000
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oz 1500
Q. 1000
X

500 —
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60 04 03

05
80 06
100 o8 07

TRA (%) Mach number

Ixnua 41 - Tyuég tou kEpSoug Kp tou setpoint eAeyktr) tou EPR cuvaptioel tou aptBuol Mach kat tou TRA

210 Xynuo 42 mopovodletar 1 xatavopy] tov uépdoug Ki tou setpoint eieynty tov
dtopbwuévov Nf.
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IxNua 42 - Tiég tou kEpdoug Ki tou setpoint eAeyktr) tou dtopBwpévou Nf cuvaptrioel tou aplBuol Mach kat
tou TRA

2TOV EAEYUTY] TVG ETULTAYLVOYG LTOAOYIGTNMAY To #€ESY ToL naTevbuvTy X oploTnxe 7
oLVaETNoN ToL péytotou Aoyou Tt/ Tt cuvapost Tou Stopbwpévou Ne yro apbpd Mach
ioo pe 0 (BAéme Zynuo 43), ya vo e€etaotel exel 7 AelTovEYI TOL UAL VX EVIOTILGTOLY TUYOV

xSLVOLEC.

3.2 T T T T

31

25

241

1 I I | 1 1 I
1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75

Nc corrected (rpm) x10°

IxAua 43 - Méylotn tur tou Adyou Tt3/Tt2 cuvaptiost tou StopBwpévou Nc yia aptbud Mach (oo pe 0
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9.4.4 Tlpooop.olwomn Aettovpyiag geared turbofan nivntnoo

9.4.4.1 ITANoWG EVOOUXTWUEVO LOVTELO

Eyooov 10 poviého mov avamtoybnue mepthapfBavoviag 1060 OV nvnTto 66O %l TO
oLoTpa eAEyYoU eivat amAoDOTEQO, te MyOTEQOLS eheyutés, ot atabntneeg pubuiotxay oe
uetaBatiny Aettovpyia.

O awobnteog e mapoyne nowoipgov pubuiotnre oe petaBatiny] AeltovEyion pe YEOVXY
otabepd 0.01 s, ever 1 yooviun otabepd tov enevepynty g BaAfidag ToL xALGIKOL NTAV
0.001 s, 6mwg otov ntvnea turbofan.

Or owcOnpeg nieong, entog amod exeivov g Tieong Ps; o omotog pe ) mapobou Stataér Sev

yonotponotettat, puiuiotnay oe petaatiny Aettovpyia pe yooviny otabepa 0.04 s [2].

Or awotnpeg taydTag eplotpogns pupiotuay oe petafotin AettovEyior pe YoV
otabepa 0.001 s (n mpotetvouevn otabepd twv 0.02 s [2] dev Ntay emaEnng yo TOV EAYYO pe
Nf).

O aetnmoag g Bepporpaciag Tts pranne oe petafatiny Aettovpyia pe ypoviny otabepd
0.001 s (n mpotetvouevn [2] otabepd twv 0.11 s dev NTay emaEug Yl TOV EAEYYO TNG UEYLOTNG
Oepponpaciag Tts), ever o aabntipag ¢ Beppoxpactag Tt pnyxe oe petafotinn Aettovpyio
ue yooviun otabepd 0.11 s [2].

To oyNuatind SIYQAUUX TOL TANEWS EVOWUXTWHUEVOL CLCTHUATOS XVXTXQIOTATHL GTO
Zympo 44.
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IxNua 44 - NANPWE EVOWHUATWHEVO OXNUATLKO Staypappa tou geared turbofan kwvntripa pe to cUotnua eAéyxou

H nowt) npocopoinwcy éyve oe nodhamhd eninedo toyvog, dniady entBanbnxe pio Pabpraio

eMTAYLVOT] Mot Petd pio avtiotoryn emtBoaduvan (BAéne Xynpa 45). O ékeyyoc péow tov

setpoint ekeynty] Tov Nf eivart evepyog, o vog ntnong eivar 10,668 m xat o apBpudg Mach

etvar 0.75. Or emtarydvoetg non ot emtBpadivaetg ot yapunia eninedo toybog (TRA 15%-30%)
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YIVETOUL TILO OUOAGL, YLXTL O UIVNTHQOG OE LEYAAX D] %ol HEYHAY] ToYDTYTX Elval TILO ELXOAO VX
Eemepdioet o Ot AetTOLEYLNG TOL Ma Sev elye vAoTobel TOPENS TEOOTAGLNG O ALTY| TN
TEQITTWOY).

90

80

20

10-

2 40 60 80 ' 100
Time (s)

=

Sxnua 45 - NpodiA tou TRA yia moAarmmAd enineda loxvog

Xto Zynpo 46 yivetan n odynpton g andxELong tou Nf pe 10 vtoloytopévo Teogid tov Nf

oTov setpoint ekeynty], 61OV Sev TEOLCLALOLY ATOUALCY).

- Nf - Nf command
2,300

2,200
2,100
2,000

1,900

Nf (rpm)

1,800

1,700

1,600

1,500~

T T T T T T T T T

20 40 60 80 100
Time (s)

o

IxNHa 46 - Artokpion tou Nf oe moAAarAd emtineda Loxvog

210 Zympo 47 noaToyspeETaL GTOV YAETY OTL AOYW NG UXTUAANANG aAkayng epfadol tou
anpoguatov o fan Aettovpyel mavw oe pla otabepr yoauun BETA.
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Corrected Mass Flow

IxAHa 47 - Xaptng tou Seutepeliovtog pelatog Tou fan

210 Zynpo 48 gaivetoar 1 petofol) tov epfBadod Tov axpoyuoiov xatd ™V oTadtan
EMLTAYLVOT] ML EMLBEASLVO).
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Ixnua 48 - Amokpilon tou VAN og moAamnAd emnineda loxvog
H 8ebdtepn mpooopoiwor aopa pic emTayvvor wote vo e€eTaoTel 1) CLUTEQUPOEE TOL
nvntox wall pe tov avtiotoryo ekeynt g emttayvvone. H npocopoiwon awt Aapfdvet

ywoa oe Log TMong 0 m, aptbpod Mach 0 xou evepyo tov setpoint ekeyntn tov EPR. Xt0
2y 49 notarypdpetar 1o mpoyid touv TRA y vt ™) petaFoly).
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Ixnua 49 - NpodiA TRA yLa emitayuvon

Y10 Zynpa 50 cvynpivetar 1 anoxpton tov EPR pe v {ntodpevy petaBoly, omwg ot
LTOAOYIGTNUE ATIO TOV AVTIGTOLYO setpoint eleyuTy).

= EPR - EPR command
1.251

1.2+

1.15+

EPR (-)

1.1+

105+

T T T T T T T T 1

o 2 4 & 3 10 12 14 16
Time (s)

Ixnua 50 - Artokplon tou EPR og mpodiA emttdyuvong

210 Zynpa 51 natoypdipetar 1 amoOUELOY] TG WOMG 08 auTH T KETXBOAY, OTOL T7] YEOVIXUY
otyun twv 10 devteporéntwy, dnhadn 5 devtepoienta and T oTiypy mov emPBAnOnxe 7
emTayLYVoY, €xel ptacet to 98.676% g {nrodpevne wong (TRA 95%), ondte sivan xovta
o1V eTLTELEY TOL GTOYOL TwWY 5 SeLTEQOAETTWY.
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IxNua 51 - AldKpLon TNG WoNG ToU KvNTRpa oTo TPodiA EMITAXUVONG
Téhog, 670 ZyNpor 52 naTorydpetat 7 YOXPLUY] ASLTOVEYING Yt XLTY) T eTBOAY GTOV Y&
tov HPC. H bnap€n tou ekeyntn ouyrpatel ) yoappy ASLTovylag eVTOg TOL XXQTY), *AAL TO
TetimElo TAALWog TEPTeL ndkTw and o 10%, péyot to 4%. H cuyrexpiuévn ovpmeprpood
npénet v Stepevvnlel TepatTépw, Yl TUEADELYUX O VOUOG UETABOANG TOL UEVLGTOL AOYOU
Tts/Tt, 6T0v eAeynTN TG EMTAYLVONS, lOWS YEELGLETOL KATOL TEQULTEQW TAEEW PO, AOYW
TOU ELSLMOL TOTTOL ULV TVOA.

20+

15+

10

Pressure Ratio

s 6 8 1 12w % 188 0
Corrected Mass Flow

IXNMa 52 - XAptng Tou CUUTLESTH) UPNANG Ttieong

H tpit npocop.oiwon Baciletar oty dedtepn nabng eyt v idta {nrovpevy petaBoin toyhog
(Bréne Zynpa 49) oe idteg ouvbnueg (bog tnong 0 m, aptBpde Mach 0, éleyyog pe EPR).
Opwg edw 7 Stapod €y%eLTaL GTO YeYOVOG OTL 6TO ayNuatind dayoappa (BAéne Zynuo 44)
uetah TOL Tivara LTOAOYLGUOL T1G XANXYNG OTO e BaUSOY TOL ANPOYLGLOL KoL GTO ANEOYPLOLO
YOYOLLOTIOLELTaL [idt GLVQTYOY] UETAPOQAS TEWTNG TAEEWC TOL LOVIEAOTIOLEL TNV YQOVIXY
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nabuotépnomn g anouptong. O exTh®UEVOg YOOVOS amonXTRoTHoYG elvat 9.8 s, omoTe 7
yooviun otabepd eivar 2.45 s.

210 Zympo 53 palvetor 1 Stpopd 611 amouELoY e wong xdbe yoovinn otrypn and Ty
AMOAELEY YWELS TNV EVOWPATWGY ¢ yeovune naxbuotéonone (Bréne Zynuo 51). Apa 7
UEVLOTY amouALoY] etvat -1.2%.

0

0.2 T

FN difference (%)

1.2 .

-1.4
Time (s)
IxNua 53 - Atadopd NG amodKpLonNG TG WOoNG Ao TNV OVOUOOTIKN

210 Zynpa 54 paivetan 1 dpeon enintwor g yeovinng xabuotépnong Tov wnyaviGoL Tov
VAN, epocov o unyaviopog tov VAN apyel mepimov 10 Sevtepdienta yro v pracet otny
TEMUT] TLUY).

3.34
3321
330
3281
326
=324
©
L3z
320

3.18 -

—Without VAN dynamics
3.16 - ——With VAN dynamics

3.14 : : : ‘
0 5 10 15 20 25

Time (s)

IxNua 54 - Tuykplon twv anokpioewv tou VAN pe kat xwpic Suvaptkd pavopeva

Téhog, oto Zynua 55 notaypdpetar pior aAly enintwor g yeoviune xabuotépnong tov
VAN, xabog 10 meptbnpto néipwong sivat yapnAotepo xatd 9 Uetaxatiny *aTdoTosc?),
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OTOTE ALTO GNpaiveL OTL TO epBadO TOL AXPOYLGLOL eV elvat O EXELVY TY] PAGY] TO UXTAAANAO
wote vo Statneettat to entbuunto neptbopto.

13
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M- N

Fan secondary flow surge margin(%)
o
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|

—Without VAN dynamics
—With VAN dynamics

3 \ \ \ \
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IXAMa 55 - TUYKPLON TwV amokpioewv Tou meplbwpiou MAAPWoNC tou Seutepeliovtog pelATog Tou fan pe kot
Xwpic Suvapikd pavopeva

Xe oyetny) dnpoatevon [5] maxpatnobvtat TaEOPot anoTeEAEoHATa OTOY AdpBdvetat vTOYLy
7 duvapn?] Tov ovopatog Tov VAN. ‘Opwg exel o vopog adkayng tov epfadod oplotnre
e Stapopetiny] Aoy, nabwg exct 10 epuBadov petafdAloviay 1ot wote o fan vo Aettovpyet
navta 611 BEATioT anddoao.

9.5 2ZuuneQaopaTo %Xt UEAAOVTINES TOOTAOELG

9.5.1 Avoxepolaiwon

Zovodilovtag, avty 1 Aumhwpatiny Epyaoia Eexivioe and éva poviého nvnmea turbofan
UE €V OLOTYO EAEYYOL UE EUTELOMX LTOAOYIOUEVE XEQDT], UE OLVATOTNTX TEOGOUOIWONG
HeTaBaTUNG HATAOTHONG O ouyxexQLeves ouvBreg Odoug nar aptbuod Mach xor yio
neploptopeveg  petaxPorég toybog. 21n ouvveyelx mpotdbnre pio yevinn  Srxduaoio
YOXUUIHOTIOIN GG TOL UIYNTHOX IE LTOAOYIOUO TwV 1eEdwV Bdom ¢ pebddou Tov Edmunds.
Apymd opiotnray ot mapapeteot g pebodov xat efetaotnue 1 yeviur emidpaon g ndbe
miog otV TEMNT XTOXELOY).

H npom epappoyn g Sadwactiag avtig éytve oe éva LOVTEAO xvnTex turbofan xa
EQUOUOCTNUE TO GLOTNUX EAEYYOL GE TAYOY MALHaMA, EVE EEETAGTNUAY Ol SLVXTOTYTEG TIOV
npoceyepe. Evtomiotue 7 Svonohior oLY¥AGNG TOL pOVTEAOL, OTav ot atcbnTypeg
UOVTIEAOTIOLOLYVTAY O  METAPATINY]  UXTHOTHGY], OULVETMG EYIVAY  XTAOTOLYOEG 1Al
AATXYQAUPNUAY T CUUTEQROUATA TOL TEOoExLPay amo TG extelecbeioeg mpocopolwoelg e
XOYES UaL YOTYOEES HETABOAES LoYDOG OE StapoEeTIneg ebwTepineg auvinueg.
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H Sedtepn epappoyyn e Stadinaotag éytve oe évar noviého uvntnea geared turbofan pe
VAN, tov onolov ot Txpapetpot nat ot y&etes extpndnxay and 1o Epynotioto Ospopnny
XrtpoBhounyovewyv. O vopog petaBorng touv epPadod Tov axpoguaiov xxbopiotue
emtBariovtag pio yooppun Aettovpyiog pe otabepn ) BETA otov ydo1 oL deutepebovtog
eevpatog tou fan. H apyttentoviny tou topén Slayelplong Loybog TOV GLOTHATOS EAEYY O
Nt (S (e TNV TEWTY] EPAOIOYY), EVM GTOV TOPEN TROCTAGLAC LTYYE LOVO O EAEYUTNG NG
ETLTAYLVOYC, TOL YOYOLOTIOLOLYTAY GE GLYXEXELULEVES TRoGopowaele. H oyetinn amhotta
XLTOL TOL WOVTEAOL OOMYNGE GE [lx, OGO TO SLVATOV, TLO EEXAMOTIXY] OVIEAOTIOINGY] TWV
otontowy. Mio emttayvvar), avtioTolyng aVTNG TS PACYC ATOYELWONC, THEOLOLXOE UATIOLES
X SLVALIEG GTO LOVTEAO TOL NVNTHOX, XAAK 1] TEQALTEQW OteEELYNOY] aVeDELEe ATOTEAETPATA
TUEOOL UE OYETIUES ONUOGLEDTELS VLot TETOLOL TOTOL ULVYTHQEG.

9.5.2 Mel\ovTuneg TQOTAGELS

ITooteivetan var AdBet ywoa pio extetapevy) ueret) evanctnoiag Tov CLOTNRATOS Ge GYEDY pE
70 ebEOG oLYVOTNTWY ¢ hebddov tov Edmunds, tov aptbud twy onpelwy npocéyyiong xot
TNV CLYAETYOY] RETAPORAS GTOYO, WOTE VO VoW TWOEL 7] TOOCOUOIWGT] YALVOUEVWY OTIWG
7 0LOPLON TV Stanévwy GTa AxEX TwWY TTEQLYLWY %ot 7] heTaoed Heppottac. Eniong pnopst
vo Stepevvn et Tepattépw 1) enidpaor] Tov peyeboug g Statapay g oL emPBRALETAL KATA TN
YO puItononoy nat ¢ e€lowarg LTOAOYIGIOL TwY PheEwy Tapaywywy [15].

e OYEON Ue TOV xwia LTOAOYLOHOL Twv %eEdwv bu pmopolboe va yiver 1 pete€ehén g
otatng BiBhobnmune C oe uwdma EL, o onotog yenotponoteitar ato PROOSIS nat €tat ot
omoteg aAAayeg B umoEodv va yivovta o ebnoia nat dpeon. Eniong, Bo nrav yonotpo va
dnutovpyn et éva povtédo uvntoax geared turbofan pe pueyaddtepr anpifBeta nat Befototnta
wote vo exttunlel av 7 emAoyn Twv EOTWV ASEAVELXRG TV XEOVWV KAl TWY YAOTWY TV
eEAQTNIATWY TOL NVNTHEX TTAY OVTIWS EYXVEY] XL GUUBATY] e TXEOUOLY LOVTEAX ULV TVOWY.

2T OLVEYELX EVOL GNUAVTIUO VO SLELXQIVIOTEL Ay LTIREYEL ATOLOG BEATIOTOG GLVOLAGUOG
aptBpwy onpeiwy 1T To €LEOG NG LoYLOog, ueytotov Louvg nat apiuwy Mach yr vo
yonotpononbet o1 Stadnacio YOUPUIXOTO GG Xa Vo ATOSLOEL XAADTEQX TV CLLTEQUPOQT
TOL UWVNTNEA OTIC TEOCOMOWCElS. BEmmnpoolétwg, Oa pmopovos va Snpovpynbet pio
aVTOUATOTOMUEVT] Stadacio Yo 7] S1pLovEyio Tov vouou petaolyg tov peyéboug mouv
neptopilet ™y emttdyvvon tou nvntnea (ty Tts, RU, Wi).

Téhog mpoteivetar va ouoyeTtotel o solver mov yoenotpomoteitar 6to PROOSIS pe
TXYOTNTX %At T GOYXMGY] TOL OVTELOL, OTIOTE avTi Yl TNy mEoemkeyuevy pébodo DASSL,
vo e€etaatoby nar ot pefodot Runge-Kutta now Euler. Avty) 1 avaynn nepattépw Stepebvnong
nponAfe anod o {nmuata obyxhong Tov oyetiloviay pe TV AsttovEyio Twy atcbntiowy oe
netaBotiny #atdoTHey xot To eldog TG HeTABANTHC TOL YOYOLLOTOLELTAL GTOV EASYUTY] NG
emtayvvone. Onote o ovveyelx o nvntEag u eyet ™ duvatdTTa v mpocouotwbel pe
TUEUUETOOVE TO XOVIX OTIC TEAYUATIUES METENTMEC Otxtalelg nat pe emmpodobetoug
eleyuTeg, OTWG evag eleyuTyg yx Tov eploptono e EGT.
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