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Abstract: The Advisory Council for Aeronautics Research in Europe (ACARE) Flight Path 2050 fo-
cuses on ambitious and severe targets for the next generation of air travel systems (e.g., 75% reduction
in CO, emissions per passenger kilometre, a 90% reduction in NOx emissions, and a 65% reduction
in the noise emissions of flying aircraft relative to the capabilities of typical new aircraft in 2000).
Degradation is an inevitable phenomenon as aero-engines age with significant impacts on the engine
performance, emissions level, and fuel consumption. The engine control system is a key element
capable of coping with degradation consequences subject to the implementation of an advanced
management strategy. This paper demonstrates a methodological approach for aero-engine con-
troller adjustment to deal with degradation implications, such as emission levels and increased
fuel consumption. For this purpose, a component level model for an aero-engine was first built
and transformed to a block-structured Wiener model using a system identification approach. An
industrial Min-Max control strategy was then developed to satisfy the steady state and transient
limit protection requirements simultaneously while satisfying the physical limitation control modes,
such as over-speed, surge, and over-temperature. Next, the effects of degradation on the engine
performance and associated changes to the controller were analysed thoroughly to propose practical
degradation management strategies based on a comprehensive scientometric analysis of the topic.
The simulation results show that the proposed strategy was effective in restoring the degraded engine
performance to the level of the clean engine while protecting the engine from physical limitations.
The proposed adjustments in the control strategy reduced the fuel consumption and, as a result, the
emission level and carbon footprint of the engine.

Keywords: degradation management strategy; aero-engines control; emissions level reduction; flight
path 2050; environmental considerations

1. Introduction

Aero-engines degrade after operating for a period of time and, as a result, the perfor-
mance indices change toward longer take-off distance and time, more fuel consumption,
higher level of emissions, and lack of required thrust [1]. Among these effects, environ-
mental considerations, such as the fuel consumption and emission levels, require specific
attention respect to the ACARE Flight Path 2050 requirements for the next generation of air
travel systems.

These requirements target a 75% reduction in CO, emissions per passenger kilometre,
a 90% reduction in NOx emissions, and a 65% reduction in the noise emissions of flying
aircraft relative to the capabilities of typical new aircraft in 2000 [2]. In order to meet these
requirements, the engine control system should be able to compensate for the environmen-
tal effects of degradation by adjusting/improving the control structure/strategy.
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The engine controller is intended to satisfy all propulsion system control modes
simultaneously. For this purpose, the Min-Max control strategy is widely used in the
industry for aircraft engines [3-6]. It has different control loops to satisfy steady state,
transient, and physical limitations control modes and can logically switch between the loops
to guarantee the safe and reliable engine operation under the limitations and constraints in
the transient process. For those upper boundaries, a min-select strategy is used to keep
the output of these loops under upper boundaries. For those lower boundary limits, a
max-select strategy is used to keep the output of these loops above the lower boundaries.
The Min-Max controller is also used in the Commercial Modular Aero-Propulsion System
Simulation (C-MAPSS) [7,8].

There are few studies on the strategies of the controller adjustment for degraded
engines. In [9], the N-dot (derivative of the engine shaft rotational speed) strategy was
used for acceleration process control, and it proved to have a faster response compared to
the We/Ps3 (ratio of the fuel flow to the compressor discharge pressure) strategy when the
engine degrades. However, this study did not develop a complete controller structure and
did not analyse the effects of adjustment on the other engine performance parameters.

An adaptive controller tuning rule was proposed for degradation compensation by
tuning the gains of the multi-mode controller in [10]. The controller was developed in
the Modular Aero-Propulsion System Simulation (MAPSS). However, since the controller
structure and design were not illustrated clearly, it is difficult to judge the applicability of
the strategy to other types of controllers.

Some other studies focused on model-based control strategies to simplify the problem
of degradation management. Luppold et al. invented a self-tuning on-board real-time
model (STORM) for turbofan engines on-board modelling with degradation effects [11].
Wei et al. proposed a novel Hybrid Wiener Model (HWM) to increase the accuracy and
decrease the response time of the engine model when degradation effects were taken into
account [12]. However, both approaches need a set of post-flight data to be tuned, which is
not a straightforward task in real-world applications.

Due to the above-mentioned fundamentally different approaches taken into account
to address the degradation management challenge in aero-engines, a comprehensive
Scientometric analysis is vital to guide the following research in the right direction and
toward high-impact proposals. Based on such a Scientometric analysis, presented in
Section 2, this paper presents a methodological approach to adjust industrial Min-Max
controllers for degraded engines. This approach could be used in Min-Max controller
structures for different types of gas turbine engines.

Thus, the main contribution of the paper is to propose a solution to improve the
effectiveness of the degraded engine by adjusting the engine controller. For this purpose,
the clean engine is first modelled by utilizing a component-level modelling approach.
The developed model is then transformed into a block-structured Wiener model for the
controller development. Then, a Min-Max controller strategy satisfying all engine control
modes is developed in the Section 3. Section 4 illustrates the modelling of the degraded
engine using health parameters.

The effects of degradation will also be presented and analysed. According to these
effects, Section 5 proposes the main contribution of the manuscript, which is adjustment
strategies to cope with the degradation at both the design and operation stages. The
results of different strategies are analysed in Section 5, and the winning candidate will be
introduced as a proposal to cope with aero-engine degradation and its consequences, such
as emission and increased fuel consumption.

2. Scientometric Analysis on Aero-Engine Degradation Management

The bibliographic data includes precious information that allows researchers to assess
scientific projects. This process is an indispensable part of attaining high standards in
research and experimentation while enabling scholars realize the current state of various
topics and distinguish their progress in different time periods [13]. Clearly, this practice
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provides an unparalleled understanding of scientific schemes as well as the inherent
potentials and difficulties in a wide array of technical and engineering fields, thus, paving
the path to increase the number and quality of publications as an indicator of a scientific
institute’s position in any field [14].

Degradation is an all-important subject with consequential impacts on the efficacy
of gas turbines. Therefore, the research in this area should be guided toward the right
topics. Naturally, this objective can only be attained by having a thorough comprehension
of this field of science as well as earlier studies. A favourite tool, in connection with the
above goal, is scientometric analysis, which can show how different subjects in the field of
degradation are related to each other.

This tool also shows the number of publications in any year from distinct authors/
institutes [15]. The findings of this study are expected to help researchers focus on high-
potential topics that have rarely been considered, set up experimental tools, apportion
cost between projects, and make progress in terms of the number and quality of published
articles [16].

In this study, the scientometric analysis is performed in two separate sections:

e  The first part is devoted to the scientometrics of gas turbines and degradation and
accompanied by an inspection of the obtained results.

e In the second part, a series of analyses are performed on the design of gas turbine
control systems in view of degradation, followed by an evaluation of the findings.

2.1. Scientometrics of Gas Turbines Degradation

In order to carry out the scientometric process, the first step is to collect information
from a database. To this aim, our research relied on Scopus [17] due to its comprehensive-
ness in the considered area. In the next step, the design and construction of the search terms
were determined so as to be able to search efficiently in Scopus [16]. A total of 3586 records
were obtained in this section from the Scopus database over the interval of 1946-2021. The
corresponding results are reviewed below. The most repeated terms are listed in Table 1.

Table 1. Active keywords in the field of gas turbine degradation.

Keyword Occurrences
Gas Turbines 1609
Aircraft Engines 777
Engines 581
Degradation 497
Deterioration 365
Turbomachine Blades 364
Gases 276
Compressors 251
Thermal Barrier Coatings 222
Pt
Superalloys 211
Cofrl:;l(j)lr?:nts 200
Oxidation 188

These phrases refer to thematic areas related to degradation in gas turbines and aero-

engines that are of great importance. These include “turbomachine blades”, “compressors”,
“thermal barrier coatings”, and “performance degradation”. The control logic of a gas
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turbine can have a significant impact on the performance degradation. Hence, in Section 2,
the scientometric analysis of the gas turbine control strategy is performed by considering
degradation. Moreover, Figure 1 shows the trend in published articles between 2010 and
2020, where an increasing trend in the number of published articles can be noted from
2010 to 2014 and also from 2015 to 2019. The highest number (245 records) and the lowest
number (111 records) of published articles belong to 2019 and 2010, respectively.

300
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Publication Year

Figure 1. Publication trends in the field of gas turbine degradation.

Figure 2 shows the top 10 countries in terms of published articles in the considered
field. Among these countries, the first to third places belong to the United States (972 records),
China (612 records), and the United Kingdom (359 records), respectively. Figure 3 shows the
top 10 universities or scientific institutes in terms of published articles in this field. Among
these institutes, the first to third rank are held by Cranfield University (140 records), Nanjing
Aeronautics University (102 records), and NASA (89 records), respectively.

1200
1000
4 800
5
S 600
o/ 400
200 II
0 l B B B B u =
) 2 < QO A N 2 2 < >
& F S S
> N ¢ & ¢
«& oF © N
0(\\ .a\@/ ‘—)O
\)(\
Country

Figure 2. List of top 10 countries in terms of published articles.

Figure 4 shows the top 10 authors in terms of published articles in the studied field.
Among these authors, the first to third place are held by, respectively, Pinelli (34 records),
Tabakoff (33 records), and Pilidis (32 records). Figure 5 shows the type of published articles
in this field. As is visible in Figure 5, conference papers and original articles constitute 49%
and 47% of these articles, respectively. The remaining include reviews, book chapters, etc.
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Figure 3. List of top 10 scientific institutes in terms of published articles.
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2.2. Analysis and Evaluation

It should be noted that 18 records [18-35] that are directly related to the subject were
obtained from the Scopus database in this section, and the results are reviewed in what
follows. The most frequent words of this section are listed in Table 2, indicating that the
research on this subject has been conducted on aero-engines and, in particular, turbofan
engines. In addition to depicting the importance of certain items, this table demonstrates
the relationship between performance degradation and other subjects, such as controllers
and adaptive control systems.

Table 2. Active keywords in the identified records.

Keyword Occurrences
Engines 10
Aircraft Engines 8
Controllers 6
Deterioration 6
Turbofan
. 5
Engines
Control Systems 4
Performance 4
Degradation
Performance 4
Deterioration
Adaptive Control Systems 3

Aero-engine

Engine Performance 3

Figure 6 shows the co-occurrence network of words for the subject of the strategic
design of gas turbine control system while taking degradation into account. This network
was drawn using VOSviewer [36] based on the Scopus data (18 records) and for terms that
were repeated at least two times. A larger circle in the figure signifies a higher repetition of
that word. Further, the thematic relationship of different words in the considered field can
be seen in Figure 6. For example, Figure 7 displays the thematic relationship of a group of
interrelated words in bold in Figure 6.

Different colours in Figure 6 classify the literature into four clusters. For each cluster, a
descriptive phrase was selected to explain the research area: “direct thrust control” for the
blue cluster, “gain-scheduling” for the green cluster, “thrust estimation” for the red cluster,
and “life extension” for the yellow cluster. This can help researchers to better understand
the applicability of publicly available approaches in the degradation management of gas
turbine engines. For instance, Figure 7 shows that the gain scheduling method has been
proposed for dealing with turbofan engines performance degradation. In other words, the
networks presented in Figures 6 and 7 give practical clues to the researchers in the field for
future studies and applications.

Figure 8 shows the trends in the publication of articles from 2004 to 2020. The highest
number of published articles (four records) belongs to 2020. As illustrated in Figure 1,
little research has been conducted in recent years with the purpose of designing a gas
turbine control strategy in view of degradation. Figure 9 shows the top five countries in
the area of article publication in the considered field. Among these countries, China ranks
first (10 records), the United States ranks second (six records), and the United Kingdom,
Italy and Sweden rank third (one record each). Figure 10 shows the top 10 universities or
scientific institutes in terms of published articles in the studied field.
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Figure 9. List of the top five countries in terms of published articles.

Naval..

Perot Systems..
Northrop..
American Institute. .
Controls and..
Nanjing..

Vehicle..

U.S. Army..
Northwestern. . |
NASA Glenn..!

Institution

o
N

4 6
Records
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Among these institutes, the first to third places respectively belong to NASA (five records),
Northwestern polytechnical university (four records), and US Army research laboratory
(four records). Figure 11 shows the top 10 authors in terms of published articles in the con-
sidered field. Among them, the first to third ranks are assigned to Litt (five records), Turso
(three records), and Chen (two records), respectively. According to these scientometric
analyses, little research has been done on the subject of this article in recent years. Thus,
the proposal of this paper is timely and worth investigating.
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Figure 11. List of the top 10 authors in terms of published articles.
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3. Clean Engine Modelling and Control
3.1. Clean Engine Modelling

A turbojet engine with a 15-stage axial flow compressor, a cannular combustor, and a
two-stage axial flow turbine was selected as the case study in this paper. The characteristics
and component parameters that were chosen for modelling the engine are shown in Table 3.
More details about the selected engine can be found in [37].

Table 3. Parameters chosen for the modelling of the engine.

Parameters Values

Mass flow (kg/s) 77.1
Compressor pressure ratio 8.8
Compressor isentropic efficiency (%) 88

Combustor outlet temperature (K) 1141
Turbine isentropic efficiency (%) 90

Rotor speed (rpm) 7900
Moment of inertia for the rotor (Nm?) 20

In order to develop a fast and accurate engine model for control purposes, a com-
prehensive physics-based thermodynamic model was first built by the component-level
modelling approach. The simulation results of the component model were then used
for system identification to develop a block-structured model for controller design. The
transient process modelling for the component-level model includes the constant mass
flow (CMF) method and inter-component volume (ICV) method. Since the ICV method
includes air mass storage, this method is more realistic than the CMF method and is used by
Turbomatch, a validated in-house software developed in Cranfield University for transient
simulation [38].

3.2. Wiener Model

In [12], the Wiener model was used for aero-engine on-board modelling and was
proven to be more accurate than the piecewise linear (PWL) model and novel generalized
describing function (NGDF) model. The Wiener model has both a linear dynamic element
and a static nonlinear part. The nonlinearity is caused by variation of the input amplitude,
and it is in accord with the gas turbine model change with different fuel flow input.
Therefore, the Wiener model is more suitable for the nonlinear modelling of jet engines
and is used here for controller design.

The structure is as shown in Figure 12 [39]. The structure of the Wiener model consists
of a linear time-invariant block (L), which reflects the time constant of the engine, and a
nonlinearity block (NL), which reflects the gain of the engine. The Wiener model represents
the nonlinearities for different input amplitudes. These dynamics in the Wiener model
are consistent with the dynamic characteristics of gas turbine engines whose gains and
response time vary with the input magnitude and operating points.

—» L —» NL ——»

Figure 12. Block diagram of Wiener model.

The simulation results of Turbomatch were used for system identification to be trans-
formed to Wiener model for the controller design. Through the off-design simulation of
the engine model in Turbomatch, the gains of engine parameters to fuel flow in different
operating points can be obtained for the nonlinear part modelling of the Wiener model.
Through transient simulation of engine model in Turbomatch, time constants of engine
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parameters can be calculated for the linear part modelling of the Wiener model. The
architecture of the developed Wiener model for the engine is shown in Figure 13. In this
figure, Wy is the fuel flow as input to the engine and N, F, and T are the rotor speed, thrust,
and turbine entry temperature, respectively. These parameters will be required for the
control system design and development.

1] » N
1 N
1 5 5
1+05s
114 » F
1 F
S I
1+03s
W, »T
1 r

I >
1+0.0ls |/

Figure 13. Wiener model for an AVON engine.

3.3. Clean Engine Controller Design

In the transient process, there are different control modes that need to be satisfied to
guarantee the safe operation of the engine. Primary among these are the surge control
mode, which protects the engine from entering surge; the temperature limit control mode,
which avoids the over-temperature of turbine blades; the rotational speed control mode,
which protects the rotor from exceeding the mechanical maximum speed; and the flame-out
control mode, which avoids flame out of the combustor.

The fuel flow needs to be tuned to protect the all above-mentioned control modes
simultaneously. Min-Max control strategy is widely used to fulfil the set-point and limit
requirements practically. Rotor speed is normally chosen for the set-point control. The
transient control includes four limits: acceleration, deceleration, over-speed limit, and
turbine temperature limit. The PI control law is mainly used to eliminate the steady state
error. All the controllers can be expressed by the transfer function as in Equation (1):

KP(S + Ki/Kp)
S

@

with different coefficients of gains of Kp and Ki/Kp, which are tuned using the Root Locus
method. The Min-Max architecture is utilized to realize the switch of different loops to
fulfil the set-point and transient limit control as shown in Figure 14. In this controller,
there are four loops. The setting points are Ny, N — dotsee, T5 pmax, and N — dotg,; the
feedbacks are the actual rotor speed, acceleration speed or deceleration speed, and turbine
outlet temperature. Using the Max and Min logic part protects the engine to work below
the upper boundaries and above the lower boundaries.
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Set-point loop
Pl controller

Acceleration

Pl controller
oo [ e |
Pl controller mode

Deceleration
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Figure 14. Architecture of a Min-Max controller.

3.3.1. N-Dot Control Strategy

There are two main types of control strategies for acceleration and deceleration control.
The first one refers to the fuel flow versus rotor speed. Since the relationship between
the performance parameters of the degraded engine changes when the engine that uses
a referred fuel flow strategy degrades, the acceleration and deceleration time will also
change [40]. Another control strategy for the transient process uses the rate of rotor speed
acceleration and deceleration, which is also called the N-dot control strategy. Since it has a
fixed acceleration and deceleration rate, this control strategy can maintain a tight response
time even in the presence of degradation.

For aero-engines, there are strict requirements for acceleration time in the safety
and certification regulations. Consequently, N-dot control is a better choice from the
degradation management point of view. Therefore, the N-dot control strategy is used here
to maintain the response time. N-dot loops at different operating points are modelled to
tune the acceleration N-dot controller. A low pass filter is also added to derivatives to
avoid the high-frequency noises from the sensors in actual implementation. The block
diagram for the N-dot loop is shown in Figure 15.

N- ""’"@ Kp(s+K,/Kp) 1 K, N
= 5 0.025+1 1+7,5
Controller EMU Engine
s
P

0.002s +1

Derivative

Figure 15. Block diagram for N-Dot loop.
3.3.2. Gain Scheduling of the Controller

Since aero-engines operate in a wide range of conditions, their performance differs
significantly at different operating points and flight conditions due to the nonlinearity
of the aero-engine behaviour. Thus, the classical linear controller will not satisfy the
performance requirements of the system, and gain scheduling should be proposed to
resolve this problem.

Gain scheduling to tailor the controller gains in different operating conditions is used
in aero-engine adaptive control [41]. The gains of the controller are tuned at different
operating points. Through gain scheduling, different controllers are combined, and the
controller adjusts its gains to the conditions according to scheduling variables. As a result,
the controller parameters change at different operating points to achieve the desired
performance characteristics.

Gains scheduling is adopted for set-point loop and N-dot loop, since there is a large
change of the gains of the engine model at different operating points and flight conditions.



Energies 2021, 14, 5711 12 of 20

For the in-hand engine model, different gains for the controller at different operating points
and flight conditions are tuned, and the root locus method is used to tune the controller.
In the gain scheduling of the set-point and N-dot loop, rotor speed is used as one of the
scheduling variables.

Mach number and altitude influence are transferred to correction factors as another
scheduling variable. A typical flight mission shown in Figure 16 [42] is used as the flight
condition input. The typical thrust requirement for different flight conditions shown in
Figure 17 is used for demand. The simulation results of the relative performance parameters
of flight mission are shown in Figure 18.

0.9 12,000
0.8 ! !
10,000
0.7
0.6 8,000
S 05 S
é 0-4 6,000 =
B
: <
0.3 4,000
0.2 Mach 2,000
0.1 —— Altitude
0+ 0
oF & 20 40 cruise 60 80 & 100
§ 2o Eu ; i ) §’ ;S':'
g F9E58 Time (min) &g c.?
&

Figure 16. Flight conditions in a typical flight mission.
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0.5
0.4
0.3

0.2
Flight conditions o

Figure 17. Thrust requirement for different flight conditions. BOC: beginning of climb; TOC: top of
climb; and BOD: beginning of descent.
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Figure 18. Simulation results of a flight mission.
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4. Degradation Modelling
4.1. Modelling of the Degraded Engine

The degradation level of the engines can be reflected by the health condition of the
components in the gas path [43]. The health condition is represented by health parameters,
such as efficiency index and flow capacity index [44]. By using these indices, the degraded
engine can be modelled by the component level model in the Turbomatch as follows:

NDegraded = (1 + AU) X Nominal (2)

After degradation, the nonlinear part of the Wiener model will be changed because
the relationship between the performance parameters has been changed, while the linear
part of the Wiener model remains unchanged as it is related to the inertia of the rotor. As a
result, through off-design simulation of the degraded engine model in Turbomatch, gains
of the engine parameters to the fuel flow in different operating points can be obtained for
the nonlinear part of the Wiener model.

4.2. Performance Change of the Degraded Engine

A 5% compressor efficiency degradation was used for the case study. Through com-
paring of the simulation results of the clean engine and the degraded engine, the thrust
for a given rotor speed of the degraded engine was nearly 3000 N higher (6.6%) than that
of the clean engine (see Figure 19). Moreover, the rotor speed for a given fuel flow of the
degraded engine was nearly 250 rpm lower than that of the clean engine (see Figure 20).

Thrust[N)

Figure 19. Comparison of the rotor speed to thrust relationship between a clean engine and de-
graded engine.

Rotor speed{rpm)

04 05 06 07 08 05 1 11 11 13 ——Degraded
Fuel flow(kg/s)

Figure 20. Comparison of the fuel flow to rotor speed relationship between a clean engine and
degraded engine.
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The turbine temperature for a given fuel flow of the degraded engine was nearly 40 K
higher than that of the clean engine, which could be a warning sign of over-temperature
and violation of physical limitations (Figure 21). In addition, the turbine temperature for a
given thrust of the degraded engine was nearly 55 K higher than that of the clean engine
(Figure 22).

1000
950
200
850
800 \\\‘~5§
750 930
S 910 ,.—f“'"_"—"‘
a0 890
870 —___ﬂ_...—....ﬂ.
600
850
550 1.05 1.1 115

500
0.4 0.6 0.8 1 1.2

Fuel flow (kg/s)

Turbine outlet temperature (K}

Clean

Degraded

Figure 21. Comparison of the fuel flow to turbine temperature relationship between a clean engine
and degraded engine.
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550
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10,000 20,000 30,000 40,000 50,000 60,000
Thrust (N)

Figure 22. Comparison of the thrust to turbine temperature relationship between a clean engine and
degraded engine.

The effects of degradation on relationships of performance parameters are summa-
rized in Table 4. The degradation affects all engine control modes, including steady-state,
transient, and physical limitations. Thus, these effects should be managed to compensate
for the capability of the engine in providing the required thrust (steady-state mode) in an
acceptable response time (transient mode) without violating the physical limitations. This
management strategy will be developed in the next section.

Table 4. The effects of degradation on the performance parameters.

Change (Degraded

Performance Parameters Engine to Clean Engine)

Influence on the Engine

- Relationship between rotor speed and thrust (steady-state
Thrust for a given rotor speed 3000 N higher control mode)
- Maximum rotor speed (physical limitations control mode)

Rotor speed for a given fuel flow 250 rpm lower - Engine model of fuel flow to rotor speed (transient control mode)
Turbine outlet temperature for a . - Engine model of fuel flow to turbine temperature (physical
. 40 K higher .o
given fuel flow limitation control mode)
Turbine outlet temperature for a 55 K higher - Maximum turbine temperature (physical limitation

given thrust control mode)
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5. Degradation Management Strategies
5.1. Strategies of Adjustment for the Controller of the Degraded Engine

As shown, degradation changes the relationship between rotor speed and thrust. Since
PLA is related to thrust and transformed to rotor speed as the demand of the controller,
the change will influence the relationship between the PLA and rotor speed demand. As a
result, the relationship between PLA and rotor speed requires adjustment. The controller
adjustment of the PLA to rotor speed on the controller architecture is illustrated in block A
in Figure 14.

Since the engine model is changed for the degraded engine, the transfer functions for
the degraded engine should also be changed. The gains of the controller for the clean engine
may not satisfy the performance requirements of the degraded engine loops. Therefore,
checking and adjustment of gains for the degraded engines is another strategy. At the
design stage, choice of controller gains should have some margins to cope with the model
changes. The model changes mainly influence the transient controller characteristics such
as the overshoot percentage and settling time. Controller checking and adjustment of the
gains on the controller architecture is illustrated in block B in Figure 14.

For the degraded engine, the turbine temperature and rotor speed at a given thrust
will be changed. These two parameters are also the limitation demands for the turbine tem-
perature limit loop and the over-speed loop. However, the increase of turbine temperature
and rotor speed is related to the failure and life of engine. In [8], the correlation between
increase of rotor speed and turbine temperature and chance of a failure was analysed.

The analysis is for the overthrust scenario with 120 percent of power, and, since the
impacts are based on the increase of turbine temperature and rotor speed, the results can
be referred to for the degraded engine operation with a higher turbine temperature and
rotor speed. The operation time after the change of the limitation has a large impact on
the chance of a failure. The change of the limitation demand is only recommended in
an emergency situation, and a trade-off should be considered for the adjustment of the
limitation demand. Normally, when the degradation reaches the degree that the engine
needs to work beyond the limitation to satisfy the specification, maintenance should be
carried out.

5.2. Adjustment for the Controller

For a degraded engine with 5% compressor efficiency degradation, the following
strategies should be taken to adjust the controller: the PLA to rotor speed relationship
should be adjusted according to the new relationship between thrust and rotor speed of
the degraded engine as in Figure 23.

120

100

0
o

Degraded engine

PLA/Thrust(%)
3

Clean engine

N
o

N
o

0
5000 6000 7000 8000 9000

Rotor speed (rpm)

Figure 23. Adjustment of the PLA to rotor speed relationship of the degraded engine.
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The degradation effects on performance influence the transfer functions of engine
models. The transfer function of performance parameters for the degraded engine in
different operating points can be obtained from the Wiener model of the degraded engine.
The clean controller gains are checked with the transfer function of degraded engine to
check whether they can satisfy the control performance requirements. At the design stage,
the design of the gains have enough margin; therefore, the gains do not need to be adjusted
to fulfil the control characteristics of the system.

6. Results Analysis

The simulation results of the clean engine with the clean controller and the degraded
engine with the adjusted controller with thrust demand from idle to take-off are compared
in Figures 24 and 25. Since the PLA to rotor speed relationship has changed, there is an
offset between the rotor speed of the clean engine and the degraded engine as in Figure 24.
Thanks to the effectiveness of the proposed adjustment approach, the thrust changes of the
clean engine and the degraded engine are almost the same as in Figure 25.

11
1
T 09
ke
o 0.8 Clean_PLA
&
L 0.7 | Degraded_PLA
£
= 06 Clean_rotor speed
0.5 Degraded_rotor speed
0.4
0 2 4 6 8 10

Time (S)

Figure 24. Comparison of the rotor speed of the clean engine with the clean controller and the
degraded engine with the adjusted controller.
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Figure 25. Comparison of the thrust of the clean engine with the clean controller and the degraded
engine with the adjusted controller.

The thrust of the clean engine is 52,628 N, and the thrust of the degraded engine with
adjusted controller is 52,605 N. Thus, the adjusted controller restores thrust of the engine to
the level of the clean engine perfectly (steady-state control mode satisfaction is confirmed
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as the relative error is less than 0.05%). Moreover, the response time of the engine from
idle to 95% take-off thrust for the clean engine and degraded engine are almost the same,
at 4.55 s and 4.64 s, respectively, due to the effectiveness of the N-dot control strategy
(transient control mode satisfaction).

The degraded engine has a higher turbine outlet temperature compared with the
clean engine. However, this value is still below the max turbine outlet temperature as
shown in Figure 26, and it will not restrict the engine to achieve the required thrust
(physical limitation control mode satisfaction). Figures 24-26 confirm the effectiveness of
the proposed approach in dealing with degradation effects in aero-engines in all aspects
of control requirements including satisfaction of the required thrust, response time, and
protecting the engine from malfunctions and physical limitations.

1000

V=]

(=]

(=]
\

200

Clean

Turbine outlet temperature (K)

700
== Degraded
600
Max Temperature Limit
500
] 2 4 6 8 10

Time (s)

Figure 26. Comparison of the turbine outlet temperature of the clean engine with the clean controller
and the degraded engine with the adjusted controller.

Apart from the restoration of engine performance, the fuel flow for the degraded
engine controlled by the adjusted controller is less than the value tuned by the controller
before adjustment as in Figure 27. This results in decreasing the fuel consumption as well
as the aircraft carbon footprint.

1.4
1.2 e e——
— 1
B
]
208
z
= .
= 06 Before adjustment
T
e - After adjustment
0.4
0.2

(=]

Time (s)

Figure 27. Comparison of the fuel flow to the degraded engine before and after adjustment of
the controller.

Finally, in this paper, one type of engine and one type of degradation were investigated
as the case study. Thus, future work can focus on other types of degradation and their
effects on the engine performance. However, their effects will still fall into the categories
classified and discussed in this paper, and the adjustment strategies could also be applied to
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them. The effects of different forms of degradation can also be considered simultaneously
with other targets, such as different emissions and life cycle indices, to shape an engineering
optimisation problem [45]. Real time adaption of the controller to the objective can also be
realized by intelligent control using on-board modelling approaches [43].

7. Conclusions

In this paper, the aero-engine control system adjustment and management strategies
are investigated at the design and operation stages to cope with the degradation effects.
At the design stage, N-dot limitation control loop should be tuned to satisfy all engine
physical limitations (including over temperature and surge margin) simultaneously. At
operation stage, as the degradation affects the engine performance, an adjustment on the
control strategy is required to restore the performance. It is confirmed that an adjustment
of PLA to rotor speed demand is necessary to restore the performance.

Since the gains of the clean controller have sufficient margin, the gains do not need
to be adjusted to fulfil the control characteristics of the system. The results show that
the adjusted controller restored the thrust of the degraded engine (52,628 N for clean
engine and 52,605 after adjustment) and maintained the acceleration time (4.55 s for
the clean engine and 4.64 s after adjustment) while protecting the engine from over-
temperature and other physical limitations. The proposed approach could be practically
used to reduce the implications of aero-engine degradations particularly for increased
fuel consumption and emission levels. Thus, this is a small but high-impact step toward
low-carbon technology development.

Author Contributions: Conceptualization, S.J.; methodology, X.S. and S.J.; software, X.S.; validation,
X.S.,S.J. and T.N.; formal analysis, X.S. and 5S.A.M.E; investigation, X.S.; resources, S.J.; data curation,
X.S. and S.A ML.E,; writing—original draft preparation, X.S. and S.A. M.F,; writing—review and editing,
S.J.; visualization, X.S.; supervision, S.J. and T.N.; project administration, X.S.; funding acquisition,
S.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The first author thanks the China Scholarship Council (CSC) and AECC com-
pany for funding her study at Cranfield University.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

F Thrust

FMU Fuel metering unit

N (rpm) Physical rotor speed
N Corrected rotor speed

N — dotgec Acceleration N-dot demand
N — dot g, Deceleration N-dot demand
Nmax (rpm)  Max rotor speed limit

PI Proportional Integral

PLA Power lever angle

T5 (K) Turbine outlet temperature

Tsmax (K) Max turbine temperature limit

NClean Component efficiency of the clean engine
NDegraded Component efficiency of the degraded engine

Ay Percent of degradation of component efficiency
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