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Synopsis

Control augmentation systems based on Incremental Nonlinear Dynamic Inversion (INDI) are able
to provide high-performance nonlinear control without the need for a model of the complete sys-
tem. Considering a pitch rate control law for a fixed-wing high-performance aircraft, only a model
for the elevator control effectiveness (CE) and sensor feedback of the pitch acceleration are required
to close the inversion loop. Despite the increased robustness against model error compared to con-
trol laws based on Nonlinear dynamic inversion (NDI), INDI-based control laws could still suffer
from performance variation when the on-board CE model deviates from the actual CE.

In this thesis it is demonstrated by simulations that CE model mismatches will induce variations
in the control performance of an INDI-based pitch rate control law for a high-performance aircraft.
The causes for CE model mismatches considered in this research are centre of gravity (CG) shifts,
inertia changes and aerodynamic model error. The main goal of this thesis it to evaluate the most
suitable method which could make the INDI-based pitch rate control law more robust against the
aforementioned causes of model mismatch. Before the evaluation of the most suitable method,
this thesis will study and analyse several methods from the adaptive control domain. Following
from this analysis one adaptive INDI-based control law is selected and further investigated using
handling quality and stability (HQ&S) guidelines.

In the initial verification study, four adaptive forms of the INDI-based pitch rate control law
are analysed and compared. The considered adaptive applications are based on Recursive-Least-
Squares (RLS) online system identification estimation, Least-Mean-Squares (LMS) online system
identification estimation, Model Reference Adaptive Control (MRAC) and Immersion & Invariance
(I&I) adaptive control.

The performance study on these adaptive INDI-based pitch rate control laws reveals that the
MRAC and I&I adaptive designs considered in this thesis are unable to converge to a solution and
cause an unstable closed-loop response. On the other hand, both the RLS and LMS adaptive con-
trol laws are able to obtain a better estimate of the CE model. A more elaborate verification and
comparison study on the latter adaptive control laws established that the LMS approach has a more
consistent performance for prolonged steady-state flight, noise and input time-delay compared to
the RLS approach.

Consequently, the LMS adaptive INDI-based pitch rate control law has been selected for further
investigation of the handling quality and stability (HQ&S) of a high-performance aircraft. In this
part of the thesis, the non-adaptive and LMS adaptive control laws are designed using handling
quality and stability guidelines. Then, for both control laws, the HQ&S variation is analysed for
different combinations of forward and backward CG shifts, inertia changes and aerodynamic model
mismatches. The results of this study revealed that the LMS adaptive INDI-based pitch rate control
law was able to decrease the HQ&S variation. However, is was observed that large CG shifts impair
the time-scale separation assumption which is used to derive the INDI-based pitch rate control
law and the adaptive prediction model. Consequently, for these cases it was not possible to obtain
a correct estimation of the CE model and a residual HQ&S estimation remained. Moreover, it is
presumed that having a correct CE model estimate will not solve this HS&S variation.
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Introduction

In the past decades one of the notions on high-performance military aircraft has been to improve
their capabilities with respect to control characteristics Snell et al. (1992); Gal-Or (1990); Gallaway
and Osborn (1985). This means higher manoeuvrability, more precise tracking, and possibility of
flight at high angle-of-attack and angle-of-side-slip. Until today, most flight control system designs
are based on gain scheduling control. The most used principle behind this control strategy is the
divide and conquer approach, which assumes that the nonlinearity of the system could be grasped
by a set of linear systems Leith and Leithead (2000a). To design the gain scheduling controller, linear
controllers are designed for design points within the full operating envelope of the system. Each set
of control gains is selected such that the control stability and performance complies with a set of
design requirements. The obtained set of control gains of all controllers are then scheduled using
scheduling variables to obtain a global controller (Enns et al., 1994).

The benefit of using linear descriptions of the system is the possibility of applying powerful
linear methods, such as pole-placement and frequency analysis, for controller design and perfor-
mance analysis (Rugh, 1991). Therefore, this design approach was regarded well suited for certifica-
tion at the introduction of automatic flight control. Consequently, this design strategy became very
popular since and currently still is.

However, gain-scheduling controllers have a few drawbacks. First of all, the task of determining
the control gains and how to schedule them is time consuming and therefore costly (Enns et al.,
1994). Furthermore, one of the fundamental assumptions is that the gain scheduling variables
change slowly. As the states are often used as scheduling variable, this means that state transi-
tions should not occur too fast (Shamma and Athans, 1992). However, high-performance military
aircraft operate in a large flight envelope. Consequently, it is possible to achieve high acceleration
and Mach numbers, high rotational rates, and large aerodynamic angles. These high acceleration
and rotational rates result in fast changes of the scheduling variables which decreases the validity
of the gain scheduling control design. Furthermore, the increased rotational rates amplify nonlin-
ear inertial coupling effects and the behaviour of the aerodynamic forces and moments become
significantly more nonlinear at high aerodynamic angles and Mach numbers. Therefore, the valid-
ity region of the linear approximation of the dynamics decreases (Snell et al., 1992; Albostan and
Gokasan, 2017). When these limitations are not considered appropriately in the control law design,
it could result in increased pilot workload or an even an abort of the mission (Slotine and Li, 1991).

To relax the assumption on fast changing scheduling variables in classical gain-scheduling, ap-
proaches such as the velocity-based approach (Leith and Leithead, 2000b), a switch polytopic sys-
tem approach (Hou et al., 2011), or a reformulation of the linear parameter varying (LPV) approach
(Shamma and Athans, 1992) have been suggested. However, despite the ability to cope with faster
changes in the scheduling variables and stronger nonlinearities, the approaches do not alleviate the
design effort of the gain-scheduling controller.
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To bypass the costly gain-scheduling procedure, alternative nonlinear control architectures have
been investigated during the past decades. These architectures use nonlinear equations which al-
low them to be valid in a larger region of the flight domain. Examples of these control approaches
are Nonlinear Dynamics Inversion (NDI), Lyapunov redesign, Sliding Mode Control (SMC), Backstep-
ping, Neural Networks (NNs) and fuzzy logic (FL) control (Slotine and Li, 1991; Stengel, 1993).

Until today the NDI is probably the most used alternative approach. Due to the fact that the
nonlinear properties of the system are taken into account in the control design it avoids the need
for gain-scheduling. The nonlinear properties are incorporated in the controller by using the in-
verse nonlinear model in the feedback path of the most inner (inversion) control loop. This results
in a Linear Time Invariant (LTT) linearization of the controlled system with respect to the outer loop
which makes it possible to use a single linear controller to control the inversion loop (Khalil, 2002).
The benefit of this structure becomes apparent when handling quality and stability (HQ&S) require-
ments need to be incorporated in the control design. The inversion loop accounts for the nonlinear
system and therefore the outer loop can be designed with the focus on complying to the HQ&S
requirements. Consequently, control design based on NDI could take less time for development,
which means more time for prototyping or lower design cost. Moreover, due to the use of the dy-
namic model in this control law a NDI-based control law can be easily reconfigured for the control
law of other aircraft. These aspects have led to many research projects investigating this technique
including flight test in the Vectored-thrust Aircraft Advanced-flight Control (VAAC) Harrier (Smith
and Berry, 2000) and the Cessna Citation II of NLR and the Delft University of Technology (Grond-
man et al., 2018). On top of that, the NDI approach has been applied in the flight control of the F-35
(Harris, 2018). However, The NDI design approach has a drawback. Due to the use of the complete
system model in the controller, the NDI approach is sensitive to model mismatches (Sieberling et al.,
2010). To make control laws based on this approach more robust for this issue, techniques based
on, for example, Hy, loop shaping, p-synthesis and adaptive methods have been investigated (Smit
and Craig, 1998; Reiner et al., 1995; Lombaerts et al., 2009). These techniques have shown to be
effective, however at the expense of increased mathematical complexity of the control design. This
could again lead to increased design effort and consequently less time for testing prototypes, or
higher development cost.

At the end of the 1990’s an inherently more robust form of feedback linearization has been intro-
duced, called simplified or modified NDI (Smith, 1998). Today this method is known as incremental
nonlinear dynamic inversion, or INDI (Sieberling et al., 2010). This theory has written the feedback
linearization controller such that an increment of the control input is determined instead of the full
control input. Furthermore, due to using a Taylor expansion for the definition the nonlinear system,
the control approach is more general and therefore also valid for systems which are not input affine.
Using the time-scale separation principle in the derivation of the method, the control law could be
designed such that the complete system model is not required, but only the control effectiveness
of the actuators. However, this reduction of model dependency comes at the drawback of requiring
feedback of the p’" order time derivative of the control variables. Where p is the relative degree
of the dynamic system equations. The concept of relative degree will be treated in section 2.1. The
feedback of the p’" order time derivative of the control variables can either be obtained by using the
so-called model-based approach or the sensor-based approach, see Figure 2.2. The model-based
approach uses a model of the system again to determine the p’" order derivative feedback of the
control variables from the state measurement while the sensor-based approach uses only sensors
to obtain this feedback. In case the sensor-based approach is used and the p*”* order time derivative
cannot be measured directly, it is possible to use a derivative filter (Smeur et al., 2016). Furthermore,
the calculation of the control increment and the lower model dependency make INDI control laws
more robust against model uncertainty and has improved disturbance rejection performance com-
pared to NDI (Wang et al., 2019b). These properties are realized without changing the controller



design complexity. Lastly, to complete the controller, the inverse of the control effectiveness model,
G*, is required. For over-actuated systems this matrix could not be inverted via the normal inverse,
therefore a pseudo inverse or other control allocation approach could be applied (Smeur et al., 2016;
Matamoros and de Visser, 2018).
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Figure 1.1: General block diagrams of INDI controller.

However, as INDI-based control laws are dependent on the control effectiveness, their perfor-
mance could still be affected by model mismatches. A possible result of using an incorrect control
effectiveness model has been shown in Smeur et al. (2016). Here, it is demonstrated that an un-
derestimated control effectiveness model leads to sustained oscillations in the system response and
overestimating model results in less damping and more overshoot of the system response. As this
is a problem related to INDI, it can be postulated that the same effects could be found for INDI-
based control laws of other aircraft. Therefore, it is likely that the control performance of high-
performance aircraft will degrade under these conditions. This means that the pilot workload will
change and probably increase. In addition, it might not be possible to perform the mission success-
fully. Consequently, there is a need for an accurate control effectiveness model.

Possible causes for deviations of aircraft models are aerodynamic model mismatches, changes
in inertia (due to fuel consumption, payload release or airframe failure), centre of gravity (CG) shifts
and actuator failure (Lombaerts, 2010). From these causes a discrimination can be made between
failure and non-failure related causes. For example, aerodynamic model errors could result from
limitations of the aerodynamic model identification techniques or from a damaged aircraft. Con-
trol systems which account for changes in the dynamic model due to failure are part of the Fault
Tolerant (FT) control systems (Lombaerts, 2010). As a possible method to increase safety, this as-
pect of control research has gained significant attention during the past decades. Also for military
aircraft this aspect is valuable as these aircraft have a much higher possibility to enter hazardous
situations than civil aircraft. However, due to time constraints of this thesis it is impossible to ade-
quately analyse and design a controller which could cope with system changes due to both failure
and non-failure related changes in system dynamics. As adequate control of non-failure flight is
regarded more important than fault tolerant control at this stage, this research project will therefore
focus on non-failed flight.

Aerodynamic model mismatches, and changes in the aircraft inertia and CG location for non-
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failure flight can be reduced by gathering more aerodynamic model data and developing a detailed
mass model. A drawback of these solutions is that they require considerable effort and multiple
resources to collect all the necessary data. Improving the aerodynamic model requires additional
computational fluid dynamics (CFD) simulations, wind-tunnel tests or flight tests. Furthermore,
high-performance military aircraft could have several store configurations, which should all be
taken into account for the mass model. In addition, the amount of configurations could expand
over time due to the development of new stores. Research has been conducted on inertia and CG
location estimation methods which are more flexible and attempt to perform the estimations on-
line. These methods are based on kinematic and kinetic approaches (Manshadi and Saghafi, 2018;
Stanley, 2011; Wiiest et al., 2019). Kinetic approaches for fixed-wing aircraft require an accurate
aerodynamic model and either a good estimation of the CG location or inertia to function. Kine-
matic methods estimate the CG location and inertia based on sensor measurements (Manshadi
and Saghafi, 2018). Although, the kinematic approaches allow for an estimation method that is in-
dependent of the aircraft dynamic model, the drawback is that only the CG location is determined
and not the inertia. Consequently, additional methods will be required to estimate the inertia.

Next to the offline and online approaches discussed above to improve the accuracy of the dy-
namic model, there are also potential solutions in the control domain which allow for more robust-
ness against model uncertainties. Methods to maintain constant control performance can be found
in both the active and passive control domains (Lombaerts, 2010). Each domain adheres to a dif-
ferent philosophy in the handling of mismatches of the control law. Passive control architectures
have fixed parameters which are selected such that the controller performance becomes insensitive
to every mismatch within the bounds of the known causes. Active control methods have the ability
to accommodate for the mismatches by actively monitoring the control performance and adjusting
the controller if necessary. Both control augmentation strategies are viable approaches to handle
model mismatches. Within these branches there are two approaches which handle on-board model
mismatches of non-linear model-based control and do not consider a control horizon. These active
and passive approaches are called adaptive and robust control, respectively (Lombaerts, 2010).

The fixed structure of robust control laws make them more predictable and therefore possibly
easier to certify. On the other hand, systems with large uncertainty bounds could impose strin-
gent requirements on the robustness of the control law. In the trade-off between control robustness
and performance this could necessitate a reduction in control performance to achieve the desired
amount of robustness (Hodel et al., 2008). For high-performance military aircraft, with large un-
certainty bounds, this compromise might result into a conflict with the performance demands. On
the other hand, using adaptive control laws this compromise in performance could potentially be
circumvented. However, methods to evaluate the dynamic behaviour and stability of these con-
trol laws are not yet fully developed, which makes these control laws difficult to certify (Jacklin,
2008). On the other hand, regarding the novelty of robust and adaptive INDI-based control laws
both these approaches are still in a proof-of-concept phase. Therefore, the aspect of certification
will not be taken into account for the decision of which approach will be further investigated in this
study. What is important in this decision is the potential control performance improvement which
can be achieved with the robust or adaptive control law. As mentioned above, robust control laws
could have reduced performance in case the known model uncertainty is large. Furthermore, it
was mentioned that adaptive control laws have the ability to accommodate for these uncertainties
while maintaining high control performance. From the perspective of achieving as high as possi-
ble control performance, this is a desirable characteristic. Moreover, due to the on-line adaption of
the control parameters adaptive control has the potential to incorporate FT control as well. Conse-
quently, given the high control performance demands and the characteristics of adaptive control,
this research will further investigate the application of adaptive INDI-based control laws for the
handling of model mismatches for high-performance military aircraft.
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In this section it is established that INDI could be a suitable design strategy for the control laws
of high-performance military aircraft. Furthermore, it has been substantiated that aerodynamic
model mismatches, CG shifts and inertia changes negatively affect the control performance of INDI-
based control laws and that adaptive forms have the potential to preserve the desired control perfor-
mance. To the best knowledge of the author of this thesis, there is still a knowledge gap with respect
to application of adaptive INDI in uncertain high-performance military aircraft flight control sys-
tems, especially for the accommodation of system changes due to CG and inertia changes. This is
because INDI is still a relatively novel control law design methodology. Therefore, this thesis will
contribute to this knowledge gap by investigating the performance of adaptive INDI-based control
in handling the previously mentioned causes for changes in the system dynamics.

1.1. Research objective

This section will focus on the objective of the research performed in this Master’s thesis. There is a
wide range of subjects which could be of interest within the field on adaptive INDI-based control.
However, due to a limited amount of time it is important to find a focus point. Therefore, only the
subjects which are deemed to contribute most to the solution of the knowledge gap stated in the
previous section are considered.

To evaluate whether the performance of the adaptive INDI-based control law meets the require-
ments for high-performance aircraft, the dynamic response will be compared to HQ&S require-
ments for this aircraft type. Furthermore, the HQ&S sensitivity for uncertainties related to CG shifts,
inertia changes and aerodynamic model error will be analysed. However, a literature study on adap-
tive control will be performed first. This study will result in the selection of a compact set of adaptive
INDI control architectures which will be further investigated. Furthermore, methods to evaluate the
control and adaption performance of adaptive control laws will be investigated as well. Successive
to the literature study, preliminary experiments will be performed in which the adaptive INDI con-
trol laws are compared. Finally, one adaptive approach is selected for further investigation of the
handling qualities.

Furthermore, in van 't Veld (2016) it has been established that real-world phenomena, such as
actuator dynamics, sensor/filter dynamics and signal synchronization, are important factors for
the stability of INDI-based control laws. Furthermore, in Smeur et al. (2016) it has been shown that
relative delay between the angular acceleration and actuator feedback significantly decreases the
control performance. Consequently, to increase the fidelity of the analysis of the adaptive INDI-
based control law, these real-world phenomena will be included in the simulations.

There are different layers and types of control. For example, the high level control layers are
more concerned with position or altitude control and low level layers are dedicated to translation
or rotation control. With respect to the model deviations considered in this study it was shown in
Lombaerts (2010) that the rotational dynamics are most dominantly affected. Consequently, this
research will only consider rotational control. Furthermore, this thesis is mainly concerned with
the adaptive part of the INDI control law. To facilitate this, the design complexity of the INDI-based
control law will be kept as low as possible. Therefore, the control objective will be to track a rate
command as this requires only the design of the INDI inversion loop and a single outer loop. More-
over, to be able to perform the analysis steps for the adaptive INDI-based control laws mentioned
above, the focus of the control law will be further demarcated to only controlling the pitch rate.

Lastly, a flight mission consists of multiple phases such as take-off, cruise and landing. These
phases all have different requirements and characteristics which should be tested to know whether
the control law performs adequate in that phase. As adaptive INDI-based control laws are still novel,
the knowledge regarding the control performance in these different mission phases is not yet devel-
oped. However, due to the novelty of the INDI-based control laws there are still quite some ques-
tions to be answered before the full flight mission should be analysed. Moreover, as the time in this
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research is limited, it has therefore been decided to perform all the simulations in cruise phase flight
conditions. It is however recommended that the performance in the other mission phases will be
analysed when the knowledge on this control law is more mature.

Considering the aforementioned knowledge gap, the methods to evaluate the adaptive INDI-
based flight control law and the demarcation of the research project, the following research objec-
tive can be formulated:

The objective of this Master’s thesis is to evaluate the handling qualities and sta-
bility of the most suitable adaptive INDI-based pitch rate control law for a high-
performance aircraft, which could cope with control effectiveness model uncertain-
ties due to longitudinal centre of gravity shifts, inertia changes and aerodynamic
model mismatches. This will be achieved by first selecting the most suitable adaptive
INDI-based control law from a literature study and preliminary experiments. Suit-
ability will be evaluated by appropriate metrics, also obtained from literature. Fi-
nally, the performance of the selected adaptive control law will be evaluated accord-
ing to handling quality and stability guidelines and compared to the non-adaptive
control law.

The high-performance aircraft model used for the analysis in this study is the F-16 model de-
scribed in Nguyen et al. (1979). This model is selected as it is the best publicly available model of
a high-performance military aircraft. The model contains aerodynamic tables with measurements
made between Mach 0.1 and 0.2. Though, from the analysis performed in Nguyen et al. (1979), this
model is considered valid for an airspeed up to Mach 0.6. Furthermore, the aerodynamic model has
an angle-of-attack range between -10° and +45° and sideslip angle range between -30° and +30°.
The University of Minnesota (UoM) has implemented this model in the Matlab/Simulink environ-
ment which is readily available (Russel, 2003). A limitation of this model is that the CG location can
only be changed in the longitudinal direction. Furthermore, structural vibrations are not included
in the model either. Consequently, the control performance including structural vibrations cannot
be evaluated and will be recommended for future research.

1.2. Research questions
Following from the research objective formulated in the previous section, six research questions
could be defined to support this objective. These questions are stated as follows:

1. Which adaptive methods are suited for the integration in INDI-based pitch rate control of
high-performance aircraft?
(a) What are the adaptive control approaches?
(b) What is the state-of-the-art research in the field of adaptive INDI?
(c) Which methods are suited for INDI-based control?

2. How do longitudinal centre of gravity shifts, changes in inertia and aerodynamic model mis-
matches affect the INDI-based pitch rate control law?

3. Which evaluation metrics are suited for the assessment of adaptive INDI-based control?

(a) Which metrics quantify control performance in adaptive control?
(b) Which metrics quantify parameter estimation performance in adaptive control?

(c) What is the appropriate metric for assessing computational complexity of adaptive con-
trol methods?
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(d) What are the appropriate handling quality and controller stability guidelines for the eval-
uation of the non-adaptive and adaptive INDI-based pitch rate control law?

4. How is the non-adaptive INDI-based pitch rate control performance affected when actuator
dynamics, sensor dynamics, filters and computational delay are added to the system model?

5. Which adaptive INDI-based pitch rate control law is most suited for coping with aerody-
namic model mismatches and system model changes due to centre of gravity shifts and in-
ertia changes?

6. What are the differences in handling qualities and stability sensitivity between the non-adaptive
and adaptive INDI-based pitch rate control law, considering aerodynamic model mismatches
and system variation due to longitudinal centre of gravity shifts?

1.3. Research approach
To ultimately reach the research objective defined in the previous section and the to answer the
research questions formulated above, the following research approach was followed:

1. Construct theoretical framework on Incremental Nonlinear Dynamic Inversion and adap-
tive control
As this research will combine adaptive control with the INDI control design framework to
find a solution which could cope with the aforementioned causes for model error, a litera-
ture study will be performed on the field of INDI and adaptive control. From this research a
concise set of adaptive INDI-based pitch rate control laws will follow, which will be further
investigated.

2. Develop rotational equations of motion which incorporates aerodynamic model errors,
longitudinal CG shifts and inertia changes
To obtain a better understanding about the effect of aerodynamic model mismatches and sys-
tem changes related to CG shifts and inertia changes, a system model will be developed which
includes these aspects. This knowledge could be used to gain understanding about how these
causes for model mismatch affect the control performance of an INDI-based pitch rate con-
trol law.

3. Develop performance analysis framework for the assessment of adaptive INDI-based con-
trol laws.
To be able to evaluate and compare the adaptive control laws it is required to have an ap-
propriate set of metrics. As adaptive INDI control is a nonlinear controller it is not possible
to use performance metrics based on linear control theory. Consequently, a literature review
will be conducted to adaptive control performance metrics which are suited for nonlinear
control evaluation. Furthermore, a literature review will be conducted on the evaluation of
longitudinal control laws against handling quality guidelines.

4. Non-adaptive and adaptive INDI-based pitch rate control law design
Here, the non-adaptive and adaptive INDI-based pitch rate control law designs are derived.

5. Analysis of non-adaptive INDI-based pitch rate control law
To understand how the non-adaptive control law is affected by model mismatches related to
system changes or aerodynamic model deviations, the non-adaptive INDI law performance
will be analysed as well. Furthermore, actuator dynamics, sensor dynamics, filters and com-
putational delay effects will be added to the system model to aid the realism of the simulation.
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6. Analysis of the adaptive INDI-based pitch rate control laws and selection of the most suit-
able version.
For the selection of the most suited adaptive INDI-based longitudinal rotational law, the per-
formance of all adaptive control laws are tested and compared to each other. Furthermore,
the sensitivity to noise and an increase in time-delay of the actuator command will be anal-
ysed.

7. Redesign of non-adaptive and selected adaptive pitch rate control laws for handling quality
and stability requirement compliance.
After selection of the most suited adaptive INDI-based pitch rate control law, the thesis will fo-
cus on compliance to HQ&S requirements and its sensitivity. To achieve possible compliance
to these requirements, both the non-adaptive and adaptive control laws will be redesigned.
This redesign phase will make sure that the control law will comply to the requirements for a
nominal condition case. Compliance to the HQ&S requirements is verified at the same time
to be sure that the final design meets the requirements.

8. Handling quality and stability sensitivity analysis of the non-adaptive and selected adap-
tive INDI-based pitch rate control laws
Here, the non-adaptive and selected adaptive INDI-based control law are evaluated for its
ability to maintain consistent handling qualities. Both control laws will be subjected to differ-
ent cases of CG shifts, inertia changes and aerodynamic model error.

1.4. Thesis outline

The outline of the thesis is as follows. It is divided into five parts. The first part contains the sci-
entific paper. This paper summarizes the results obtained during the process to answer the sixth
research question. Furthermore, the second part focuses on the literature reviews. This part con-
tains four chapters and treats the first three research questions of this thesis. The first chapter of
the literature review, Chapter 2, considers the theory on feedback linearization, which is the foun-
dation of the INDI control law design framework. Chapter 3 continues with the investigation into
the adaptive control domain. Here, the information required to answer the first research question
will be covered. Then, Chapter 4 will focus on the problem at hand. In this chapter, literature on
modelling the aircraft dynamics while taking into account the influence of a centre of gravity and
inertia changes on the motion will be studied. Furthermore, the obtained knowledge will be used
to answer the second research question. Lastly, Chapter 5 will discuss the methods to evaluate the
tracking and parameter estimation performance of nonlinear adaptive control laws. Furthermore,
this chapter will treat the use of HQ&S guidelines for control performance evaluation. The analysis
and synthesis of this information in this chapter will be used to answer the third research question.

The preliminary experiments part consists of three chapters. First of all, Chapter 6 will elaborate
on the design of the non-adaptive INDI control law, and the theory and designs of the adaptive INDI
control laws. Furthermore, Chapter 7 will focus on the change in performance of the non-adaptive
INDI control performance for ideal and realistic control system models. Consequently, this chapter
focuses on gathering the information to answer the fourth research question. Then, in Chapter 8,
the tracking performance of the adaptive control laws will be analysed and compared to the non-
adaptive INDI control law. Furthermore, the most suited adaptive INDI control law will be selected.
Therefore, this chapter will cover the information required for the fifth research question.

The fourth part discusses the additional derivations and results. This part consists of chapter 9
which treats optional additional guidelines usable for a satisfactory optimization of the control law
design parameters. Lastly, the fifth part wraps up this thesis with the conclusion and recommenda-
tions in Chapter 10. The conclusion treats the answers to the research questions considered in this
thesis and puts the impact of the findings in this thesis in a broader perspective.
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Adaptive Incremental Nonlinear Dynamic Inversion
Flight Control for Consistent Handling Qualities

B. Smit *

Control augmentation systems based on Incremental Nonlinear Dynamic Inversion (INDI)
are able to provide high-performance nonlinear control without the need for a model of the
complete system. Considering a pitch rate control law for a fixed-wing aircraft, only a model for
the elevator control effectiveness (CE) and sensor feedback of the pitch acceleration are required
for the model inversion. Despite the increased robustness against model error due to the
decreased model dependency, control laws based on INDI could still suffer from performance
variation when the on-board CE model deviates from the actual CE. This paper shows that
longitudinal centre of gravity (CG) shifts and pitching effectiveness uncertainty could result in
variation in the handling qualities and stability (HQ&S) for longitudinal flight. Furthermore,
this paper investigates an adaptive solution based on online correction of the CE model using
Least-Mean-Square (LMS) based parameter estimation. The results of this paper demonstrate
that online parameter estimation and model correction could result in less HQ&S variation.
However, it was found that higher dynamic pressure conditions together with forward and
backward CG shifts could lead to violation of the time-scale separation assumption. As this
assumption is used in both the INDI control law and the parameter estimation this leads to
simultaneous degradation of the parameter estimation and control performance. Itis presumed
that omitting the time-scale separation assumption in the online parameter estimation could
restore the estimation performance. However, as the INDI control law is designed using this
assumption, the HQ&S variation due to large CG shifts might not be mitigated despite having
a correct CE model.

Nomenclature
kg Fuel tank capacity.
- Correction factor.
m Mean Aerodynamic Chord.
- Elevator dependency of aerodynamic pitching moment coefficient.
deg/s Pitch rate tracking error.
572 Control effectiveness estimation error.
572 Control effectiveness.

- Transfer function.

kg - m? Mass moment of inertia.

- Control law design parameter.
kg Mass.

Nm Pitching moment.

- Number of observation window samples.
- Size of data vector.

deg - s~'  Roll rate.

deg - s~'  Pitch rate.

Pa Dynamic pressure.

deg - s7'  Yaw rate.

- Laplace operator.

s Cumulative Moving Standard Deviation Window variance.
m? Reference surface area.

*M.Sc student, Faculty of Aerospace Engineering, Control and Simulation Division, 2626 HS Delft, The Netherlands



t S Time.

T S Sampling time.

u deg Control input vector.

X - State vector.

a deg Angle-of-attack

Oe deg Elevator deflection.

A - Incremental notation.

Vg deg - s7>  Virtual pitch control input.
u - LMS adaption gain.

[ deg - s7> Regression basis function.
14 - Damping coefficient.

w rad/s Natural frequency.

1 — Infinity norm.

I. Introduction

The ongoing pursuit of increasing the flight capabilities of high-performance aircraft is driving the systems based

on classical control theory to its boundaries. Higher angle-of-attack flight, velocities and agility are highly wanted
improvements to enlarge the operational limits and therefore increase the platform capability.[1-3] At such flight
conditions, aircraft behave significantly more nonlinear due to inertial coupling and increased nonlinearity of the
aerodynamics. The consequence of this might be that the segmented linear model assumption used for classical control
law design could become violated.[1, 4, 5] This problem causes degraded tracking performance which can lead to
increased pilot workload or even an abort of the mission.

This limitation of classical control, together with need for more safety and less development cost of flight control
systems, sparked interest in research on modern control theories which could cope with the nonlinear behaviour of the
aircraft motion.[4, 6, 7] Some examples of nonlinear theories, which are thoroughly investigated during the past few
decades, are Nonlinear Dynamic Inversion (NDI) and Backstepping.[4, 8] Flight control laws developed according to
these theories require the complete aircraft model. The accompanying benefit of this is that the nonlinear character of
the aircraft behaviour could easily be incorporated in the control law. Consequently, adequate control of the aircraft in
highly nonlinear domains of the flight envelope should become possible. Another advantage of NDI and Backstepping
control is that the need for complicated gain-scheduling can be avoided. Only some scheduling is still necessary to
comply to the desired handling qualities and stability (HQ&S) at different flight conditions.[9]

Due to these aspects, NDI and Backstepping control are currently popular in flight control research and flight control
designers, especially NDI control for high-performance aircraft.[1, 10] In the past decades several research projects
have been conducted involving NDI and backstepping control which have demonstrated their high performance.[11-14]
However, despite the high performance, it has been found that mismatches in the aircraft model and measurement error
led to performance degradation.[15, 16] This problem stimulated research on control laws which are less dependent on
the aircraft model. One of the proposed solutions is Incremental Nonlinear Dynamic Inversion (INDI).[17]

INDI is similar to NDI. It differs from NDI in the sense that the model equations are transformed into linear
incremental equations before performing the inversion. Furthermore, assuming that the sampling frequency of the
control system is high enough, it is possible to neglect the incremental state dependency of the linearized model. This
significantly reduces the model dependency of INDI control laws. However, this comes at the expense of requiring
feedback of the time derivative of the control variable, which could be difficult to obtain accurately.[16, 17] Moreover, as
a consequence of the incremental model equations, this control law determines the desired incremental control effector
change. Therefore, feedback of this system output should be available as well.

In some of these projects the performance of the INDI control law is shown by performing flight tests using the
VAAC Harrier [18], a micro aerial vehicle (MAV) [19] and the PH-LAB Cessna Citation II of the Delft University of
Technology and the Royal Netherlands Aerospace Centre (NLR) [20]. Furthermore, a recent study has theoretically
proven that INDI control laws could be more robust and have better disturbance rejection than their NDI equivalents if
the sampling frequency is high enough.[21] Despite this proof, flight tests with a micro aerial vehicle (MAV) in 2016
have demonstrated that an INDI flight control law, sampling at a rate of 512 Hz, could still suffer from significant
performance degradation due to model mismatches.[19]

This paper will investigate the possible performance change, due to system uncertainties, of a pitch rate control law
based on INDI. The performance change will be put in the context of handling qualities and stability (HQ&S) guidelines



for a high-performance (type IV) aircraft. HQ&S guidelines are developed to predict whether the workload of a pilot
will be acceptable during a mission.[22] Next to compliance to these guidelines, it is preferred that the variation of the
HQ&S remains small despite possible system uncertainties to retain a constant pilot workload.

Results presented in this paper will show that HQ&S variation, due to system uncertainties, can occur for an
INDI-based pitch rate control law operating at a limited sampling rate (100 Hz). The system uncertainties considered in
this paper originate from unanticipated longitudinal centre of gravity (CG) shifts and elevator effectiveness uncertainty.
Finally, to cope with these uncertainties, this paper will investigate a possible indirect adaptive control solution based on
online system identification and correction of the control effectiveness (CE) model. The premise is that an accurate CE
model at all times could improve performance robustness against aforementioned issues. The online system identification
algorithm used in this study is based on Least-Mean-Square (LMS) parameter estimation.[23, 24]

The outline of the paper is as follows. First, the INDI pitch rate control law and the additional online system
identification algorithm derivation will be treated in Section II. This will be followed by Section III, which will elaborate
on the employed design strategy to select the appropriate values for the design parameters of the INDI control law and
LMS estimation algorithm. Furthermore, this section will discuss the approach to assess the HQ sensitivity of both the
non-adaptive and adaptive pitch rate control law. Section IV will clarify the details of the simulation model used to
perform the analysis. Then, the results and presented and discussed in Section V. Finally, this paper is concluded in
Section VI

I1. Adaptive Incremental Nonlinear Dynamic Inversion pitch rate control
The control objective considered in this study is to track the pitch rate command given by the pilot. This section will
elaborate on the derivation of the control law architecture using the INDI design framework. Furthermore, the online
parameter estimation algorithm based on LMS is treated as well.

A. Inversion loop
To start the derivation of a pitch rate controller based on INDI consider the following model for the longitudinal
rotational motion:
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q:upr+£(r2—p2)+—/\/( (1
lyy Iyy lyy
Linearizing this equation with respect to the current time step, ’0’, and assuming that the control sampling rate is
high enough such that time-scale separation between the control input and incremental state dependent parts is justified

[17], the following result can be found:
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Setting ¢ as the virtual control input, v,, and solving for the incremental elevator deflection, Ad,, Equation (3) is
obtained.
Abe, = Gy' (vq = 4o) &)

Calculating the virtual control input, v, is performed by the outer loop and will be discussed in the next section.
Lastly, to complete the inversion loop the incremental elevator deflection should be added to the feedback of the elevator
deflection to obtain the new commanded elevator deflection:

B¢, =60+ Sy, C)

B. Outer loop

The architecture of the outer loop consists of a command filter and a closed loop Proportional-Integrator (PI)
compensator as shown in Figure 2. A command filter is applied to directly incorporate the desired aircraft response in a
transparent manner and the PI compensator is used to construct a closed loop controller which accurately follows the
command filter output while being robust to system uncertainties. The command filter has the following structure:
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This second order command filter architecture has been selected as it has the same structure as the aircraft short
period lower order equivalent system (LOES) model without the time delay factor.[25] If the closed loop part of the
control law could accurately follow the command filter output, this control law architecture allows for convenient
incorporation of desired second order short term behaviour. Together with the PI compensator, this architecture will
result in sufficient design flexibility as will be seen later on. To calculate the virtual control input, a feed-forward term
containing the time derivative of the command filter output is added as well. This term is added to assure that the closed
loop control tracks the command filter with zero error (in absence of external disturbances) and results in the following
control law:

K
vq =Kp (qcr = qo) + TI (ger = q0) +59cr .

The aircraft tracking response, assuming negligible actuator and feedback path dynamics and perfect inversion, will
be as follows:
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Furthermore, using the same assumptions, the response of the closed loop control law for a constant command to an
error in the pitch rate, e = g — gz, is as follows:

é(t)+er(t)+K1/le(t)dt=0 (10)
0

C. Least-Mean-Square online parameter estimation

The goal of the online parameter estimation is to correct for the uncertainty in the on-board model used in the
inversion loop. Considering Equation (3), the model uncertainty can be found in the term Gal. This term is dependent
on the uncertain nonlinear aerodynamic model, C,, o0 and the mass moment of inertia around the body reference frame
Y-axis, Iy, as shown in Equation (2). Both the aerodynamic model and inertia are affected by CG shifts. Furthermore,
as the CE is dependent on the aerodynamic model divided by the inertia, the influence of CG shifts on the CE is likely to
be nonlinear. To estimate the changes of the inertia and aerodynamic model separately, nonlinear parameter estimation
algorithms are required. As these algorithms are rarely suitable for real-time applications, this study will apply another
strategy.

The approach applied in this study is to model the uncertainty as lumped together in one uncertain term,
g ()_co, ﬂo) = Iy‘)] Cins, (50, go), and estimate a correction factor, C, online to scale the deviating model until it closely
approximates the actual CE of the aircraft. Using this strategy allows for the application of linear parameter estimation
methods which have the potential of real-time operation.

The estimation algorithm applied in this study is based on LMS parameter estimation.[23, 24] Algorithms based
on this theory have been applied in many adaptive filter applications and recently it has been used for the control of a
UAV.[19] The attractiveness of this approach lies in the straightforward design and the low computational complexity
while still being able to obtain accurate estimations.[23]

To apply the LMS parameter estimation algorithm for estimating the correction factor, the regression model for the
uncertain pitching motion will be written as shown in Equation (11) and the regression basis function is defined as
Equation (12).

G = do =g = CGoScgnom (xg tty) Abe = Cb (xy. 1) (1)
¢ ()_CO’Z()) = GoSC8nom ()_C()’ZO) Abe = Guom ()_C()’Zo) Ad, (12)



Here, ¢ (x,,u,) is the regression model basis function and contains the nominal CE model, G om (x,, ), that
predicts the nominal increment of ¢ from an increment in d,. The LMS parameter estimation algorithm is shown in
Equation (13).

C = o+ 16 (xg- 1) (84 = Coo (1) (13)

The estimated value of the required correction factor, ¢ , will be used to improve the model inversion in the inversion
loop of the INDI control law. Consequently, the inversion loop of the LMS adaptive INDI pitch rate control law will
have the following structure:

85 = (CGonom) (v~ do) (14)

I11. Control law design and evaluation strategy
This section elaborates on the approach for finding an appropriate set of control law design parameters and the
strategy to evaluate the HQ&S sensitivity of the non-adaptive and adaptive control laws. As the adaptive control law
can be considered as a non-adaptive control law with a modular adaptive element, the design phase will consist of two
parts. Section IIL.A focuses on the selection of the parameters for the non-adaptive control, K,, K;, K. 4, Kc 5, K 5,
and Section III.B treats the selection of the appropriate LMS adaption gain, u. Lastly, Section III.C treats the HQ&S
evaluation approach adopted in this study.

A. Non-adaptive control law design

The goal of this study is to analyse whether online correction of the on-board CE model could decrease the sensitivity
of the HQs and control performance. To achieve this objective, the non-adaptive control law will be designed taking
into account relevant HQ guidelines during the development process. This approach allows for improved realism of the
design and therefore the final sensitivity results are easier to put into a practical perspective.

To be able to perform this design approach, the student version (6.0) of the software package CONDUIT® is
utilized.[26] This software package allows for optimization of the control law design parameters while immediately
reflecting the intermediate design iterations on the considered HQ&S specifications. However, the student version itself
contains a restricted amount of specifications. Therefore, to be able to perform the optimization and analysis, several are
custom made using Specmaker version 1.5.[26] These specifications are indicated with a >*’ in Table 1 and 2.

Resources for relevant HQ guidelines are the military standards MIL-STD-1797A [25] and several other handling
quality technical reports and best practices [26-31]. From these sources a set of handling quality guidelines as listed in
Table 1 is selected. These guidelines are considered important for design and verification of longitudinal control laws of
high-performance military aircraft. Although this set of guidelines is likely to be incomplete, this study only considers
sources from the public domain. Nevertheless, the goal of the design phase is to find a set of parameters for which all
considered handling qualities and stability characteristics are inside their specified level 1 region.

Furthermore, to guide the optimization a few extra design objectives are added to the optimization. These additional
objectives are summarized in Table 2. The goals of these objectives are to monitor the design process and ensure that
the control law remains stable and the broken-loop response remains robust for shifts in gain/phase margins, see the
first three rows of Table 2. Furthermore, additional objectives for the LOES guidelines and command model following
performance are applied to improve the second order behaviour of the closed-loop controlled aircraft (row 4 and 5 of
Table 2). Lastly, the actuator activity is monitored for the pilot and disturbance input and the broken-loop cross-over
frequency is evaluated.

Recommendations from Tischler [26] state that the actuator activity could be minimized to find a design that satisfies
all objectives while using the least amount of control power possible. This approach could reduce actuator wear and
the chance of Pilot Induced Oscillations (PIO). However, a different approach will be followed in this study and the
control law will be optimized for maximal performance robustness. This robustness will be induced by maximizing the
broken-loop cross-over frequency at the broken-loop location, which is at the input of the actuators as shown in Figure 1,
while keeping the other requirements in their level 1 region. Approaching the control problem in this manner allows
for as much control power as possible to overcome uncertainties. It should be noted that increasing the performance
robustness does come at the cost of decreasing the stability robustness just as increasing the cross-over frequency (high
gain control) decreases the stability margins [33]. Consequently, there is an upper limit for the performance robustness.



Table 1 Handling quality criteria for optimization.

Criterion Name

Description

Source

Comment

Short Period damping
(¢sp) vs. Control Antic-
ipation Parameter (CAP)*

Equivalent Time Delay*

Pitch attitude Dropback*

Neal-Smith*

Pitch attitude bandwidth
vs. Phase delay*

Gibson Phase Rate*

Flight Path Bandwidth vs.
Pitch Attitude Bandwidth*

Restrains CAP and LOES
{sp-

Evaluates the LOES fit
equivalent time delay.

PIO guideline. Restrains
the pitch rate overshoot
and pitch attitude drop-
back.

Evaluates pilot effort for
pilot-in-the-loop closed-
loop pitch attitude control.
PIO guideline. Limits the
pitch attitude bandwidth
and phase delay.

PIO guideline. Limits the
phase rate at w g=1g00 and
limits W p=1800 -

Ensures appropriate ratio
of flight-path and pitch at-
titude bandwidth.

MIL-HDBK-1797A
[25]

MIL-HDBK-1797A
[25]

WL-TR-94-3162 [28]

MIL-HDBK-1797A
[25] AFFDL-TR-70-74
[32]

WL-TR-94-3162 [28]

AGARD-CP-508 [29]

WL-TR-94-3162 [28]

Simultaneous short term
pitch rate and load factor re-
sponse fit. 0.1-10 rad/s.

Simultaneous short term
pitch rate and load factor re-
sponse fit. 0.1-10 rad/s.

Pitch rate unit step input held
for 8 seconds.

Pilot model settings: wpw =
3.5rad/s, Tjqq = 0.25 s, Max.
droop = -3 dB. 0.1-10 rad/s.

0.1 - 50 rad/s.

0.1 - 50 rad/s.

0.1 - 50 rad/s.

* Indicates a custom criterion developed in CONDUIT Specmaker 1.5.

However, from experience gathered during this study, this approach does not lead to unstable control systems when the
uncertainties are added to the nominal model. Therefore, this design strategy is regarded appropriate.

Although the INDI control design framework allows for nonlinear control law design due to the inclusion of the
nonlinear CE model of the aircraft, the HQ guidelines used for the control law design here are developed for linear
control systems. Consequently, the control law design and evaluation could only be performed for linear systems, which
means that this process should be performed separately for a trimmed and linearized control system at each considered
flight condition.

B. LMS parameter estimation algorithm design

The design phase of the LMS estimation algorithm consists of selecting an appropriate value for the adaption gain,
u. This objective will be reached by evaluating the estimation performance during time-domain simulations for different
adaption gain values. The metrics used for the performance characterization are the Root-mean-square (RMS) [16, 34]
and L,-norm [35-37] of the temporal error between the actual CE and the corrected CE model, and the cumulative
moving standard deviation (CMSD) of the estimated correction factor, C [38]. The mathematical descriptions of these
metrics are defined as described in Equation (15) until (17).

1. 2
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Table 2 Additional criteria for optimization.

Criterion Name

Description

Source

Comment

Eigenvalues

Nichols Margins (Broken-
Loop)

Gain/Phase
(Broken-Loop)

Margins

Max. Allowable LOES
Cost
Model Following Cost*

Actuator RMS (pilot in-
put)

Actuator RMS (distur-
bance input)

Cross-over
(Broken-Loop)

frequency

Ensures stable eigenvalues
of control system.

Ensures robustness for
simultaneous shifts in
broken-loop gain/phase
margins

Ensures robustness in
broken-loop gain and
phase margin

Limits the LOES fitting
cost.

Ensures closed-loop con-
trol law accurately follows
the command filter output.

Evaluates RMS actuator
position. Measure for ac-
tuator activity.

Evaluates RMS actuator
position. Measure for ac-
tuator activity.

Evaluates the broken-loop
cross-over frequency

Practical Methods for
Aircraft and Rotorcraft
Flight Control Design
[26]

FM(AGO08)-TP-088-4
[39]

MIL-DTL-9490E [40]

MIL-HDBK-1797A
[25]

Practical Methods for
Aircraft and Rotorcraft
Flight Control Design
[26]

Practical Methods for
Aircraft and Rotorcraft
Flight Control Design
[26]

Practical Methods for
Aircraft and Rotorcraft
Flight Control Design
[26]

Practical Methods for
Aircraft and Rotorcraft
Flight Control Design
[26]

Max. real value: 1073.

0.01 - 100 rad/s. Loop bro-
ken before actuator input

0.01 - 100 rad/s. Loop bro-
ken before actuator input.

Limit set at 20. MUAD
bounds are driving limits.

Uses LOES equi. time de-
lay. Simultaneous short term
pitch rate and load factor re-
sponse fit. 0.1 - 10 rad/s.

0.1 - 1000 rad/s. Max. pilot
input: 20 deg/s. Max. actua-
tor deflection 25 deg.

0.1-1000rad/s. Max. distur-
bance input 10 deg/s. Max.
actuator deflection 25 deg.

0.1 - 40 rad/s. Loop broken
before actuator input.

* Indicates a custom criterion developed in CONDUIT Specmaker 1.5.

Here, G 0 is the nominal on-board model used by the INDI-based pitch control law. Furthermore, s; and C; are
the local variance and average estimated correction factor of the data window, respectively. The RMS of the estimation
history is used as metric for the spread in the error or constant bias during the simulation. Besides, as the amount of
simulation time is limited, a smaller RMS value also could indicate that the parameter estimation converges close to the
desired value faster. Furthermore, the £.,-norm of the estimation error gives the maximum observed error value during
the simulation. This metric shows whether the parameter estimation remains bounded during the simulation and could
be used to analyse how this bound changes for different values of the adaption gain. Lastly, the CMSD of the estimated
parameter gives an indication of the estimation activity during the simulation. A high value means that the estimated
parameter still experiences significant variation despite being converged around a mean value. Too much variation is
unwanted as this could affect the control performance of the complete adaptive control law again. Consequently, the
value of the adaption gain will be selected such that the CMSD will be as low as possible.

The variation of these performance metrics will be analyzed for different values of the adaption gain for all deviation
cases described in Section III.C. Considering the variation, an adaption gain will be selected for which the LMS
parameter estimation achieves adequate performance according to the three metrics described above.



C. Handling quality sensitivity evaluation

This section will discuss process of the HQ&S sensitivity analysis. A practical approach is adopted in which
different CG locations together with CE uncertainty will be considered. The CG cases will be simulated depending
on the fuel distribution in the aircraft. As will be shown in Section IV.B, a fuel tank configuration consisting of one
front and one rear tank will be assumed. Furthermore, using this configuration the handling qualities and stability
for the nominal, most forward, most backward and a low fuel CG locations will be analysed. In addition, an elevator
effectiveness deviation of -15%), 0% and +15% will be applied at each CG location. This means that a total of twelve
cases will be evaluated. From these cases the one with a nominal CG position and 0% CE deviation will be used for the
nominal control law design. Moreover, these cases will be analysed for different flight conditions to be able to evaluate
the efficacy of the online parameter estimation at different points in the flight envelope. The considered flight conditions
in this study are described in Table 3.

To analyse the handling qualities and stability for each case, the CONDUIT® software package will be used as well.
This means that again only a linearized version of the control law and aircraft model can be used. For the analysis of the
non-adaptive control law, only the aircraft model will change according to the considered deviations. Therefore, the
change in HQs will be determined using the nominal control law design.

Determining the HQs sensitivity of the adaptive control law will require a combination of time-domain simulations
and HQ&S determination using CONDUIT. The time-domain simulations will be performed with the non-linear aircraft
model to verify that the parameter estimation would still function with the complete system dynamics. During the
simulations, the adaptive control law will execute a pitch rate tracking task and the parameter estimator will attempt
to find the desired correction factor. The tracking task will be repeated several times, each time starting with the last
estimated value of the correction factor from the previous simulation. Each repetition of the tracking task is called an
episode. The tracking task will be repeated until the estimation response does not show significant differences between
simulations anymore. At this point convergence is achieved and the average value of the correction factor estimation
response will be used for the HQs evaluation. The CE model used in the non-adaptive control law will be multiplied by
this average value and the HQ&S are re-evaluated.

Table 3 Flight condition information.

FC-1 FC-2 FC-3 FC+4

Altitude [m] 12000 3000 7000 5000
Mach number [-] 0.6 0.6 0.4 0.5
Velocity [m/s] 177 197 125 160

Dynamic pressure  [Pa] 4871 17667 4599 9453

IV. F-16 aircraft model

The high-performance aircraft model which will be applied in this study is the F-16 model developed by the
University of Minnesota and NASA [41]. The aerodynamic model used in this aircraft model is obtained from
wind-tunnel test performed as M = 0.2. Though, from simulator studies performed in [42], it is observed that the model
could be used for controller design until a Mach number of 0.6. Furthermore, the low-fidelity model is applied in
this study. This means that the effect of the leading edge flap is not taken into account and the coupling between the
symmetric and asymmetric motion is reduced. Besides, the low-fidelity non-linear aerodynamic model contains data for
-10 < @ < 45 degree. To be able to carry out the analysis steps which are described in the preceding sections, some
alterations have been made to the F-16 model and additions have been applied to the complete simulation model. This
section will elaborate on these modifications. Figure 1 and 2 respectively present the block schemes of the inversion
loop and outer loop containing all components described in this section.
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Fig. 2 Adaptive INDI control system outer loop block scheme including pitch rate disturbance input location.

A. Control System Properties

Real-world control systems are far from ideal due to the additional dynamics of sensors, filters and actuators. The
derivation of an INDI-based control law assumes instantaneous deflections of the elevator and no loss of information
of the feedback signals. As these characteristics cannot be achieved in real-world systems, the control performance
and stability will be decreased with respect to an ideal system. Furthermore, as noise is always present filters are
implemented as well which could significantly affect the feedback signals. Consequently, to improve the realism of the
analysis, these aspects are also taken into account. Unfortunately, the control system of the F-16 is quite ad-hoc, which
complicates the assessment of the function of each element. Therefore, the models used here are taken from Muir [39].
This research project focuses on flight control design of a high-performance aircraft as well and uses a clear description
of the system elements. The sensor dynamics are specified for air data, and rate and linear accelerations:

e Air data:

1
Hair (5) = ———— 1
air () = 503571 (18)

e Rate and linear acceleration (with notch filter):

0.00019035% — 0.005346s + 1
0.000494252 + 0.03082s + 1

Furthermore, for this control system it is assumed that the pitch acceleration can be measured directly using an
angular accelerometer (AA).[43] The dynamics of this feedback signal is presumed to be mostly dominated by the filter
dynamics. The filter structure used for the angular acceleration measurements is the same as used in [43]:

Hgn (s) = (19)
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The filter parameters are set to wy,, = 30 rad/s and {,, = 1. Furthermore, for incremental control laws it has
been observed that synchronization of the angular acceleration and control surface deflection is necessary. For this
analyses, the same approach as used in Smeur et al. [19] will be adopted. Consequently. the synchronization of these
signals is achieved by delaying the elevator deflection measurement using an equivalent filter which approximates the
angular acceleration feedback dynamics. A more advanced approach is estimating the relative delay in real-time, as is
investigated in van ’t Veld et al. [44]. In addition to these models, Muir [39] specifies that the rate and linear acceleration
feedback paths also contain averaging dynamics and that these can be modelled as zero-order-hold (ZOH), see Equation
(21). Next to these channels it will be assumed that averaging will also be required for the angular acceleration feedback
signal.

Next to the feedback dynamics described by [39], the complete control system model will also account for a
limited sampling frequency of the system. This is added to the model as Fly-by-wire control systems are digital. It is
assumed that the system in this study operates at 100 Hz. To incorporate the limitations of the restricted sampling rate,
continuous-time models of anti-aliasing, H ;.5 (s), a digital-to-analogue (DA) converter, Hp 4(s), and computational
delay, Hcp (s), are added to the simulation model. [45] The delay, assumed to be one sampling period, is implemented
just before the actuator input and is modelled using a second order Padé approximant. Furthermore, the anti-aliasing
filters are placed just after the sensor models. The DA converter will be modelled as a continuous-time ZOH transfer
function and the anti-aliasing as a first order lag with the cut-off frequency less than half the sampling frequency, here
selected at 45 Hz.[45]:

T2 2 T
o L s +1 )1
pa (s) = TZZT (21)
Is s
55°+ S s+ 1
Walias
Halias (8) = ———— (22)
S+ Walias

The block diagrams describing the complete control system are shown is Figure 1 and 2.

B. Mass model

As mentioned before, the handling qualities will be analyzed for different CG locations. These CG locations will
be obtained by changing the fuel distribution over the tanks. To be able to do this a geometric configuration of one
front and one rear fuel tank will be assumed. According to the US Air Force official website*, the total fuel capacity of
the F-16C/D, without external tanks, is approximately 3.175 kg and the airframe mass is approximately 8936 kg. The
parameters used for the mass model are shown in Table 4 and the equations used to determine the CG shifts are given in
Equation (23) and (24). In this model it is assumed that the mass moment of inertia of the fuel in the tank itself can be
neglected and therefore only the parallel axis term is applied.

Table 4 Mass model parameters.

Front tank (ft) Rear tank (rt) Airframe (af)

Longitudinal CG position (x.g) [c] -0.3 0.9 0.35
Capacity (C) / Mass (M) [kg] 1587.5 1587.5 8936
Inertia (1) [kg-m?] - - 74121

xcg,anaf + xcgﬁcft + xcg,rtcrt
Mt()t

(23)

Xcg,tot =

) 2 =) 2 ) 2
Iyy,tot = Iyy,uf + Mafc (xcg,af - -xcg,tot) + CftC (-xcgﬁ - xcg,tut) + Crtc (xcg,rt - xcg,lat) (24)

*USAF, "F-16 Fighting Falcon’, US Air Force, Hampton, USAF, 2015, https://www.af.mil/About-Us/Fact-Sheets/Display/Article/
104505/f-16-fighting-falcon/, (accessed December 10 2020)
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To be able to use the values for the different CG location, inertia and total mass, the University of Minnesota F-16
Simulink model inputs have been adjusted such that these quantities could serve as model input as well. The mass and
inertia properties of the aircraft at the nominal, forward, backward and low-fuel CG locations are summarized in Table 5.

Table 5 Mass and inertia properties per CG location.

Nominal Front Rear  Low fuel

Longitudinal CG position (x¢g or) [c] 0.338 0.254 0.435 0.350
Total mass (M,,;) [ke] 12111 10523 10523 9253
Inertia (Iyy, 1or) [kg-m?] 87804 80944 78941 75492

V. Results and discussion

The obtained results will be shown and discussed here. First, the control law designs for each flight condition will
be treated in Section V.A. During the analysis it was found that the results of FC-1 were quite similar to those of FC-3
and the results of FC-4 showed significant resemblance to FC-2. To focus on the most relevant results, Section V.B will
only display the HQ&S results of FC-2 and FC-3. Lastly, the presented results will be discussed more elaborately is
Section V.C.

The analysis of the parameter estimation is performed in the time domain. Consequently, it was required to define a
standard pitch rate tracking signal. The signal is shown in Figure 3. This signal was carefully constructed to keep the
aircraft motion inside the linear region of the flight condition.

q (deg/s)

I I I I I
0 10 20 30 40 50 60

time (s)

Fig.3 Pitch rate tracking signal

A. Control law design results

After linearizing the nonlinear F-16 model at the nominal CG location and trim conditions described in Table 5 and
3, respectively, the next step is to optimize the control law design parameters. The initial parameter values and their
final optimized results are shown in Table 6. Shaping the initial parameter values of the command filter is based on
placing the desired short period dynamics such that the CAP and {sp would be in the centre of the level 1 region of the
CAP vs. {sp requirement. This design point corresponds to a CAP of 1 and a {sp of 0.7. To achieve this, the zero of
the aircraft short period transfer function is used. Furthermore, the initial PI compensator gains are manually selected
such that the closed loop control law followed the command model with reasonable accuracy. For all flight conditions
this seemed to hold for a initial P and I gains of 4.00 and 1.00, respectively. Lastly, all final designs shown in Table 6
achieved the level 1 regions of the requirements. However, it was found that the CAP vs. short period damping, the
attitude dropback and the Neal-Smith were often competing requirements and therefore ended on the boundary of the
level 1 region. To comply with these requirements, it was necessary to increase the value of the zero in the command
model and often decrease the natural frequency. Depending in the flight condition this leads to an increase in the short
period damping or a decrease of the CAP as can be seen in Figure 13 and 15.

To select the appropriate value for the LMS adaption gain, u, the sensitivity of the parameter estimation performance
metrics described in Section III with respect to u is analyzed for all uncertainty cases. Considering these results, the
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RMS CE model error and the CMSD of the correction factor estimation were most critical for selecting an appropriate

Table 6 Control law design optimization results.

FC-1 FC-2 FC-3 FC-4
DP Initial Final | Initial Final | Initial Final | Initial Final
Kp 400 422 | 400 7.07 | 400 393 | 400 545
K 1.00 0091 1.00  0.00 1.00 1.04 1.00 0.28
K.; | 1805 829 | 2010 6.15 | 12.74 831 | 1634 8.02
Kep | 299 352 | 543 297 | 286 329 | 396 294
Kep | 457 464 | 1506 655 | 418 536 | 798 521

value of u. Consequently, these are presented in Figure Figure 4 till 7 and will be briefly discussed.
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Fig.7 CMSD of the correction factor estimation
as a function of y for all uncertainty cases at FC-3.

The RMS CE model error shows to have a flattening trend for increasing values of y for the nominal, forward and
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low-fuel CG locations. However, for a backward CG location, it is clear that the RMS value starts to rise after a certain
value of u. Considering FC-2, the RMS value even increases for all values of y. Furthermore, from Figure 6 and 7 it can
be seen that the estimation CMSD has a near linear growth with respect to the adaption gain. As explained in Section
II1.B this value should be as low as possible. Taking into account the increasing RMS value for a backward CG location
and the always increasing CMSD, a value of 150 was deemed an appropriate choice for u for all flight conditions.

B. Handling quality sensitivity results

The estimation of the correction factor for FC-2 and FC-3, and y = 150, are shown in Figure 8 until 11. These time
responses are obtained for the scenario that the CE model has not been corrected before the start of the first episode.
Furthermore, the response is resulting from following the pitch rate tracking signal displayed in Figure 3. Applying this
worst case scenario, u = 150 and the tracking signal of Figure 3, it was found that approximately 20 seconds is required
to reach convergence for all uncertainty cases.
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As was already predicted by the sensitivity of the RMS CE model error and the CMSD of the correction factor
estimation, the backward CG location parameter estimation shows significantly more activity than the estimation of the
other CG locations. Furthermore, taking the average values of the responses of Figure 9 and 11, it can be seen that
the parameter estimation for some cases generate significant underestimations. Despite these results, it is clear from
Figure 12 until 19 that the sensitivity of the CAP vs short period and the attitude dropback handling quality guidelines is
decreased. However, the results mainly show that the added value of online parameter estimation lies in coping with the
CE uncertainty. Unfortunately, it does not completely solve the sensitivity for adverse forward and backward CG shifts.
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C. Discussion

The results obtained in the previous section indicate that the addition of online parameter estimation and model
correction using LMS can decrease the variation in HQ&S of an INDI-based pitch rate control law. However, there are
some aspects related to the obtained control law designs and parameter estimation which could be further illuminated.
First of all, the optimized PI compensator gains of the non-adaptive INDI pitch rate control law show a significant
variation over the different flight conditions despite the relatively small analysis domain. For the design of a proper
gain scheduling function, it is desired to have a smooth transition of the control gains for changes in the scheduling
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variables.[46] Consequently, these gain values might not be a wise choice for use in a gain scheduling controller.
However, the purpose of the design was to obtain as much robust performance as possible of the SISO control law by
finding a set of gains which maximizes the broken-loop cross-over frequency.

Furthermore, a dissertation on adaptive backstepping control for modern fighter aircraft [9] proposes a scheduling
method for the natural frequency of the command filter that is linearly dependent on the dynamic pressure. The command
filter natural frequency changes from 2.5 rad/s for low dynamic pressure to 6.5 for high dynamic pressure. Analyzing
the obtained command model natural frequencies of Table 6, it can be seen that the natural frequencies found here
behave differently compared to the linear scheduling used in Sonneveldt [9]. Although a similar relation seems to be
present between the dynamic pressure and the natural frequency for the initial design parameter values in Table 6, it can
be seen that this relation changes considerably after the optimization. This could be resulting from the different design
objective used in this study as is described in Section III.
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However, the design performed in Sonneveldt [9] also does not consider the pitch attitude bandwidth vs. flight-path
angle bandwidth. This requirement showed to be quite important for the selection of the command filter natural
frequency. A high pitch attitude bandwidth following from a high natural frequency of the command filter could result
in an unbalanced ratio of the pitch attitude and flight-path angle bandwidth. and a reduction in the command filter
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natural frequency was able to solve this issue.

Furthermore, reconsidering the parameter estimation responses of FC-2 in Figure 9, the estimation of the correction
factor for the forward and backward CG cases show larger deviations for the desired value and more activity than the
correction factor estimations for same CG cases of FC-3 shown in Figure 11. Moreover, the average estimation error of
the correction factor for a backward CG location and -15% elevator effectiveness at FC-2, is nearly equal to the deviation
at the start of the first episode. Despite this significant deviation after convergence it was observed that the sensitivity
for the CAP vs. short period damping and attitude dropback criteria still decreased, see Figure 13 and 17. Presumably,
the reason behind this result lies in the fact that an underestimation of the correction factor is obtained, which is often
observed in this study. The consequence of an underestimation is a lower value for the CE model. The successive result
of a lower CE value is a larger elevator deflection increment determined by the INDI controller. Although this could
result in an overshoot of the optimum elevator deflection, it could also result in a quicker convergence to a desired
elevator deflection. Therefore, the lower CE model value could also function slightly like high-gain control for the
inversion and induce some performance robustness. However, this comes at a cost of inversion loop stability.

Another pressing question is what causes the large underestimation of the correction factor estimation. Further
investigation of the nominal and low-fuel CG locations for both flight conditions in Figure 9 and 11 made clear that
these are not as much affected by differences in flight condition as the other CG location cases. Considering that
FC-2 is a flight condition with a higher dynamic pressure than FC-3, see Table 3, the problem could be a result of an
increased sensitivity in aerodynamic forces and moments for changes in the aircraft states. This can be confirmed by the
linearized Ag model coefficients shown in Table 7. Especially the model coefficient m, at FC-2 increases considerably
in magnitude for a forward and backward CG shift. The result of this significant increase in influence of A« on Ag
could weaken the assumption that the Ao dependency could be neglected.

Table 7 Incremental pitch acceleration model coefficients, m, m, and m,,
for FC-2 and FC-3, and the nominal, forward and backward CG locations.

FC-2 FC-3
Model coefficient  Unit nom  forward backward | nom  forward backward
My 572 100529 -6.43 7.38 0.763  -0.352 3.14
mg s72 | -0.949 -1.50 -0.514 -0.471  -0.702 -0.271
ms, 572 -10.9 -12.5 -11.1 -3.02 -3.40 -3.08

Figure 20 and 21 confirm that the influence of Aa on Ag becomes noticeably stronger when the CG has shifted to
the backward location. The response shown in these figures is obtained by tracking the pitch rate ramp segment in
the tracking signal of Figure 3 and using the linearized aircraft model at FC-2. Reconsidering Figure 9, the parameter
estimation shows the worst performance during this period for a backward cg position. A comparison of Figure 20 and
21 shows that only accounting for the effect of A, after the initial transient does not give a good description of Ag for a
backward CG location. Consequently, the assumption of neglecting the effects of Aga, and Aga, does not hold here.
This would explain the observed offset in the parameter estimation for the backward and forward CG locations at FC-2.

Although, it is presumed that the parameter estimation problems can be overcome by adding the estimation of
the Agaq and Agp, effects, it does indicate a fundamental problem of the INDI control law applied in this paper. In
the derivation of this control law, it is assumed that the influence of the incremental state, Ax, could be neglected.
However, as shown in Figure 21, this might not hold for adverse CG locations and therefore could decrease the control
performance. Unfortunately, adding the incremental state dependency in the INDI control law design is not possible
as this would require knowledge of the state at the next time-step. Consequently, mitigating the HQ&S variation of
the INDI-based control law for all cases, including adverse CG locations, cannot be achieved by finding a correct
control effectiveness model alone. Therefore, robust versions of the INDI pitch rate control law, such as Incremental
Sliding-mode control [47] or a more advanced robust outer loop design using p-analysis [48], might aid the required
robustness for large CG shifts. In addition, in Wang et al. [21] it is proven that the influence of the incremental state
dependent part becomes less for an increasing sampling frequency, which indicates that an increased sampling frequency
could resolve the remaining handling quality variations due to adverse CG shifts. However, this proof is based on the
assumption that the actuators and feedback dynamics are ideal. Therefore, the control surface increment determined by
the INDI control law could be tracked instantly and the feedback signal is neither delayed nor filtered. The experiments
which give the results described in the previous section do include actuators and feedback dynamics. Consequently,
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to verify whether the an increase in sampling frequency could improve the tracking performance of the control law
analysed in this study, the robustness proof developed in Wang et al. [21] should be extended with unmodeled dynamics
of actuators and the flight control computer.
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Lastly, this study does not consider the effect of noise and turbulence on the parameter estimation performance. As
these phenomena distort the signals used by the parameter estimation it is presumed that the estimation performance
will degrade and the HQ&S variation could increase again. Consequently, it is recommended that effects of these
phenomena are investigated in future research to obtain a better understanding of the control performance of the adaptive
INDI-based control law considered in this study for real-world applications.

VI. Conclusions and recommendations for future work

Incremental Nonlinear Dynamic Inversion (INDI) based control laws are known for their increased robustness for
model uncertainties and disturbances with respect to control laws based on Nonlinear Dynamic Inversion (NDI). This
could be achieved while requiring less knowledge of the complete system model and having similar design complexity
of a NDI based control law. Despite these strengths of INDI-based control laws, it was demonstrated, during a flight test
with a UAV in a recent research project, that the control performance could still vary significantly due to changes in
the control effectiveness (CE). To put this observed issue in the context of full-scale high-performance aircraft, this
paper presents a handling quality and stability (HQ&S) sensitivity study for an INDI-based pitch rate flight control law.
The sensitivity was analyzed for system uncertainties originating from unanticipated centre of gravity (CG) shifts and
elevator effectiveness uncertainty. It was confirmed that the control law still shows significant variation even though its
was designed to achieve maximum performance robustness without violating important HQ&S guidelines. As an attempt
to decrease this variation, an indirect adaptive version of the INDI-based pitch rate control law has been proposed and
analyzed. The online identification used in this indirect adaptive control law is based on Least-Mean-Square (LMS)
parameter estimation. Furthermore, the objective is to estimate a correction factor to scale the on-board CE model by
only using the measured incremental pitch acceleration and incremental elevator deflection feedback. Therefore, the
same time-scale separation assumption as used for the INDI control law derivation is applied.

The results obtained for the HQ&S sensitivity analysis of the adaptive control law revealed that online correction of
the CE model enables a decrease of the HQ&S variation. However, it is also established that the variation induced
by large backward CG shifts could not be completely solved using this approach. On top of that, for the forward
and backward CG location cases at the highest dynamic pressure flight condition, the online parameter estimation
performance is considerably lower and showed more activity. The reason behind this problem is an increased influence
of the neglected incremental states on the incremental pitch acceleration. Due to this it is not possible to reach the
desired correction factor value by using a model incorporating the time-scale separation assumption. The solution to the
estimation problem is to add the incremental state terms to the identification model. However, this result reveals an
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additional problem considering the INDI pitch rate control law applied in this research. As this control law is also
derived using the time-scale separation assumption, the control performance is presumed to degrade for large CG shifts
despite having a correct CE model.

Considering these conclusions there are still some challenges that need to be addressed. First of all, the control
performance degradation caused by violation of the time-scale separation assumption due to large CG shifts. The CG
range of high-performance aircraft could have a considerable range due to different store configuration. Consequently,
this is a very relevant issue for these type of aircraft. Incorporating robust design frameworks such as u-analysis
or applying Incremental Sliding-mode control might aid in making the control law more robust for large CG shifts.
Furthermore, the CE model correction could be improved by incorporating the incremental state influence in the
identification model definition. Moreover, coping with turbulence and noise is often a challenging aspect of flight control
law design. These stochastic processes can degrade handling qualities and affect parameter estimation performance.
Therefore, it is valuable to extend the knowledge obtained in this study by analyzing these phenomena as well. Lastly,
probably the most important and most challenging recommendation is to find a rigorous stability proof of the complete
adaptive INDI-based pitch rate control law.
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Literature Reviews

The second part of this thesis is concerned with literature studies. The goal of this part is to gather
the relevant knowledge required to fully understand the problem at hand and successfully design
and analyse an adaptive INDI control law which could cope with CG shifts, inertia changes and
aerodynamic modelling errors.

The first chapter of this part, Chapter 2, covers the fundamental theory of Incremental Nonlinear
Dynamic Inversion. Furthermore, this chapter contains a literature study into the state-of-the-art
applications and research projects which apply this control law design framework.

This will be followed by Chapter 3 which dives into the world of adaptive control. This chapter
aims to give the reader a general understanding of the related aspects. Furthermore, at the end of
this chapter, a concise set of adaptive laws will be selected which will be combined with the INDI
control law design framework. Considering these goals, this chapter is concerned with answering
the following research question and its sub-questions:

Which adaptive methods are suited for the integration in INDI-based pitch rate control
of high-performance aircraft?

* What are the adaptive control approaches?

» What is the state-of-the-art research in the field of adaptive INDI?
* Which methods are suited for INDI-based control?

Chapter 4 focuses on modelling the aircraft dynamics while taking into account the effect of cen-
tre of gravity translations. The goal of this chapter is to show how the system dynamics are affected
by CG shifts and inertia changes and how this affects the INDI control law. From the knowledge
gathered in this chapter it should be possible to answer the second research question:

How do longitudinal centre of gravity shifts, changes in inertia and aerodynamic model
mismatches affect the INDI-based pitch rate control law?

The goal of the last chapter of this part, chapter 5, is to select a set of metrics to evaluate the
adaptive control laws. Furthermore, a brief study is performed on the use of handling quality and
stability guidelines and which guidelines are most appropriate for the analysis of longitudinal rota-
tional control. The research question and sub-questions which could be answered by this informa-
tion are the following:

Which evaluation metrics are suited for the assessment of adaptive INDI-based control?
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Which metrics quantify control performance in adaptive control?
Which metrics quantify parameter estimation performance in adaptive control?

What is the appropriate metric for assessing computational complexity of adaptive
control methods?

What are the appropriate handling quality and controller stability guidelines for
the evaluation of the non-adaptive and adaptive INDI-based pitch rate control
law?

This work has been graded previously.



Incremental nonlinear dynamic inversion
control

Before the theory on adaptive methods will be discussed, the fundamental theory of the INDI design
framework will be covered. As mentioned in the introduction, INDI is based on NDI. Therefore,
to aid the understanding of the principles behind INDI, this chapter will start with the theory on
the derivation of the NDI control law design framework in section 2.1. Then, with the knowledge
obtained and reformulating the dynamic equations into an incremental form, the INDI control law
design approach will be derived. This derivation will be treated in section 2.2. Moreover, flight
control laws based on dynamic inversion often make use of the fact that the system of dynamics
can be separated slow and fast dynamics. The separation on the basis of slow and fast dynamics
is called time-scale separation. This principle and its meaning for dynamic inversion based control
laws will be explained in section 2.3. Then, in section 2.4 the effect of model uncertainty on the
NDI and INDI control laws will be compared and it will be shown why the INDI control law is more
robust to model uncertainties. Lastly, section 2.5 contains a literature review on the state-of-the-art
researches and applications of INDI.

2.1. Nonlinear Dynamic Inversion

This section will concisely cover the derivation of a control law based on the NDI approach. A more
detailed derivation can be found in Khalil (2002). For the control design based on NDI the following
general multi-input-multi-output (MIMO) system description is considered:

X=fX)+gX)u
= 2.1)
y=hx)

To find a solution for u it is required to have a system description in controllable canonical form.
Alocal state coordinate transformation will be done to be able to rewrite the system description into
this form. This could be achieved by the following diffeomorphism:

¢, | | h(x)
¢, L}ﬁ(z)
z=0w=| ¢,@ | =L} hw (2.2)
¢, Ly h(x)
¢ W L™ h(x)
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Here, z is the transformed state, gi (x) are the diffeomorphism functions and L. is the j-th or-
der Lie derivative with respect to the vector field f(x). Furthermore, p is the relative degree of the
dynamic system, which will be discussed later in this section. L rh(x) is the first order derivative of
h(x) in the direction of vector f(x) and can be written as follows:

Lyh(x) =Vh(x) f(x) (2.3)

Using the definition of z of Eq. (2.2) and taking the first time derivative gives the following result:

' 'ag@x'
. h 6 A
gl ) 6¢f(§) .
¢,(x) ox X
e 09
z=| 9, | = ,ap; P (2.4)
Ppa@| |20,
én(@ 6@}1@ )
| ) T
The derivatives for 9;’ (x) can be further evaluated as:
S 69;‘ @) 691‘ () 0 (i1 i-1
== ——i=——|f@+gwu|= - |1 hw @+ L} hxgu| = o5

= Lih() + LgLy ' h(x)u

For all z; for which i < p it holds that Lng:1 h(x) = 0. As a result of this the following result is
obtained:
Z; = L}ﬁ()_c) =21 (2.6)

At (l)p (x) the value of LgL;:l h(x) will not be equal to zero. Furthermore, for all g'bi(g) withp<i<na

function ¢ .(x) can be defined for which LngZ1 h(x) is equal to zero again. Using this, the following
canonical formulation of the system dynamics is found:

Z1 5 2 [ Z9
2, Z3 Z3 23

i=| 2, |- L5h@) + gLl h@u| = | Lih@ 7 (@) + LeLy @ @)u| = | F@) +G@)u
Zp+1 dp+1(%) Go+1(@ 7 (2) qp+1(2)
z, Gn (%) Gn(@71(2)) | (@

2.7)
With this result the system of Eq. (2.1) is fully transformed into a controllable canonical form and it
could be used to determine the solution for the control input u. Please note from Eq. (2.2) that z,
is defined as h(x), which means that z, is also y. Using this together with the canonical form of Eq.
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(2.7) it could therefore be shown that z P is y(¥). Therefore, when solving for the control input, u, in
the equation for z ,inEq. 2.7), the following result could be obtained:

u=6"@a(y" - F2) 2.8)

Defining ¥ as the desired dynamics and virtual control input, v, the final NDI control law can be
written as follows:
u=G6"'@@v-F@) 2.9)

Using this solution it is required that the inverse of LgL?_l h(x) or G~ !(2) exists. Thus, this matrix
is non-singular for all x and z and preferably square. In case the matrix is not square, it is possible
to find a pseudo inverse with, for example, the Moore-Penrose method. Furthermore, note that
this solution for u results in an input-output linearization of system (2.1). To obtain an input-state
linearization of the system, the function description of h(x) should be the identity matrix.

Moreover, if p < n it means the system has internal dynamics. As shown in (2.7), it is possible
to determine an equation for these dynamics which is not dependent on u. This can be done as
follows:

2= Lih(@) + Lg LT h@u=Lhh) + LI h@ (67 @ (v-F@)) . p<isn  (10)

At this point almost all aspects of the controller are designed. The only thing that is left is the virtual
control input, v. As the system is fully linearized using this procedure, it is possible to use a linear
controller to determine v. Possible candidates for a stabilization problem or tracking problem are
(2.11) and (2.12), respectively.

dy  d’ dar!
!=‘KOX‘515‘52W2 Ko7 (2.11)
dy-v,)  @y-1,) @ y-y,) @y,
X——Ko(z—zd)—& Ky K e (2.12)

Here, y _ is the desired system output and K, are diagonal matrices containing positive control
gains. Figure 2.1 shows a block diagram of a NDI control law for an aircraft. As indicated in the
figure, there is a separation between the flying quality dependent and airframe dependent part of
the control law. If the inversion on the right side of the dashed line is perfect, this part will behave
as % This means that the left side of the dashed line is fully responsible for the handling quality of
the controller.

2.1.1. Single-input-single-output systems
For single-input-single-output (SISO) systems the system description is shown in equation (2.13). It
still has the same form as (2.1), however the system input and output variables are scalar.

X=fX)+gx)u
- - (2.13)
y=h(x)
Here, both f(x) and g(x) are (n x 1) vector functions and h(x) is a scalar function with scalar
output y. Furthermore, the elements of z are scalar as well. For the determination the elements of
z and its time derivatives, the Lie derivatives can be written out as follows:

sy = (1 o) o= [ Al e
o . (2.14)
Lol 0@ =V (L ) geo = [A10) ol ) gy
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Figure 2.1: Block diagram of control loop based on NDI.

When the relative degree of the SISO system is found, the NDI control solution can be deter-
mined similarly to (2.9):

= (LgLfflh(x_))_1 (v-Lhnw) (2.15)

2.1.2. Multi-input-multi-output systems
MIMO systems have the same description as (2.1). Here, f(x) is still a (n x 1) vector function, how-
ever g(x) has become a (1 x m) matrix function. Furthermore, y and u have become (m x 1) vectors.
In this derivation u and y have the same size to obtain a square matrix for G.

Using vectors and a matrix for u, y and g(x), the derivation of the NDI control law is more elab-
orate. Equation (2.16) shows how the Lie derivatives are determined for every output variable of a
MIMO system.

Lihj@ =V (L5 ) £ = a(L?;xh"@J O(L;;Z"@) O(L?;h" |y
2 | O (2.16)
Lol iyt =V (L ) st = | A ) A ) o) g

Furthermore, each output variable, y;, has its own relative degree. Thus, p = {01, 02,...,0m}.
This means that the NDI procedure has to be repeated for all output variables to find the appropriate
control law to control each output variable. This gives the following set of equations:

] [yer] [ m@ | | Ll
== s |=| ¢ |+ : u=F@)+Gou=v (2.17)
Zon | |yt LY" hin () LgL;im‘l B (%)

Solving (2.17) for u gives the control law of (2.9).

2.2. Incremental Nonlinear Dynamic Inversion

As mentioned before, the INDI control design procedure is also applicable to more general nonlin-
ear system descriptions. This section will consider its derivation and is based on the the derivation
shown in Sieberling et al. (2010). Consider the following non-control-affine nonlinear system:
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i=flxuw
- (2.18)
y=h(x)

To linearize the system with an expression for u to control the system output, the diffeomor-
phism of (2.2) can be used. However, due to the non-control-affine structure of the model, the
time derivative of z will not result in an control-affine description of 2 p- To obtain a control-affine
structure for z o the system should be linearized around the current state and input. For the INDI
procedure, this is done be taking the first order Taylor expansion of the dynamic equation. This will
result in the following procedure:

L 0¢,® ~ 0p,x) 0 ;i1 i
5= W=——i=——faw=— |1} h@fxw| = L}hw (2.19)
I
AL: h(x) AL.h(x)
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(EZEO vﬂ:ﬂo)

Zig*Fi (zo,zo) Ax+G; (zo,zo) Au
(2.20)

Here, x,, and u,, are the current state and control input, respectively. Furthermore, the equation

. OLih(x)
) as Z; o, —gy (z—ﬁ_co) as F; (zo,zo) Axand

X=X, vﬂ:ﬂo)

was simplified by writing Ljp h(x) | (
x=x,

Y U=Uy

0L, h(x)
ou

(g— Eo) as G; ()_co, ﬂo) Au. This procedure should be continued until G; (50, EO)
(= =)
becomes nonzero. At this point a direct control-affine relation is established between the system
output and the control input. To obtain a definition for the control law a similar approach as in NDI
could be used. This results in the following control law:

B~ G5 (3.1 (z—zp,o = Fp (x0,1) Ag) (2.21)

Note that for this control law it is required to have feedback of z ;. Furthermore, as this control law
also linearizes the controlled system, the virtual control input could be a linear control law as well.
Again, possible linear control laws for a stabilization or tracking task are (2.11) and (2.12).

This control law can be simplified by assuming that the control input changes faster than the
system state. Consequently it is possible to neglect the term related to Ax. This approach is based
on the time-scale separation principle. This principle will be discussed in the next section.

2.3. Time-scale separation

The main application of the principle of time-scale separation is to construct cascaded control laws.
When there is a significant difference in response quickness between states for a certain control
input, the states can be separated into fast and slow states. If the difference is large enough, the slow
states can be regarded invariant with respect to the fast states and the fast states change instantly
with respect to the slow states. In case these states are related to each other, such as rotational
rate and rotation angle, it is possible to separate the full set dynamic equations for each state into
individual sets. The output of the dynamic equations of the faster states then act as input of the
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dynamic equations of the slower states. This separation of the dynamic equations based on fast
and slow states is called time-scale separation. Using this principle in NDI- or INDI-based control
designs results in a cascaded structure in which the inner loops control the fast states and the outer
loops control the slow states. Here, the output of the outer loop sets the reference value for the inner
loop and the inner loop determines a control output to reach the reference value.

Time-scale separation can also be applied to the dynamic equations of motion of aircraft. Exam-
ples of time-scale separated states are between the roll, pitch and yaw angles and its corresponding
rates, between the angle of attack and side-slip, and roll, pitch and yaw rates, or the flight path an-
gle and altitude (Reiner et al., 1995). This results in separate systems where the relative degree is
one instead of a complete system of which the relative degree is two. Consequently, the rotational
control can be designed in a cascaded structure where the angular rates and the attitude angles are
controlled in separate loops. Moreover, due to the lower relative degree of each separate system,
the control loop design complexity is decreased as well. On top of that, even though this control
structure is simplified, flight control designs based on time scale separation have shown to have
unbiased tracking and increased disturbance rejection performance (van 't Veld, 2016).

To simplify the INDI control law, the principle of time-scale separation can be used as well.
However, in this case the principle is used to separate the changes in state from the changes in
control input. In the INDI control law it is assumed that the control input changes much faster than
the state. This can be translated to the following:

Fp (zo,ﬂo) Ax < Gp (zo,zo) Au

If the update rate of the control system is high enough, this assumption is applicable and the
effect of F, (Eor 20) Ax could be neglected. Using this assumption the final formulation of the INDI
control law can be written as follows:

Aum Gy (20, 2) (v =2, (2.:22)

A visualization of this control law in the form of a block diagram can be found in Figure 2.2. As
can be seen in this figure, the INDI control law design framework also separates the flying quality
demands from the airframe dynamics.

isolation
flying quality Lsoration Airframe
dependent : dependent
» s !
; ¥
Yq + Aut Y

Aircraft

v

Figure 2.2: Block diagram of control loop based on INDI.

2.4. Effects of model uncertainty in ideal conditions

As mentioned before, an INDI-based controller has improved robustness to model uncertainties
with respect to a NDI-based controller. To clarify why this is the case, this section will show the
effect of model uncertainties in the NDI and INDI control law.
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Consider the known control affine system as described in (2.23). The system output is the system
state and the uncertainty is assumed to be in the system equations. Please note that the effect of
actuator dynamics and signal delays is not included in this analysis.

x=f ()+g (Xu
—nom —nom (2'23)
y=x

Where the subscript nom refers to the known nominal model. Following the NDI design procedure
of section 2.1, the control law can be written as:

u=g! Wv-f ) (2.24)

However, the actual system will have some deviation from the known model. These deviations
can be written as a A with respect to the known system equations as follows (Sieberling et al., 2010):

Furthermore. using the control law of (2.24), the system response can be written as:
=Af-Ag+ g;}]m(z) #f (O +v+Ag E;})m@ v (2.26)
=Af-Agrgl xf (+[l+Agrg’l @]y

As becomes clear from (2.26), the response of X is not only related to v anymore. Furthermore,
the deviations do not have to be constant and could be dependent on x. Consequently, the actual
system might not be completely linearized due to the existence of uncertainties.

Now consider the linearized form of (2.23) without the terms related to Ax in (2.27).

X= Inom (EO) +§nom (Eo)ﬂo + GpomAu = ZO + GromAu (2.27)
the corresponding INDI-based control law can then be written as follows:
Au=G,' (v-1,) (2.28)

Again, acknowledging that the actual system has a deviation with respect to the known system and
using the INDI control law based on the known system model, the system response can be written
as:

X =1%y+(Gnrom+AG)Au

= g+ (Gnom + AG) Gp (V. i

1 _ (2.29)
=V+AG* G xv—AG* Gy * X
= [ 148G Ggp | v = AG x Gr 5 5,

Assuming the sensor measurements are ideal and the sample rate is high, X, can be regarded as
X —Ax. This results in the following:

- AG*Gml)m (K‘Aﬁ)
l

i=[1+AG* Gy

148G * Grgya| = [ 1+ MG G| v+ AG * G+ A (2.30)

nom nom
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!

1
i=v+|I[+AG*G,}, | *AGxG,) *Ax

Although this result is only true when the actuator and sensor dynamics can be neglected, it shows
that the INDI control law based on the nominal model could still linearize the system despite the
uncertainties if the update frequency is high enough. This is because the value of Ax decreases for
increasing update frequency. At some point the term related to Ax becomes small enough compared
to v and it could be neglected.

In short, comparing equation (2.26) and (2.30), it can be concluded that the INDI control law is
more robust to model uncertainties. Furthermore, when the sample rate is high, and the actuator
and sensor is close to ideal, the INDI control law could still achieve the desired system response.

2.5. State-of-the-art review
This section is dedicated to a review on the INDI control design approach. Here, an overview will be
given regarding the development of the theory and the suggested solutions to some of the problems.

INDI is still a relatively young design approach with one of its first introductions in Smith (1998).
Here, it was postulated and shown in simulations that the use of angular acceleration measurements
instead of model calculations could reduce the model dependency in flight control. Furthermore,
a method to determine the new desired control deflection was introduced based on the measured
control deflection and an incremental change based on the difference between the actual and de-
sired angular acceleration and the control effectiveness. A longitudinal flight control design based
on this approach was tested two years later in the VAAC Harrier (Smith and Berry, 2000). From these
flight tests it was concluded that the performance was adequate at high-speed flight, but less at hov-
ering conditions and in the transition flight regimes. In this flight regime the aircraft showed more
oscillatory behaviour. One of the possible reasons given in the article stresses the phase difference
between the feedback signals of which the effects could become more apparent during low speed
flight.

In the years after this research, there were several projects which focused the application of
INDI, on finding solutions to the observed limitations, and on finding useful additions to the the-
ory. For example, in Bacon and Ostroff (2000) an approach to obtain the angular accelerations is
proposed using three sets of linear accelerometers and differentiated angular rates. However, in the
follow-up research project (Bacon et al., 2001) a washout filter was applied to obtain the angular
accelerations from the angular rate measurements as ordinary differentiation amplified the noise
on the angular rate signal.

Another important point of attention is the fact that the standard theory of both NDI and INDI
do not take into account saturation characteristics with respect to the actuator deflection position
and rate. In further research performed by A.]J. Ostroff and B.]J. Bacon this aspect has been consid-
ered as well. In Ostroff and Bacon (2002) a method is introduced which decreases the probability
that the actuator reaches the saturation limits. Moreover, this research demonstrates the value of
INDI based control in FT flight control.

In 2010 the general derivation of the INDI approach was presented next to another method to
obtain the angular acceleration (Sieberling et al., 2010). This method uses a linear predictive filter
to determine the angular accelerations. Furthermore, this filter has the practical benefit of com-
pensating for signal delay as well. After this project the Delft University of Technology continued
with research on INDI till this day. Multiple use cases have been studied such as helicopter control
in Simplicio et al. (2013), and spacecraft control in Acquatella et al. (2012). In both studies it was
shown that INDI based control could handle external disturbances, signal time-delay and model
uncertainty better than NDI based control. Furthermore, in Simplicio et al. (2013) Pseudo-Control
Hedging (PCH) was used in the INDI based control to prevent the system from tracking reference
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signals when the actuators of the system are saturated. Although, PCH was not new, it was the first
application in INDI based control and it was demonstrated to be beneficial for this type of control
as well.

In more recent years more emphasis is put on the real-world implementation of INDI. In 2014
a flight test using INDI based control was performed as mentioned in Grondman et al. (2018) and
van 't Veld (2016). This flight test was performed with the FASER sub-scale fixed-wing UAV in a co-
operative research of the German Aerospace Centre (DLR) and the Delft University of Technology.
Furthermore, two years later, in 2016, another flight test using a UAV was performed as shown in
Smeur et al. (2016). Moreover, this research introduced an adaptive method to estimate the control
effectiveness during flight. This was done to bypass of the required system modelling. It showed
great performance and it could adequately cope with system changes related to inertia. Further-
more, in this research the importance of synchronizing the actuator and angular acceleration feed-
back was practically demonstrated. Moreover, using artificial delays to synchronize these signals
was shown and demonstrated to work effectively.

In the same year as the micro air vehicle (MAV) flight test of Smeur et al. (2016) research was
also conducted on the application of INDI in the PH-LAB Cessna Citation II. This research has been
documented in van 't Veld (2016). In this research the practical aspects related to fly-by-wire (FBW)
flight control are addressed and some possible solutions are proposed. Furthermore, it was shown
that sampling times below 0.02 s would result in large stability margins. Besides, it was shown again
that synchronization of the control variable and actuator measurements is critical for the control
performance. In this research a novel method to synchronize these signals was proposed. The dif-
ference in delay of both signals were estimated on-line using an Average Square Difference Func-
tion (ASDF) and the difference in delay was used as an artificial delay for the faster signal. More-
over, it was concluded that actuator measurement bias and angular rate measurement noise were
dominant factors for control performance degradation as well. The proposed solutions for these
issues were using proportional-integral virtual control instead of only proportional, and applying a
second-order filter. Lastly, it was concluded that currently the best option for preventing actuator
saturation would to to use PCH.

The research on the practical implementation of INDI was continued and has resulted in the first
successful flight test in the CS-25 certified PH-LAB Cessna Citation II (Grondman et al., 2018). This
research has shown the high robustness against model uncertainties of INDI, see figure 2.3, and that
itis a promising theory for future flight control design. Furthermore, it was found that using actuator
measurements instead of models is more practical as difficulties could occur regarding initialization
of the models. Moreover, it was concluded that the INDI law contained higher noise levels in the
control signals due to the differentiation of the angular rate measurements. Even though serious
effort has been put in filtering it was still concluded to be a point of attention.

Next to many more application studies, more research has been performed to advance the the-
ory on INDI. In Wang et al. (2019b) a nonlinear stability and robustness analysis has been per-
formed. Here, it is proven that the response of a INDI based controller is bounded when the dis-
turbances are bounded. This result is substantiated in research on gust load alleviation of flexible
aircraft using INDI based flight control (Wang et al., 2019a). This research shows that, with proper
modelling of the flexible modes in an aircraft, INDI based control is able to remain stable, reduce
wing root bending moment and quell wing bending modes. At the same time, a study on the appli-
cation of an INDI control law for the Apache AH-64D Longbow was conducted (Pavel et al., 2020).
In this paper it was shown by piloted simulation that a control system design based on INDI could
improve the handling qualities of this helicopter in normal and degraded visual environment. This
was demonstrated by flying the ADS-33 hover and pirouette manoeuvres in these conditions in the
SIMONA flight simulator at the Delft University of Technology.

From this literature study it becomes clear that in the recent years much effort has been spent
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Figure 2.3: Lateral tracking response for simulated engine failure flight test at 200 KIAS and FL150 (Grondman et al., 2018).

on the practical implementation of INDI control laws. Control systems based on this design ap-
proach have shown high performance, and are robust against model uncertainties and external
disturbances. Furthermore, due to the low model dependency it is an interesting method for the
control design of highly nonlinear systems such as military fighter aircraft. However, as shown in
Smeur et al. (2016), for agile aircraft it is important to have a good estimation of the control effec-
tiveness. An overestimation could result in slow tracking and overshoot and an underestimation
could result in sustained oscillations. Consequently, for military fighter aircraft it is important to
have a good estimation of the control effectiveness to retain the demanded control performance.
During this literature research no sources have been found which comment on the degradation of
performance of an INDI control law due to changes in the control effectiveness. Therefore, this is
of interest for the real-world application of INDI based control in military fighter aircraft and will
be further investigated in this research. Moreover, it is generally known that adaptive control laws
are capable of identifying changes in the system on-line and . Therefore, these methods will be fur-
ther exploited to find a solution for possible performance degradation due to control effectiveness
changes.



Adaptive control

The research on adaptive control started in the 1950’s when autopilots for high-performance aircraft
were investigated (Astrém and Wittenmark, 2008). It was observed that the dynamic changes due
to fast state transitions were not adequately treated by the conventional methods. A suggested so-
lution to accommodate for this problem was to implement an additional law which could tune the
control gains during flight. It was presumed that, using these methods, the desired control perfor-
mance would be maintained even though the state transitions were fast. This led to the emergence
of adaptive control. Furthermore, the adaptive law should be able to deal with any uncertainty
which is normally taken into account when designing control systems. However, the additional
adaptive routine transformed the linear controller into a nonlinear controller. This meant that the
linear stability theories were no longer valid. At this moment in time the theory on describing sta-
bility of nonlinear controllers was not yet developed and therefore it was not possible to prove sta-
bility of the adaptive control design. Consequently, the interest in adaptive control laws decreased.
However, during the 1960’s stability theory based on Lyapunov stability was developed which gave
insight in proving stability of nonlinear control system and therefore adaptive control systems as
well (Nguyen, 2018). This increased the interest in adaptive control methods again and has resulted
in the rich research field on adaptive control of today.

In literature the definition of adaptive control varies. Some surveys consider all on-line recon-
figuring control laws to be adaptive while others only consider the control laws with on-line control
parameter estimation to be part of adaptive control. As the definition varies, it is important to set
the definition used in this research. Here, the following definition is used:

Adaptive control laws are control laws which modify their control parameters on-
line to adhere to a predefined performance index. The adaption is performed by
using on-line identification of the control parameters from a posteriori knowledge
of the dynamic system. From this knowledge a certain performance index of the
controller is determined, which is compared to a predefined performance index. The
difference is used to drive the adaptive law (Landau et al., 2011).

Following this definition, first an overview of the main strategies in adaptive control will be
treated in section 3.1. Next to these strategies two paradigms have been developed on the used
information to drive the adaptive law. These two approaches will be treated in section 3.2. Then,
the focus will be drawn to the core operation of the adaptive law, which is the online identification
of the model parameters. This process, and the associated matters and choices will be discussed in
section 3.3.

Furthermore, research on adaptive control performed in the past decades has established that
the standard adaptive law designs contain limitations. These limitations were a result of, for exam-
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ple, an insufficient amount system excitation, and lacking robustness to disturbances and unmod-
elled dynamics. Solutions have been suggested and investigated which led to the fields of adaptive
dual control and robust adaptive control. An brief introduction to these fields will be given in sec-
tion 3.4.

After covering the aspects of adaptive control in general, this chapter will dive into recent and
relevant research on adaptive control in combination with INDI, NDI and other model-based adap-
tive control laws. This state-of-the-art review will be covered in section 3.5. Lastly, using the knowl-
edge obtained in the state-of-the art review, in section 3.6 a concise set of adaptive laws will be
selected for further investigation in this research.

3.1. Direct and indirect control

Within the field of adaptive control there are two main paradigms. The adaptive law could either es-
timate the control parameters, éc, directly or the parameters of a system model, ém, are estimated
first and these parameters are used to determine the required control parameters. These two per-
spectives are often referred to as direct / implicit and indirect / explicit adaptive control (Landau
etal., 2011).

3.1.1. Direct adaptive control

As mentioned before, a direct adaptive control approach only estimates and adapts the control pa-
rameters, 0. To achieve this, the system model parameters are defined in terms of the control
parameters. This results in the direct adaptive control approach also being referred to as implicit
adaptive control (loannou and Fidan, 2006). A general schematic overview of the components of a
direct adaptive control system is shown in Figure 3.1.
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Figure 3.1: General block diagram of direct adaptive control.

One of the benefits of using direct adaptive control is the possible lower computational com-
plexity as the control parameters are determined in one step instead of two. However, it should be
possible to rewrite the system model in terms of the control parameters which is not always the
case. Besides, a subsequent issue is that the dynamics characteristics, such as minimum or non-
minimum phase, of the system should be known (Ioannou and Sun, 2013). If the controlled state
exhibits is either minimum phase or non-minimum phase, the direct adaptive controller could still
be an advantageous adaptive approach. Though, if the controlled state could behave both mini-
mum and non-minimum phase during operation, it might be required to use extra identification
algorithms to identify the change in behavior. This could reduce the advantage in computational
complexity of the adaptive control law (Nguyen, 2018).

3.1.2. Indirect adaptive control
A general block scheme of an indirect adaptive control system is shown in Figure 3.2. Here, it can be
seen that the control parameter estimation consists of two steps. First, the parameters of the system
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model are estimated, 8,,,. Secondly, the model estimate and some predefined closed loop response
criteria are used to calculate the new control parameters, 6.

x> U Yy
> Adaptable > System >
—3| controller
r
Online system model »
parameter estimator
b, 0,
Control parameter |
estimator A

Figure 3.2: General block diagram of indirect adaptive control.

Due to the fact that indirect adaptive methods first estimate the parameters of the system model,
this approach is applicable to more systems than the direct approach and it could be combined with
many control laws (Landau et al., 2011). In these type of adaptive controllers the adaptive laws are
basically added to the existing control law as an extra module. Therefore, the indirect adaption
control laws are sometimes also referred to as modular adaptive control laws (Krsti¢ et al., 1995).

Furthermore, this approach naturally determines whether the system dynamics are minimum
or non-minimum phase which means that it is not required to actively monitor for this aspect of
the system behaviour (Ioannou and Sun, 2013). Moreover, due to the determination of the model
parameters it is also possible to monitor the system for possible degradation (Sun et al., 2019). This
could be valuable to systems which are susceptible to wear and contain many operation critical
components. However, due to the extra step in the control parameter estimation this approach
could have a higher computational complexity compared to direct adaptive control. Though, de-
spite these beneficial characteristics, it is more difficult to proof stability for these type of adaptive
controllers as it fully depends on the correct convergence of the system model (Krsti¢ et al., 1995).

3.2. Adaptive control design Methods

Next to the distinctions in paradigms of adaptive control it is also possible to make a distinction in
design approach. For example, it possible to use a reference model which determines the desired
system output of the closed loop system. This output will then be compared to the actual closed
loop system output and based on the difference, the controller will be adapted. Adaptive control
systems using this approach can be classified under Model Reference adaptive Control (MRAC) Sys-
tems (Nguyen, 2018). In the other branch the control parameters are adapted using other perfor-
mance index forms such as the error between the adaptive prediction model and the actual system
output. These adaptive control system designs are called Self-Tuning Control (STC) systems (Lan-
dauetal,, 2011).

3.2.1. Model Reference Adaptive Control systems

This approach stems from the beginning of the research on adaptive control (Whitaker et al., 1958).
A general block diagram of MRAC is shown in Figure 3.3. The essence of this approach is quite
straight forward. A reference model determines a desired system output signal which should be
followed by the actual system. In case the actual system output does not match the reference output,
the adaptive law adjusts the control parameters such that the controlled system output follows the
reference output again (Nguyen, 2018).
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Figure 3.3: Block scheme representation of direct (left) and indirect (right) Model Reference Adaptive Control.

At first, this approach was developed for the control of LTI SISO systems. Using a rule devel-
oped at the Massachusetts Institute of Technology (MIT), also known as the MIT rule, it was possi-
ble to obtain a continuous-time adaptive law that could update the control parameters. The MIT
rule is a scalar parameter estimation rule which was developed in the late 1950’s (Mareels et al.,
1987). Although MRAC control laws were developed using the MIT rule and actually tested, this
method lacked proof of stability (Astrém, 2014). This problem together with an accident with the
X-15 decreased the interest in MRAC and other adaptive control laws as well (Dennehy et al., 2014).
However, in the 1970’s MRAC based on Lyapunov stability was derived, which gave a boost to the re-
search field in the field of MRAC. Since then, the MRAC approach has been applied in many studies
in industry and aerospace (Nguyen, 2018).

MRAC designs are mostly used in a direct adaptive form as this allows for an adaptive control
design using Lyapunov stability functions. Consequently, it is easier to proof stability of the com-
plete adaptive control law. For a broader view on the applications and possibilities and limitations
of MRAC it is recommended to read Nguyen (2018).

3.2.2. Self-tuning Control systems

Next to MRAC systems STC systems are also introduced. This field of adaptive control system design
was started by the development of the Self-tuning Regulator (STR) approach by Kalman in the late
1950’s (Landau et al., 2011). The reasoning behind the STC design approach was that if the system
model can be predicted online, the controller could be optimized online using the estimated model
to determine the optimal control gains (Ljung and Landau, 1978).

Although the original self-tuning system was developed using an indirect adaptive approach,
they can also be designed in a direct adaptive manner as is presented in Silveira et al. (2012). In this
research a Generalized Minimum Variance (GMV) controller is transformed in an adaptive con-
troller by writing the system model as an Auto-Regressive Integrated Moving Average with eXoge-
nous input (ARIMAX) model where the controller parameters are the model parameters. However,
considering that there are not many examples of the direct variants compared to the indirect ones,
the direct designs are clearly less popular. The block diagram of a direct or indirect self-tuning sys-
tem looks the same to the direct or indirect adaptive block diagrams shown in Figure 3.1 and 3.2.
The exact process occurring in the 'Online parameter estimator’ block depends on the derivation of
the adaptive law. However, probably the most common version is the use of an adaptive prediction
model which is adjusted based on the prediction error.
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3.3. Online identification

All adaptive laws perform online identification. The algorithm which performs this can be used to
update the control parameters directly or indirectly as discussed before. However, before the online
identification algorithm can be implemented the designer has to make choices about the following
aspects:

¢ State estimation
e Mathematical model

* Real-time parameter estimation algorithm

The measurements required for the control feedback and the adaptive law often contain noise
and could be biased. Therefore, it could be required to perform state estimation as well. Depending
on the requirements for the identification and the application the state and parameter estimation
can be joint or separated. These two design option are referred to as the one-step and two-step
method for system identification (Laban, 1994).

In the research of Laban (1994) it was shown that joint state and aircraft model parameter esti-
mation requires the optimization of a nonlinear cost function. Consequently, nonlinear optimiza-
tion algorithms are needed to find the correct system parameters. To find the optimum set of model
parameters to optimize the cost function these algorithms require to iterate. Consequently, these
algorithms are often not suitable for real-time applications. One of the few nonlinear algorithms
which have been used in real-time is the filtering method developed at DLR (Lombaerts, 2010). Fur-
thermore, another disadvantage of the one-step method is the fact that the state estimation could
be affected by errors in the model. As the estimated state is used to estimate the system parameters
the estimated parameters will also be affected again (Laban, 1994).

However, as demonstrated in Laban (1994) it is possible to separate the state and parameter
estimation for the identification of the aircraft system. This approach is referred to as the Two-step
method. The separation of the state and parameter estimation results in a nonlinear state estimation
problem and a possible linear parameter estimation problem. Although, the state estimation is a
nonlinear problem, due to the use of, for example, an Extended Kalman Filter (EKF) this problem
is still relatively easy to solve (Laban, 1994). Besides, due to the use of the kinematic relations it is
possible to omit the use of the uncertain aerodynamic model, mass and inertia (Lombaerts, 2010).
Moreover, due to the possibility of using linear parameter estimation techniques as well, the Two-
step method is more suitable for real-time applications, such as adaptive control.

Although state estimation will not be included in this study, the aspect of state estimation will
be briefly covered to obtain a broader grasp of the aspects involved with online identification and
therefore adaptive control.

3.3.1. State estimation

Sometimes it is not possible to obtain the feedback of a certain state directly from sensor measure-
ments or the measurements are noisy and/or biased. If high quality feedback signals are required
for the control system, as is the case for high-performance military aircraft, it is probably necessary
to perform state estimation. State estimation could filter the noise from the signal when the noise
properties are known, combine the knowledge from multiple sensors (Sensor Fusion), or could do
both (Lombaerts, 2010). A general description of a system subjected to process and sensor noise
can be written as follows:

x(0=f(00),x(1),u®),1)+Gw(r)

2z =h(0(0),x(1),u®),t)+v ()
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Currently, the best known state estimation algorithms in aerospace are probably based on the Kalman
Filter (KF). This filter attempts to find the state using the past and current system input and out-
put. This is achieved using a recursive weighted leas-squares formulation for the optimization of
a quadratic cost function of the estimation error. Included in the recursive optimization are the
process and sensor noise characteristics where it is assumed that the mean of the noise is zero
(De Visser, 2011).

The standard KF is designed to find an optimal state estimate for linear systems. Consequently,
this algorithm is not applicable for a nonlinear system such as an aircraft. However, to overcome
this problem an extension for the standard KF has been developed which first linearizes the system
around the current estimated state and then performs the standard KF routine. This algorithm is
called the Extended Kalman Filter or EKF (Reif et al., 1999).

However, due to the extension to the non-linear domain the EKF becomes a non-optimal filter
and it cannot be guaranteed that the state estimation will actually converge to the true system state
(Wan and Merwe, 2000). To relax this problem the Kalman gain determination and measurement
update phases of the algorithm have been made iterative. Due to this extra iterative layer the EKF
can be adjusted for model mismatches induced during the linearization. This algorithm is called
the Iterative Extended Kalman Filter (IEKF) (De Visser, 2011; Lombaerts et al., 2009). Another op-
tion is the Unscented Kalman Filter (UKF) (Wan and Merwe, 2000). This KF type carefully selects
some measurement points, also known as sigma points, to determine the probability distribution
of the state. According to the results shown in Wan and Merwe (2000) the UKF performs better in
finding the mean and covariance of the states than the EKF while having a similar computational
complexity.

3.3.2. Mathematical modelling

The model structures used in adaptive flight control laws depend on the prior knowledge about the
system or system change, the available computational power, the required accuracy, etc. Further-
more, indirect adaptive laws for model-based control systems often make use of complete aircraft
models in the form of (nonlinear) state-space formulations, transfer functions or differential equa-
tions (Lombaerts, 2010; Morelli and Klein, 2016). On the other hand, direct adaptive laws often use
model structures which are more general, such as Neural Networks as shown in Rysdyk and Calise
(2005). Consequently, the model structure is also dependent on the structure of the adaptive control
law.

With respect to mathematical modelling of a system, there are multiple approaches. In literature
the possible approaches are divided into White-box, Black-box and Grey-box modelling (Tangirala,
2018). White-box system modelling is possible when the prior knowledge of the system can fully
describe its behaviour. The equations used in the model are based on first principles and parame-
ters are physical constants. An example of a white-box model in the aircraft system is the relation
between the body velocities, u, v and w, and the aerodynamic angles, @ and . Furthermore, black-
box modelling is the approach which develops a model purely based on the input and output data of
the actual system. Consequently, it is possible to obtain a system model without requiring any prior
knowledge. On the other hand, the model parameters do not have any physical meaning which
makes these models difficult to validate. The third type of system modelling lies in between the
white- and black-box modelling and therefore has been called grey-box modelling. The models de-
veloped using this approach contain parts which are based on prior knowledge or first principles
and contain parts which are purely based on data. A good example of such a model in the aircraft
system is the model of the aircraft dynamics. There are terms related to the cross-coupling of the
rotational motions which are based in first principles and it contains the aerodynamic model. Over
the past few decades it has been established that aerodynamic model can be modelled with a certain
structure, however the model parameters are obtained from flight test data.
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As established in the previous chapter, without the availability of a detailed mass model to model
the change in the system dynamics it is only possible to obtain knowledge of the system changes us-
ing the data gathered during flight. Consequently, in this research a black-box modelling approach
will be applied. With respect to adaptive control it is very important to use as few model parameters
as possible to decrease the computational demand as much as possible. Consequently, in this re-
search the Principle of Parsimony is strictly followed (Lombaerts, 2010). Its definition is as follows:

Principle of Parsimony:  If there are multiple mathematical models which represent the same
system at a similar accuracy, the model with the least number of pa-
rameters is preferred.

Considering the possible black-box model structures the amount of options are vast. According
to Tangirala (2018), black-box model structures could have the following characteristics:

Parametric < non-parametric
Linear <« nonlinear
Deterministic < stochastic
Static < dynamic

Continuous(-time) discrete(-time)

Non-parametric models do not have a structure which can be defined by parameters such as
parametric models. This does not mean that the models do not contain parameters. Mostly, the
amount of model parameters of a non-parametric model is equal to the amount of data which is
used to develop the model. An example of a non-parametric model is a discrete impulse response
models (Tangirala, 2018):
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y[k]= Y glnlulk-n] (3.1)

n=-—oo

Furthermore, within the domain of parametric models the models can be linear or nonlinear.
Though, with respect to the parameters another classification is also possible. Namely, the model
could be a summation of nonlinear basis functions of which each is scaled by a model parameter
as shown in Eq. (3.2). These models are nonlinear, but are linear-in-the-parameters (LP). Other
examples of LP models are AR(I)MAX models or multivariate B-spline models (De Visser, 2011).
Nonlinear-in-the-parameters (NP) models are nonlinear models which do not posess the structure
of LP models such as shown in Eq. (3.3). One of the best known NP black-box models are probably
the Neural Networks (NN). With respect to system identification this distinction is more convenient
as this classification immediately gives away the need for linear or nonlinear parameter estimation
methods.

y () = ap + a; cos(x) + az cos(2x) +...+ a, cos(nx) (3.2)
1
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Deterministic models can be used for systems of which the output can be predicted accurately.
This does not mean that the system does not contain randomness, but the randomness is signifi-
cantly smaller than the deterministic part. For systems which have an output which cannot be ac-
curately predicted stochastic models can be used. A clear example of a stochastic model is a model
which makes weather or market forecasts.
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The difference between static and dynamic models is the dependency on the past. Dynamic
models in contrast to static models have a certain ‘memory’ as the information determined in the
past is required to determine the output of the present. An example of a static model is Ohm’s law
and an example of a dynamic model is of course the model of the rotational dynamics of an aircraft.

With respect to dynamic systems the use of continuous or discrete-time model depends on
whether the response is solved by hand of by computer simulations. By hand it is possible to find
and analytical solution. However, if this cannot be done it is required to use computers. As com-
puter operate in discrete time-steps it is required to make a discrete-time model of the the dynamic
system. Other cases where discrete models are required is for example of random processes where
the probability distribution is discrete. An example of such a process is the outcome of rolling dice.

3.3.3. Real-time parameter Estimation
The core activity of online identification is the parameter estimation algorithm. The goal of param-
eter estimation is to find the set of model parameters which results in the best approximation of a
dataset considering a certain optimal criterion. Depending on the model structure and optimiza-
tion criterion this optimization could be performed in one iteration or it requires several.
Parameter estimation tasks which will probably require multiple iterations are NP model identi-
fication and optimization of nonlinear cost functions. An example of the optimization of a nonlinear
cost function is the optimization of the Likelihood function (De Visser, 2011):
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Due to the dependency of the residual covariance matrix, 2, on the estimated parameter(s), 6,
it is clear this function is nonlinear and therefore the optimization is nonlinear. Therefore, to find
a solution to this problem it is probably required to perform iterations which could be computa-
tionally expensive. However, for adaptive control it is important that the parameter estimation can
be performed in real-time. Consequently, in most cases linear optimization problems are used, as
these approaches to not necessarily require iterations to find a solution. To obtain a linear opti-
mization problem it is required to have a LP model structure and a linear cost function. Probably
the best known cost function that is the quadratic cost function of Eq. (3.5).
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An optimization algorithm which is able to optimize this equation real time is the Recursive Least
Squares (RLS) algorithm (Diniz, 1997). Next to this form of parameter estimation there is also the
option of using Lyapunov methods as is used in MRAC. Here, the optimization criterion of to min-
imize the error between the reference model output and the actual system output. The parameter
update will continue until this objective is achieved.

3.4. Adaptive dual and robust adaptive control

The adaptive control design approaches discussed in the beginning of this chapter are based on
the assumption that the estimated parameter is also the true parameter. The principle on which
this assumption is based is called the certainty equivalence (CE) principle (Filatov and Unbehauen,
2004). Postulated by A. Feldbaum, the performance of adaptive controllers based on this principle
could be far from optimal for some systems (loannou and Sun, 2013). Consequently, he conducted
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research on adaptive control laws which were not based on CE. In 1965 he presented the paradigm
of Adaptive Dual control.

Furthermore, most adaptive laws are designed without considering disturbances, unmodelled
dynamics and noise. Especially for MRAC based adaptive control laws the influence of unmodelled
dynamics can be detrimental for the control performance. Between 1970 and 1990 many research
projects have been conducted to analyse the stability of adaptive controllers in the presence of dis-
turbances, unmodelled dynamics and noise. It was found that various adaptive control laws could
become unstable and therefore effort was put in resolving these problems and developing adaptive
control laws which take these factors into account. This led to the field in adaptive control now
known as robust adaptive control (Ioannou and Sun, 2013).

3.4.1. Adaptive dual control

A dual adaptive control law is designed according to the two goals in adaptive dual control (Ioannou
and Sun, 2013). First of all, the controller should cautiously follow the reference signal. Secondly, the
control signal should excite the system sufficiently to aid the parameter estimation. The second goal
can be achieved by adding probing signals to the control signal which is also known as persistent
excitation (PE).

In the research of A. Feldbaum the problem for stochastic optimal control was formulated and
solutions were found. However, the adaptive control designs which are designed to solve the prob-
lem are difficult to implement without setting stringent requirements on the computational power
of the control computer (Wittenmark, 1995). Therefore, many sub-optimal adaptive dual control al-
gorithms are designed. An survey containing an overview of possible dual adaptive control methods
is documented in Wittenmark (1995).

With respect to the control problem of high-performance aircraft, dual adaptive control strate-
gies might not be most appropriate. This is due to the aspect of actively influencing the control
signal. Although beneficial for the parameter estimation it could disturb the control task for mis-
sion phases where accurate tracking is required. An example of an accurate tracking phase could be
in-flight refueling. Consequently, in this research, the adaptive controller designs considered in this
study will not include dual control elements and consequently will be based on CE.

3.4.2. Robust adaptive control
As mentioned before, most direct and indirect adaptive control laws do not take into account ro-
bustness against disturbances, unmodelled dynamics and noise. In the 1970s it was observed that
many adaptive control systems would become unstable when they were subjected to these phe-
nomena. From this moment onward there have been many research projects which focused on
robustifying the adaptive laws. Already in the 1980s there were several proposed solutions for LTI
systems (Ioannou and Sun, 2013). This period was the origin of the field of robust adaptive control.
During the past few decades, studies on adaptive law instability due to disturbances, unmod-
elled dynamics and noise have led to the classification of the following instability mechanisms
(Ioannou and Sun, 2013):

e Parameter drift

* High-gain instability

» Fast adaption instability

* High-frequency instability

¢ Parameter variation effects
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A clear explanation of these instability effects is given in Ioannou and Sun (2013). Possible so-
lutions which have been investigated for these problems are for example the Dead-Zone method
and the Projection method (Nguyen, 2018; loannou and Sun, 2013). The Dead-Zone method can be
used to stop the parameter estimation when the reference model error or prediction model error
is below a certain predefined threshold. On the other hand, the projection method can be used to
limit the estimated parameter value within a predefined domain. For more options and solutions to
these problems it is recommended to read Nguyen (2018) and Ioannou and Sun (2013).

3.5. State-of-the-art review on adaptive laws

To obtain an idea of the state-of-the-art on the field of adaptive control, this section will consider
the recent and relevant research projects. As the area of research in adaptive control has become
very large, it is impossible to obtain a complete grasp of the possibilities and performed work in the
short state-of-the-art review written in this section. Therefore, this literature will focus on adaptive
control laws used in aerospace for modern model-based nonlinear control laws. First, a state-of-
the-art review will be conducted on adaptive INDI approaches. However, as the INDI control design
procedure is relatively new this field is still small. Consequently, the state-of-the-art of adaptive NDI
control will be considered as well. Lastly, other adaptive model-based control laws such as adaptive
backstepping and adaptive incremental backstepping will be reviewed.

3.5.1. Adaptive laws in INDI control systems

As mentioned before the research on adaptive INDI is still relatively small as the INDI control law is
still quite novel. The first research project considering adaptive INDI control is Lu and van Kampen
(2015). Here, a fault tolerant INDI control law design is proposed and analysed in simulation, that
is able to detect a rotor failure and adjust the control law to maintain safe flight. Furthermore,
the first real-world application of adaptive INDI was performed in 2016 at the Faculty of Aerospace
Engineering of the Delft University of Technology (Smeur et al., 2016). In this research, an adaptive
INDI the control law was used for the flight control of a Bebop quadrotor from Parrot which is a
MAV. The adaptive law was based on the Least-Mean-Squares (LMS) parameter estimation method.
This method could be run on the computer of the drone itself due to the very low computational
complexity.

In this research two critical points of the INDI control law have been treated. First of all, the
requirement for synchronization in the non-adaptive INDI control law itself. It has been demon-
strated that synchronization of the angular acceleration feedback and control feedback is required.
Otherwise severe oscillations will be present in the control response. Furthermore, it was demon-
strated that a possible solution to this problem is to add the same delay to the feedback of the control
signal. Secondly, the effect of underestimating or overestimating the control effectiveness. During
the experiments two tests were conducted where the control effectiveness was affected. In the first
test the on-board model was tuned to a MAV without collision bumpers, but the MAV was flown
with the bumpers equipped. This means that the actual control effectiveness is less then that of
the on-board model. The resulting response can be seen in Figure 3.4. Due to the overestimation
of the control effectiveness it has been demonstrated that the control response becomes slow and
less damped. Furthermore, in the second test the conditions were switched and the MAV was flown
without its collision bumpers while the model was tuned as if they were equipped. This results in an
underestimation of the control effectiveness. As shown in Figure 3.5, the resulting response became
significantly more oscillating. Furthermore, the oscillations were badly damped.

Lastly, in this research it was shown that the LMS parameter estimation method was very ef-
fective in estimating the correct control effectiveness parameters. Using adaptive control it was
possible to obtain nearly the same roll response as the non-adaptive INDI controller without model
error. The results obtained in this research are of interest in this research as in this study also con-
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trol effectiveness deviation due to inertia changes will be considered. Furthermore, considering the
low computational complexity of the LMS method and its high estimation performance makes it a
promising application of adaptive INDI.

In 2017, the same research group conducted another study with the Bebop Parrot quadrotor
controlled using LMS-based adaptive INDI (Smeur et al., 2018). In this study it was demonstrated
that adaptive INDI control could also improve on the performance of standard proportional-integral-
derivative (PID) controllers in severe gust load conditions. Furthermore, the adaptive control law
was extended to also estimate the thrust control effectiveness. The gust load tests were conducted
in a wind-tunnel and in the open air on a windy day. In both cases it was shown that the adaptive
INDI controller has a higher control performance than a PID controller.

Furthermore, in the beginning of 2019 a research project on fault tolerant flight of an extended
F-16 has been performed (Bhardwaj et al., 2019). In this research three INDI control laws augmented
with a different version of predictor based MRAC were investigated. The first one uses the 'standard’
form, the second one uses Singular Value Decomposition (SVD) update laws and the third version
is based on £ piece-wise adaptive augmentation. Using the test cases defined in this study, it was
shown that all three adaptive laws were able to stabilize the aircraft and could compensate for the
initial model deviation. Furthermore, the adaptive control laws have shown to be able to cope with
unmodelled actuator dynamics adequately.

The last known research on adaptive INDI was presented in 2019 as well (Cao et al., 2019). Here,
an INDI controller of a Unmanned Aerial Vehicle (UAV) was augmented with e-modified MRAC
using an adaptive NN. The NN was trained online and was used to determine an augmentation
signal for the INDI control law output. The goal of the control law was to be able to cope with
high angle manoeuvres and uncertainties in the control effectiveness. To be able to deal with high
angle manoeuvres, the reference model used the quarternion notation instead of the Euler angles to
obviate singularities. The experiments performed in this study were simulation based and showed
that the adaptive controller was able to follow the reference adequately for angles between 7 to 7
radians.

From this state-of-the-art review on INDI it is clear that there is still a lot to discover with respect
to adaptive control. However, the research projects performed show that adaptive INDI is able to
achieve high control performance in uncertain systems. Consequently, adaptive INDI is a promising
approach for the application in the INDI control law of an F-16 with time-varying dynamics.
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3.5.2. Adaptive laws in NDI control systems

The NDI control law design approach already exists since the 1990’s. As INDI is closely connected
to NDI, adaptive forms based on this design principle will also be considered in this literature study.
One of the first researches on adaptive NDI was performed in the time that NDI itself was still novel
as well. In this study the NDI flight control law was augmented with a direct adaptive MRAC law
based on a linear-in-the-parameters NN (Kim and Calise, 1997). In this research it was shown that
indirect adaptive with a linear-in-the-parameters NN could be used to adequately correct for the in-
version error. Other examples of studies in which apply linearly parameterized NNs to compensate
for the model error are: (Calise et al., 1998; Calise and Rysdyk, 1998; Calise et al., 2001). In Rysdyk
and Calise (2005) also a nonlinear NN with a single hidden layer was applied for the direct adaptive
NDI control.

Another application of a nonlinear neural network is investigated in (Weerdt et al., 2008). Here,
an adaptive nonlinear NN with tangent sigmoidal activation functions is used to compensate for the
model error due to fuel sloshing in a satellite. The difference in this adaptive scheme with respect
to the ones discussed before it that the NN is adapted based on the error between the prediction
of the NN and the system output. Consequently, this is a Self-tuning control law. Furthermore,
the estimated sloshing model is used in the system inversion loop which also makes this adaptive
control law an indirect adaptive control law. In the results of the research it was shown that the
neural network is able to estimate the sloshing behavior. However, when the training data of the NN
does not contain much information, it was observed that the control signal contains high frequency
oscillations. In this research this problem was solved using a low-pass filter on the control signal,
which showed to be effective.

Furthermore, in Lombaerts (2010) research has been performed in the field of fault tolerant con-
trol using adaptive NDI. In this research, the NDI control law is made fault tolerant by estimating
the aircraft model parameters online and applying these parameters in the control law. The param-
eter estimation method used here is the Recursive Least Squares algorithm. This adaptive control
law was tested using pilot in the loop simulations in the SIMONA Research Simulator at the Fac-
ulty of Aerospace Engineering of the Delft University of Technology. It was shown that the adaptive
law was able to find the correct model parameters and by using Cooper-Harper evaluations it was
shown that the use of the adaptive NDI control law could reduce the workload in case of a failure.
Furthermore, it was demonstrated that this adaptive INDI control law could still stabilize the aircraft
for a rudder hardover case and for the failure case of Flight 1862.

The research on adaptive NDI has significantly increased during the last decade. Various re-
search projects have been performed of which some applications studies are for UAVs (Geiser et al.,
2011; Shastryetal., 2016), VTOL aircraft (Autenrieb et al., 2019) and high-performance aircraft (Rollins
etal., 2013; Tol et al., 2016). Overall, it can be noted that adaptive NDI based on MRAC is very popu-
lar. This is most likely as the design follows from Lyapunov stability functions which also give some
guarantee that the adaptive control law is stable. Though, despite these proofs of stability of MRAC
based adaptive INDI control laws, the indirect adaptive NDI control law with RLS parameter esti-
mation as discussed in Lombaerts (2010) is currently still the only adaptive piloted flight simulation.
Therefore, this approach has proven to be practical.

3.5.3. Adaptive laws in other model-based control systems

Other model-based nonlinear flight control design methods are Backstepping (BS) and Incremen-
tal Backstepping (IBS). The adaptive versions of these methods are often integrated with Lyapunov
tuning functions as the derivation of the standard BS or IBS control laws are already based on Lya-
punov (Sonneveldt, 2010). These type of adaptive (I)BS control laws are also known as integrated
adaptive (I)BS. These type of control laws are already in development since the late 1990’s. One ex-
ample is an adaptive BS control law for a high-performance aircraft is shown in Steinberg and Page
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(1998). Here, it was shown in simulations that integrated adaptive BS could cope with modelling
errors and system failures. However, it was noted that the control law did not adequately handle the
magnitude of the actuator commands. The research project described in Li et al. (2004) is one of the
examples of an adaptive BS control law which makes use of an adaptive NN. In this research it was
shown that it is possible to develop a semi-global bounded control law using this design approach.
Furthermore, in Ju and Tsai (2007) the performance of an adaptive BS flight control law was eval-
uated using handling quality guidelines. In this paper a MRAC based adaption rule was designed
to ensure that the control response would follow the desired dynamics from the handling quality
guidelines. It was demonstrated using computer simulations that this adaptive BS flight control law
was able to achieve level 1 handling characteristics for the short-period requirement.

In Sonneveldt (2010) and van Gils et al. (2016) adaptive modular BS and IBS control designs are
developed using the a new approach called Immersion and Invariance (I&I). The I&I framework de-
fines the parameter estimation law by developing an invariant manifold on which the estimation
error is zero. This manifold has a similar goal as the manifold defined in SMC and it made attrac-
tive using Lyapunov stability functions (LSF). Furthermore, the parameter estimation error is made
stable by adding a stabilizing function in the definition of the manifold. This also results in the
I&I framework not being based in certainty equivalence (Astolfi et al., 2007). As the I&I framework
also uses an LSF for its control law design, its combination with BS comes naturally. However, this
adaptive control design is not integrated as is the case with the standard adaptive BS control law.

Furthermore, in van Oort et al. (2010) an adaptive BS control law based on orthogonal least
squares parameter estimation is considered. Here, the parameter estimation is used to update the
on-board tensor-product B-spline model for centre of gravity shifts and actuator failure. It was
demonstrated in simulations that this adaptive control law was able to give high tracking perfor-
mance than the non-adaptive variant.

From this concise review on adaptive (I)BS control it could be concluded that also here Lya-
punov based adaptive laws are popular. Although, this was expected as the control law design itself
is also based in Lyapunov stability. With respect to this study, the modular adaptive BS approaches
are most relevant as the integral approaches are specifically designed for BS control. For the mod-
ular approaches also methods as RLS parameter estimation and MRAC are used, which indicates
the usefulness of these methods. Furthermore, in this literature research a modular framework for
adaptive control design was discovered which was not used in the control law designs based in feed-
back linearization.

3.6. Selected adaptive control approaches

As seen in the previous sections in this chapter there are a vast amount of options to consider for the
design of an adaptive controller. However, as it is not possible to consider all options, this section
will elaborate on the selection of a concise, but diverse, set of adaptive laws which will be considered
for further analysis in this thesis.

The most demanding aspect to consider in the selection is the ability of the algorithm to operate
in real-time. This means that it is preferred that the steps/conversions required to obtain an param-
eter estimate is as low as possible. Consequently, this study will only consider approaches which use
the time-domain data to obviate domain conversion steps which require extra computational time.
Furthermore, it has been established that the identification algorithms based on combined state
and parameter estimation, the One-Step approach, are often not suitable for real-time applications
as these require several iterations per time step. On the other hand, the two step method separates
the state and parameter estimation and allows for computational efficient linear parameter estima-
tion algorithms. Consequently, to achieve a higher probability for real-time use, the identification
algorithms considered in this study will be designed according to the Two-Step method.

Considering the parameter estimation methods, it has been decided to use MRAC , Immersion
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and Invariance , Recursive Least Squares and Least Mean Squares. Both MRAC and I&I based adap-
tive control are chosen as these adaptive laws could be derived using Lyapunov stability functions.
Consequently, these adaptive control laws contain a certain proof of stability in their derivation al-
ready. The differences between these adaptive control laws is that MRAC uses the error between
the system output and a reference model output to drive the adaptive law and I&I adaptive con-
trol bases the adaption on only the system output information. Another interesting aspect of 1&I
is that it does not rely on CE which decreases the need for very accurate parameter estimation (As-
tolfi et al., 2007). The RLS and LMS parameter estimation routines are chosen as these adaptive
laws try to find the correct model parameters by using an adjustable prediction model. As this is a
completely different approach than the MRAC and II-AINDI control laws, the RLS and LMS based
adaptive laws are deemed well suited for the diversity of the set of adaptive control laws considered
in this study. The main difference between the RLS and LMS parameter estimation routines is that
the RLS algorithm determines a variable adaption gain based on the certainty of the previous esti-
mations whereas the LMS method has a fixed update gain. Due to this difference both parameter
estimation routines have different stability and estimation characteristics which make them both
interesting for this research.



Aircraft dynamics modelling

As mentioned in the introduction, the CG is difficult to determine accurately without making as-
sumptions on the inertia or using unconventional sensor configurations. To still be able to correct
for the changing system dynamics and maintain the control performance, this research will inves-
tigate adaptive control laws as a possible solution. To gain understanding on how the system dy-
namics are affected by the inertia and CG changes, a brief study on rigid body aircraft models which
incorporate these factors is treated in this chapter. However, as this research only focuses on ro-
tational control, the analysis performed here will only focus on the rotational equations of motion
(EOM).

There are two approaches to model the effects in the EOM. One method is to use a geometrically
fixed reference frame with respect to the aircraft. Here, the centre of gravity will not coincide with
the origin of the reference frame anymore after it has shifted. This approach will be presented in
section 4.1. Section 4.2 treats the second method where the reference frame origin is the CG. Lastly,
section 4.3 will set the obtained knowledge into the perspective of INDI based rotational longitudi-
nal flight control.

4.1. Aircraft fixed reference frame

According to an analysis performed in Lombaerts (2010) the moment equations for a shifted centre
of gravity with respect to a geometrically fixed reference frame, in this case O, can be written as (4.1).
The reference frame in which this derivation has been performed has the same orientation as the
body axis reference frame shown in Figure 4.1.

LO=Ip+ (IZZ - Iyy) Gr+ Ly (pr—q) - Lz (pg + 7) + Iz (r2 - qz) +mAEAy - mAEAz

)
MO =1, + (Iex — Iz) pr— Ly (p+ qr) + Lz (p2 - rz) +1,.(pg—1)-mABAx+mA®Az  (4.1)

NO =17+ (Iyy - Ixx) pqg— Iy (qz - pz) + Lz (qr = p) = Iz (G + pr) + mAy, ,Ax—mAy, Ay

Here, LC, M© and N© are the aerodynamic moments around the X, Y and Z axis of reference frame
O, and Ixy, Iy, Izz, Ixy, Ix; and I, are mass moment of inertia terms around the corresponding
principle axis. Furthermore, p, g and r are the roll, pitch and yaw rate, respectively, and p, g and
i are their time derivatives. Then, Ax, Ay and Az are the distances of the CG position with respect
to the origin of O. A CG shift in the direction of the body axes is considered positive. Moreover,
m is the aircraft mass, and A%, A;g and AZ% are the specific forces at the CG with respect to the
body reference frame. In these equations no assumptions are made about the symmetry of the
aircraft geometry. Furthermore, no changes in mass and inertia are assumed even though the CG
has shifted. To include the mass and inertia changes the mass and inertia terms, m and I can be
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4

Figure 4.1: Body axis reference frame !

modelled as m + Am and I + AI, respectively (Lombaerts, 2010). However, to limit the expansion of
the derivation, the A-terms will not be included.

In this research the aircraft is assumed to be symmetric over the XZ plane. Furthermore, as
discussed in the introduction, only the CG position change in the longitudinal direction will be con-
sidered. Therefore the inertia terms Iy and I}, and the CG shift terms Ay and Az will be neglected.
This reduces (4.1) to the following set of equations:

10 =Lup+ (L= Ly ) 7 = Lz (pg + 7)
MO =1,y + (Lix — L) pr+ Iz (pz - rz) — mA% Ax 4.2)
NO=I, i+ (Iyy - Ixx) P+ Lz (qr - p) + mAEAx

Rewriting the equations of (4.2) to obtain the explicit equations for the rotational acceleration
P, g and 7 gives the following result:

, 1
P:I I 12 (IJ’J/IZZ_Igz_lyzcz)qr"'lxz(lxx—Iyy+Izz)pq+IzzLO+IszO+
xxizz = Lxz
— Iy;mAfAx
1
q= T [ (IZZ - Ixx) pr— Isz2 +1xz r2+ MO+ mAggAx (4.3)
Yy

1

r= 2 Iz (IJ’Y =T - IZZ) qr+ (Iyzcx = Lxlyy + I;Zcz) pq+ IszO + IxxNO+
Ixszz - Ixz

— IemAfAx

This result shows that, a the proper method to predict the correct angular acceleration is to correct
the model by a linear acceleration term, m A€, multiplied by the CG shift, Ax. However, it should
be noted that the acceleration observed in the reference frame origin is also affected by the CG shift
as shown in eq. (4.4) (Lombaerts, 2010).

IXraljic, A., Quadcopter Project. Digital image. Github. GitHub Inc. 2017, 13-05-2020
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AY = A - (7 +pq) Ax

(4.4)
A9 = A~ (pr-d) e

Here, AJ? and A are the observed specific forces in the y and z direction in the origin of reference
frame O, respectively. Substituting these equations in (4.3), it can be found that the change in dy-
namics is quadratically dependent on the CG shift.

4.2, Centre of gravity fixed reference frame

The other modelling approach sets the CG as the origin of the reference frame. Consequently, the
terms related to Ax,Ay and Az remain zero in equation 4.1 and the equations can be written as in
(4.5).

— Iy, (pq+ f) +1y; ("2 - qz)
+1o, (p2 - r2) +1,.(pg-7) (4.5)

N°¢& =Izzf+(lyy_1xx) pq—[xy(qz—pz)+Ixz(qr—]§)—lyz(6']+pr)

L8 :Ixxlj + (Izz - IJ’Y) qr+ IXJ/ (pr - q)
)

MCg :Iyyé]"' (Ixx - IZZ) pr_ Ixy (p+ C]r

In this set of equations the moments L, M and N are always defined relative to the CG. This
means that it is not required to add the bias terms containing the specific forces acting on the CG
to correct for the shift. However, the original aerodynamic model is defined with respect to another
point than the shifted CG. Therefore, the aerodynamic moment terms dependent on the CG will
have to be corrected. This can be achieved by writing the aerodynamic moments as follows:

L8 =Ly—2Zy (J/cg - J/w) + qus (ch - qus) +Y; (ch - Zt) —Zt (ycg - yt)
M€ =My + Z,, (xcg - xw) - Xuw (zcg - zw) — Xfus (zcg - qus) +Z; (xcg - x[) -X; (zcg - z[) (4.6)

N°€ =Ny + Xy (J/cg - J/w) + Xfus (J/cg - J/fus) - qus (xcg - xfus) + X (J/cg - J/t) -Y (xcg - xt)

Here, the subscript 0 indicates the pure moment due to the airframe geometry. Furthermore, w, ¢
and fus refer to the wing, tail and fuselage, respectively. The reference frame used for this derivation
has the same orientation as the body reference frame shown in Figure 4.1. It is assumed that the
main lift forces are generated by the wings and vertical tail only. Furthermore, it is assumed that
the forces in the Y direction of the wings is negligible. To include the CG shift in these equations,
the terms x.g, ycg and z.g will be rewritten in terms of a nominal CG position and a deviation, A.
Only considering the longitudinal CG shift and defining the aerodynamic model at the nominal CG
as L,om» Muom and Nyom, (4.6) can be written as follows:

L8 (Ax) =Lnom
Mcg (Ax) :Mnom+Zwa+ZtAx:Mnom+ZAx (4.7)
N (Ax) =Npom — YfusAx — Y;AX = Npom — Y Ax

From these equations it can be seen that the aerodynamic moment changes by the total aerody-
namic force multiplied by the shift in CG. As in this research only longitudinal CG shifts are consid-
ered, only the forces Y and Z remain. Using this result in the set of equations described in (4.5) and
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rewriting these equations in terms of p, ¢ and #, gives the following set of equations:

ﬁ:I I 12 (Iyylzz_lgz_l)zcz) qr+ Iy, (Ixx_lyy'FIzZ) pq+1:Lnom+ IxzNpom=+
xxizz =~ Lxz
— I AxY
. 1 ) )
q= [ (Izz Ixx)pr_lxzp + Iz + Myom + AxZ (4.8)
Yy

= 2 Iz (Iyy —Lix = IZZ) qr+ (Iazcx = Lexdyy + Iyzcz) Pq+ LczLnom + LxxNnom+
IixIzz — Iy,

— L AxY

4.3. Considering INDI-based pitch rate control

The knowledge obtained on the change in system dynamics due to CG shifts and inertia changes will
be considered in the perspective of longitudinal INDI control in this section. This analysis starts by
taking a first order Taylor expansion with respect to the previous time step of Eq. (4.3) and (4.8), and
assuming that the difference in state between the previous and current time-step can be neglected.
Furthermore, for completeness, in this formulation the change in mass, Am, and the change in
inertia, A, are included. This will result in the following descriptions:

o
oM 9 MG + Ax(m +Am) A2,
q=4qo+ 65 =go+ (4.9)
Tyy+ ALy + (it A (AT Ly + ALy, + (m+Am) (Ax)2
oM,
pon 4 Ax§£ M, +AxZ,
q=do+ bme o + 2 % AS, (4.10)

Iy +Alyy Iyy +Alyy

It can be seen that the obtained results, using the two reference frames, contain different factors.
Though, the overall structure is equivalent. Both A and Mpom,, are negative, so a positive (for-
ward) CG shift results in a more negative control effectlveness This is expected as the arm between
the centre of lift of the tail and the CG is increased. Furthermore, the difference in denominator
between Eq. (4.9) and (4.10) is due to the fact that the specific force is considered with respect to
reference frame O. Moreover, a decrease in inertia increases the control effectiveness as well. This
effect is also expected as a decreased mass moment of inertia requires a lower moment to obtain a
certain angular acceleration. Solving these equations for Ad, and setting g to v, the following INDI
control law descriptions can be found:

MO +Ax(m+amal |7

A= ‘ ‘ iy 411
WS AL, T mramanE| V) @10

Mde,nam + sz52
Ly +Aly,

Au= (v-qo) (4.12)

From the results found in this section it can be seen that the control effectiveness is indeed
affected by CG shifts and inertia changes. Furthermore, modelling errors in M;, also result in in-
correct determinations of the elevator deflection increment. Moreover, it is clear that the changes
in control effectiveness due to CG shifts and inertia changes cannot be decomposed into separate
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terms. Consequently, nonlinear identification techniques are required to estimate the effect of each
separate effect. However, as discussed in section 3.6, only linear identification methods will be used
to promote the possibility for real-time operation.

The goal of the adaptive control law is to obtain a more accurate estimation of the control ef-
fectiveness to maintain constant handling qualities. Therefore, it is not required to estimate the
individual influence of CG shifts and inertia changes on the control effectiveness. Consequently, it
is possible to lump all causes for model deviation into one uncertain term. This approach yields a
single uncertain term which could potentially be identified using the selected parameter estimation
methods from the previous chapter. Therefore, in the remainder of this research, the uncertainty
will be lumped together into one uncertain term. Furthermore, the nominal on-board model for
the control effectiveness will be given the symbol G.



Evaluation metrics

To be able to compare the different adaptive control designs it is required to have a suitable set
of metrics. The performance differences could be assessed by comparing, for example, the stabil-
ity, robustness or disturbance rejection capabilities of each controller design. For linear systems
these characteristics can be found from eigenvalue analysis or analysing the sensitivity function.
However, to formally asses the stability, robustness and disturbance rejection aspects of nonlinear
systems, it is required to use nonlinear stability theory as described in Slotine and Li (1991) and
Wang et al. (2019a).

Using these theories to analytically proof stability, robustness and disturbance rejection capa-
bilities would be the best approach, from a scientific point of view. However, considering that a
formal systematic stability proof of adaptive controllers is not yet fully developed (Nguyen, 2018)
and this study focuses on the application of adaptive nonlinear control, an analytical proof will not
be covered. Consequently, this chapter will focus on metrics which could be used to evaluate and
compare adaptive controllers.

The metrics involved for the adaptive control law assessment will be focused on three different
aspects of the adaptive controller. First of all, the focus will be on the tracking performance and
control activity. These metrics are discussed in section 5.1. Furthermore, there will also be metrics
which allow for the evaluation of the parameter estimation in the adaptive law itself. The metrics
used for this purpose are treated in section 5.2. Then, as the adaptive control laws should be able
to run in real-time, the computational complexity is also an important aspect. Especially when
it is preferred to estimate more model parameters. Therefore, section 5.3 elaborates on how the
computational complexity could be analyzed and how this will be done in this study. Lastly, this
chapter will dive in the control law evaluation using handling quality guidelines.

5.1. Control performance

Within the field of the assessment of nonlinear control laws there is not yet a consensus on which
performance metrics are the most appropriate (Stepanyan et al., 2009). Consequently, this section
will show metrics which are currently used for the control performance evaluation of nonlinear
control.

A common approach is to compare the response of a nonlinear controller to the output of a
reference model which receives the same reference signal as input. The error observed between the
reference model and actual system could then be analysed using £-norm metrics (Heise et al., 2013;
Bhardwaj et al., 2019; Stepanyan et al., 2009). The most commonly used versions are the £, and
Ly-norm. These norms respectively determine the maximum deviation from the reference model
and the ’error energy’. The definitions of these norms are shown in Eq. (5.1) and (5.2).
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Here, e is the difference between the actual system output y and the reference model output
¥m», and T is the simulation time. Using the £.,-norm it is possible to evaluate the transient perfor-
mance of the adaptive control law. If the estimated parameter in the adaptive law is incorrect this
will probably result in under or overshoot of the ideal response. The £,-norm can be used to evalu-
ate the presence of oscillations and steady-state errors. Furthermore, to obtain a clear indication of
the average error, the Root-Mean-Square (RMS) metric could be used as well (Heise et al., 2013):

1 T 1 T
RMS(e,-)z\/?f |ei|2dt:\/?f |y,-(r)—ym,,-(t)|2dt (5.3)

In this study the pitch rate, g, is the only system output variable which will be compared to a
desired pitch rate. Therefore, the Eq. (5.1) till (5.3) will simplify to the following:

lellz., = max{|q (1) = g (0] | (5.4)
T 2

lele, =\ [ lat-an o] dr (5.5)
1 (T 9

RMS (e) = ?f g (0= qm (0| dt (5.6)

Next to the tracking error performance it is also important to observe the control activity. It
could for example be the case that the system output behaves almost exactly as the reference model,
but this requires a significant amount of control activity. Although, the tracking performance is de-
sired, it also results in faster degradation of the control actuators, which is undesired again. Further-
more, if the normal condition control activity is already high, it could be possible that the system
becomes unstable when disturbances are present. Therefore, in control engineering often a trade-
off is made between tracking performance and control activity as well.

To assess the control activity it is also possible to use the £, and £,-norm metrics. In this case
the actual control input is compared to the reference input which is required to achieve the output
of V. Although, these metrics give a good idea of how well it follows the ideal, these metrics might
not be the best to analyse oscillations. Furthermore, determining the ideal control input could be
a difficult task. Another metric discussed in a recently published article is the cumulative moving
standard deviation (CMSD) (Mooij, 2020). This metric determines the standard deviation for a n;
amount of data samples. The definition of the CMSD metric for the control input is given in Eq.
(5.7).

N—nS/Z 1 ns—1 2
CMSD(w)= Y. Y silkl skl = (uli-no2+ k] - @) (5.7)
j=mz+1 \ s~ 1 i

Here, s; [k] is the squared deviation from the mean of the set of data samples of sample set j, ;.
This metric can be used to observe oscillations as this would increase the standard deviation of the
small dataset and this results in a quicker growing CMSD. As this is an effective approach to evaluate
oscillations in the control activity, this metric will be used to assess the control activity.
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5.2. Online estimation performance

Next to the tracking performance and control activity it is also important to evaluate the parameter
estimation performance. As the INDI control law is robust to model uncertainties it is able to handle
a certain amount of model deviation. However, it is of course desired that the parameter estimation
is as close to the actual value as possible and converges without any oscillations. To be able to
assess these characteristics it is possible to use similar metrics as described in the previous section.
A common metric to evaluate the performance of an estimated model is the RMS estimation error
(De Visser, 2011). However, as here the model parameters are estimated over time, it could be the
case that there will be some transients. To evaluate the performance during a transient it is possible
to use the L,,-norm of the estimation error as well. Furthermore, it could be the case that the
adaption gain is tuned too aggressive. This could result in drastic corrections in the estimated model
parameters which again could lead to overshoot and oscillations. As this is unwanted behaviour, it is
also interesting to obtain some knowledge on the oscillatory behaviour of the estimated parameter.
In this study this will also be analyzed using the CMSD metric.

To use the L,-norm and RMS metrics for the evaluation of the parameter estimation, it is re-
quired to have the actual value of the parameter or model. This value can be taken from the model
used in the simulation. In this study the actual value of the control effectiveness, g5, = ‘}—SCCmﬁe,
will be extracted for the evaluation using the £,-norm and RMS metrics. Furthermore, the CMSD
will be used to evaluate the estimated parameters. Consequently, the following set of metrics will be
used to evaluate stability of the parameter estimation performance:

IIec||Lw=ntl€aTx{(G(t)—Gact(t)|} (5.8)
1 7. 2
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5.3. Computational complexity

The second quantitative evaluation metric form is the analysis of the computational complexity.
The study of computational complexity focuses on the increase in computation time when the input
of an algorithm increases. This information can be used to evaluate whether an algorithm is able to
perform the task on a certain computer or to compare algorithms with each other (Sedgewick and
Flajolet, 2013).

There are several methods to perform this analysis. First of all, it is possible to use the actual
computational time. In this case the algorithm is run and the time is measured for multiple sizes of
the input. Using this approach it is possible to observe how the computational time increases for
an increasing input size. The computational time could, for example, increase in a linear, quadratic
or cubic way. although, this gives a good indication of how long it takes to process a certain amount
of data on that particular computer, it does not say much about how long it will take on another
computer. Except that the computation time will increase linearly, quadratically or cubically.

Another approach is to count the elementary operations of an algorithm. Using this approach
often the worst case scenario will be analysed. For example, consider a sorting algorithm where
the initial sequence is exactly the inverse of the target. In computational complexity analysis the
elementary operations can be counted using two methods. The first method is to analyze every
part of the algorithm in detail and count every elementary operation made (Sedgewick and Flajolet,
2013). This could for example lead to the conclusion that the amount of elementary operations grow
in the fashion of f (n) = 2n? + n+50. In the second approach it is already assumed that the input is
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large enough that the effect of the lower order terms and scaling factors of f (n) can be neglected.
In this case the computational complexity is determined in the big-’O’ notation (Sedgewick and
Flajolet, 2013). This means that the computational complexity of f (n) grows in the order of O (nz)

Furthermore, counting the elementary operations can be done on different levels. It is possible
to perform this low-level and count all the bit, assign, read, write operations which are performed
by the computer, or the counting could be done at the level of the mathematics alone. This depends
on the level of accuracy that the demanded from the analysis. However, the be able to do this, de-
tailed knowledge about the machine architecture and compilers is required (Sedgewick and Flajo-
let, 2013). In this study these low level details of the flight control computer (FCC) are not available.
Furthermore, it is not possible to test the required computational time on a real FCC. Therefore, the
analysis of the computational complexity will be performed on the level of the mathematics used in
the algorithm. Besides, in this analysis it is probably too coarse to estimate the computational com-
plexity using the big-O notation. Consequently, the elementary mathematical operations of each
algorithm will be counted. The basic mathematical operations are addition, subtraction, multipli-
cation and division.

5.4. Aircraft handling quality and stability guidelines

Handling quality and stability guidelines are developed to ensure a good integration of the aircraft
system with the human pilot. Its origin stems from the beginning of aircraft design (Phillips, 1989).
The idea behind the development of aircraft handling quality guidelines is to give the control de-
signer metrics to predict whether the pilot workload is adequate for the developed control system.
Complying to these guidelines during the control law design phase increases the possibility that
flight can be performed safely and does not require high levels of pilot workload. This section will
give a concise review of the field of aircraft handling quality and stability guidelines. However, as
only longitudinal control is considered in this study, this section will focus on handling quality and
stability guidelines used for longitudinal control. Handling quality and stability guidelines are es-
tablished for all aircraft classes. These classes are made according to their weight, size and manoeu-
vrability, and are defined as follows (Cook, 2012):

Class I: Small, light

Class II: Medium weight, low to medium manoeuvrability
Class III: Large, heavy, low to medium manoeuvrability
Class IV: High manoeuvrability

Furthermore, the desired handling qualities vary during flight due to different flight phases. For
this reason, the assessment of the handling qualities is divided into several flight categories. These
categories are labeled A, B and C and their definitions are as follows (Cook, 2012):

Category A: Non-terminal flight phases that require rapid manoeuvring, precision
tracking or precise flight path control.

Category B: Non-terminal flight phases that require gradual manoeuvring, less
precise tracking, and accurate flight path control.

Category C: Terminal flight phases that require gradual manoeuvring and preci-
sion flight path control.

The development of handling quality requirements/guidelines is a delicate process in which
the pilot opinions are transformed into mathematical quantities. One of the methods to obtain this
information is using the Cooper-Harper ratings as shown in Figure 5.1 (Pratt, 2000). Using this form,
the pilots provide their opinion about the handling qualities while performing a certain control task
as a number between 1 and 10.
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COOPER-HARPER HANDLING QUALITIES RATING SCALE

ADEQUACY FOR SELECTED TASK OR
REQUIRED OPERATION"

AIRCRAFT
CHARACTERISTICS

DEMANDS ON THE PILOT IN SELECTED
TASK OR REQUIRED OPERATION™

PILOT
RATING

Excellent
Highly desirable

Pilot compensation not a factor for
desired performance

Deficiencies
warrant
improvement

Good
Negligible deficiencies

Pilot compensation not a factor for
desired performance

Fair - some mildly
unpleasant deficiencies

Minimal pilot compensation required for
desired performance

Minor but annoying
deficiencies

Desired performance requries moderate
pilot compensation

Moderately objectionable
deficiencies

Adequate performance requires
considerable pilot compensation

Wery objectional but
tolerable deficiencies

Adequate performance requires extensive
pilot compensation

Adequate performance not attainable with
maximum tolerable pilot compensation. 74
Conirollability not in question

Considerable pilot compensation is required 8
for control

Major deficiencies InLe_nse pilot compensation is required to 9
retain control
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Yes
Mo BT ! F Control will be lost during some portion of
—p‘—H Maior deficiencies e apoeaion @

Pilot decisions * Definition of required operation involves designation of flight @
Cooper-Harper Ref. NASATND 5153 phase andlor subphases with accompanying conditions. L

Figure 5.1: Cooper-Harper handling quality rating scale. Source: (Cooper and Harper, 1969)

Major deficiencies

No
g Major deficiencies

Next to the Cooper-Harper pilot rating scale three levels of handling quality acceptability have
been defined (DoD, 1980, 1997):

Level 1: Flying qualities clearly adequate for the mission flight phase.

Level 2: Flying qualities adequate to accomplish the mission flight phase, but some in-
crease in pilot workload or degradation in mission effectiveness, or both, exists.

Level 3: Flying qualities such that the airplane can be controlled safely but pilot work-

load is excessive or mission effectiveness is inadequate, or both. Category A
flight phases can be terminated safely, and Category B and C flight phases can
be completed.

The handling quality level acceptability scale and the Cooper-Harper pilot rating scale have
been combined to develop specifications which could be used to analyse the quality of the control
system design. These specifications are based on correlations between fundamental control system
aspects and Cooper-Harper ratings. The next sections will elaborate on how handling quality and
stability guidelines will be applied in this study and describe the most relevant guidelines.

5.4.1. Handling quality and stability guidelines for longitudinal control

This section will discuss the relevant handling quality and stability guidelines which could be used
to design and evaluate the INDI-based pitch rate control law used in this study. Guidelines used
for this purpose can found in military standards, such as the MIL-STD-1797A (DoD, 1997). These
guidelines consider several aspects, such as the control forces applied by the pilot, the feel system,
the dynamic response of the controlled aircraft, etc.(DoD, 1997; Mitchell et al., 1994) From these
aspects, only the guidelines focusing on the dynamic response of the aircraft will be applied in this
thesis. This approach has been chosen as the adaptive control law is still in a conceptual stage and
actual interaction with a test pilot is not considered.
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The handling quality and stability guidelines mainly focus on the short term behaviour of the
aircraft for the pilot input. Reviewing several sources, such as the military standards (DoD, 1997,
1980), best practices (Mitchell et al., 2000) and studies Mitchell et al. (1994); AGARD (1991b); Berger
et al. (2012), it was found that the following handling quality and stability guidelines are considered
to be important for longitudinal control design:

* Control Anticipation Parameter (CAP) vs. Short period damping
* Equivalent time delay

* Pitch attitude dropback

* Gibson phase rate

 Pitch attitude bandwidth vs. phase delay

* Neal-Smith

* Flight-path angle bandwidth vs. pitch attitude bandwidth

Consequently, this section will continue with briefly covering each specification. Furthermore,
note that the phugoid motion will not be considered. This is because pitch rate control naturally
suppresses this motion and the short period is considered most important.

CAP vs. short period damping and Equivalent time delay

The CAP vs. short period damping and equivalent time delay guidelines will be treated together as
these are both based on a Lower Order Equivalent System (LOES) fit of the more complex and higher
order control system. The paradigm of LOES fitting was developed to be able to quickly analyze the
short term pitch response characteristics of fly-by-wire (FBW) control systems.(DoD, 1997; Mitchell
et al., 1994) The addition of computers, sensors, filters, actuators and other mechanical and digi-
tal subsystems in these type of control systems results in a control law with a much higher order
response than the aircraft. Before the application of LOES models, the short period frequency and
damping of the controlled aircraft were selected from the frequency response by hand. Although
this could work, it also resulted in wrongly selected frequencies and damping which resulted in a
wrong prediction of these short term handling qualities. The idea behind a LOES fit is to find an
equivalent lower order model which closely resembles the high order system within a limited fre-
quency range. An example of a LOES model for the pitch rate response for a longitudinal stick input
is shown in Eq. (5.11).(DoD, 1997; Cook, 2012)

1
q_ K5(S+ﬁ2)

2 _ e TeS (5.11)
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Using this model it is possible to determine an equivalent value for the short period frequency,
wsp, the short period damping, {sp, the short period zero, TLHZ and the equivalent time delay, 7,
within small frequency range, often chosen between 0.1 and 10 rad/s.(DoD, 1997) Despite this sim-
ple concept of making an equivalent fit and using the model parameters in handling quality guide-
lines, it has been observed that it is not as easy as it sounds.(DoD, 1997; Mitchell et al., 1994) Al-
though a fit is easily obtained, the fit could be deviating significantly form the actual aircraft re-
sponse and therefore give a bad prediction of the handling qualities based on LOES model coef-
ficients. To confront these problems, studies have been performed on how much the response is
allowed to deviate before the pilot will notice. This lead to the definition of the Maximum unnotice-
able added dynamics or MUAD bounds, see Figure 5.2 and 5.3, and the preferred LOES fitting cost
of less than 10 according to the following cost function given in Eq. (DoD, 1997).
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Furthermore, next to this issue there is also an ongoing discussion on the calculation of %Z The
zero of the LOES model is closely related to the lift curve at the considered flight condition. Con-
sequently, there is a difference in opinion among control system developers and scientists whether
this value should be fixed and determined beforehand with the knowledge of the aircraft model or
keep it 'free’ and use the result from the equivalent fit.(DoD, 2008) Both approaches do give a differ-
ent prediction of the handling qualities. Though both approaches seem to be of value.(DoD, 2008)
This study will not dive deeper in this discussion and will use a 'free’ parameter in the future appli-
cations, though it is considered important to consider these uncertainties or limitations. However,
to assure that an adequate value for %2 is obtained, it is recommended to perform a simultaneous
LOES fit of the longitudinal stick to load-factor and stick to pitch rate responses (DoD, 1997). Note
that for load-factor response fit the load-factor at the instantaneous centre of rotation (ICR) should
be used.

Once a LOES fit is obtained, there are two important guidelines which can be assessed. As men-
tioned before, these are the CAP vs. short period damping and the equivalent time delay criteria.
The level 1 until 3 boundaries for 7, are defined as follows (DoD, 1997):

Level 1: T, >0.10
Level 2: T, =>0.20
Level 3: T, =>0.25

The definition of CAP is the ratio of the initial pitch acceleration divided by the steady state
load factor response as shown in Eq. (5.13). Furthermore, this equation shows how the CAP could
be determined from the LOES fit model coefficients and the airspeed, V, of the considered flight
condition. The rationale of this parameter is that when the pilot is able to experience the pitch
acceleration and load-factor response of the short period motion, he or she receives cues which
improve the ability to make small adjustments to the pitch motion.(Cook, 2012) The CAP vs. short
period damping criteria has two boundary definitions. One for the CAP and one for {5, (DoD, 1997):
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Level 1:  028<CAP<3.60, 0.352>(;,>130
Level2:  0.16<CAP<10.0, 0.252{,>2.00
Level3:  0.16>CAP>10.0, 0.15=(,

2 2
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Pitch attitude dropback

The pitch attitude dropback criterion is developed by J.C. Gibson for the evaluation of highly aug-
mented flight control systems.AGARD (1982) The definition of attitude dropback is given in Figure

. . . AB peq
5.4. From these responses the ratio of peak pitch rate over steady-state pitch rate, %", and the

ratio of pitch attitude dropback over steady-state pitch rate, q;six’ are extracted and used to predict
the handling quality. For high-precision tracking performance, a low pitch rate overshoot and pitch
attitude dropback are desired. However, achieving this goal could lead to a small flight path band-
width (AGARD, 1991b). Furthermore, Figure 5.5 shows a boundary which separates the excessive
Pilot Induced Oscillation (PIO) region from the acceptable PIO region for different combinations
of pitch rate overshoot and pitch attitude dropback. The definition of a PIO is the sustained or un-
controllable oscillation resulting from efforts of the pilot to control the aircraft.(DoD, 1997) These
oscillations can differ from small and stable till heavy and unstable oscillations and are therefore
potentially very dangerous. With the introduction of highly augmented aircraft PIO has become an
even more important part of the control law design (Gibson, 1999).

Qpeak
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Figure 5.4: Definition of dropback in the attitude dropback criterion. Source: (Mitchell et al., 1994)

The pitch attitude dropback criterion parameters are obtained for a time-domain analysis. Dur-
ing this analysis, the control law is subjected to a block-shaped longitudinal stick input, as shown
in the lower curve of Figure 5.4, and the response will be further analyzed to find the values for ¢,
dpeak and A0 ,4. One of the objectives of this criterion is to predict the possibility of PIO. However,
as explained in National Research Council (1997), the dropback criterion alone is not a very good
predictor as it is not easily affected by high-frequency delays. It is advised to use this criterion in
combination with the bandwidth versus phase delay criterion as this combination could result in
a good prediction of PIO susceptibility.(National Research Council, 1997; Mitchell et al., 1994) Fur-
thermore, this criterion is only suited for rate command type control laws. This is because flight
path or attitude hold types exhibit a zero steady-state pitch rate response to is step input given at
the stick.(Mitchell et al., 1994)
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ary. Source: (Mitchell et al., 1994)

Gibson phase rate

As mentioned in the previous section, the Gibson phase rate criterion could be used for the pre-
diction of PIO occurrence (Mitchell et al., 2000). This metric focuses on the frequencies around the
-180 degrees phase frequency of the open-loop attitude to pitch input response. For this handling

quality criterion the gradient of the phase curve at the -180° phase frequency, (g—ﬁ)dj_ L80° is deter-

mined which is defined as phase rate by J.C. Gibson (AGARD, 1991a). The mathematical definition
of the phase rate is as follows (Gibson, 1999):

- +180
Average phase rate = (#2010 ) (5.14)

w-180

Here, ¢4 _,,, is the phase at two times the frequency where the phase is -180 degrees. Note that
the frequency is defined in Hz and not rad/s. The boundaries of this criterion are shown in Figure
5.6. Using this definition the phase rate is proportional to the phase delay determined in the pitch
attitude bandwidth criterion shown later on.
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Figure 5.6: Phase rate criterion boundaries for level 1, 2 and 3 han-
dling quality ratings. Source: Gibson (1999)

The rationale behind this handling quality criterion is that closed-loop instabilities appear no-
ticeably more often near the -180 degrees phase frequencies AGARD (1991a). It was found empir-
ically that the gradient of the phase curve at this frequency had a strong correlation with the oc-
currence of the instabilities (AGARD, 1991b). The explanation for this is when a pilot increases his
or her cross-over frequency, a large decrease in phase margin follows due to the large phase rate.
Furthermore, the frequency at -180 degrees phase itself is important as well. The frequency has a
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minimum as the pilot tends to overdrive the aircraft due to its 'sluggish’ behaviour. This also could
lead to PIO (Gibson, 1999).

Pitch attitude bandwidth versus phase delay

Another well-known PIO related criterion developed for highly augmented aircraft is the bandwidth
criterion (DoD, 1997; Mitchell et al., 1994; AGARD, 1991b). This specification indicates the highest
frequency at which the control including the pilot can be closed without compromising the stability
and gives a boundary on the phase delay to prevent PIO (AGARD, 1991b). The bandwidth is de-
termined for the fully augmented frequency response and is the smallest frequency where the gain
margin is at least 6 dB and the phase margin is at least 45°. The complete criterion combines the
phase delay and the bandwidth as can be seen in Figure 5.7. The phase delay is determined in a
similar fashion as the average phase rate (AGARD, 1991b,a):
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Figure 5.7: The pitch attitude bandwidth criterion bounds. Source:
(DoD, 1997)

Here, w; and ¢, are a larger frequency and its corresponding phase close to wg-_1g0. This fre-
quency is commonly taken as 2w =180 as well. It it recommended in AGARD (1991b); Mitchell et al.
(1994) that this specification is used together with the attitude dropback criterion as a high band-
width could lead to increased attitude dropback. This should be avoided as high attitude dropback
leads to decreased tracking performance and possibly PIO. Furthermore, the benefit of this criterion
is its applicability to all control response types (AGARD, 1991b).

Flight-path angle bandwidth versus pitch attitude bandwidth
The idea behind this criterion is that the flight path angle response for a change in pitch attitude
matches the pilot’s expectations. If the flight path response is slow compared to the pitch attitude
response or too fast, adequate control for precise tracking tasks could be degraded. Furthermore,
there is an increase possibility for PIO (Mitchell et al., 1994). As the control law considered in this
study does not consider the flight path response directly, this criterion might therefore be important
to maintain a correct balance between both responses. The boundaries of the criterion are depicted
in Figure 5.8.

The flight path angle bandwidth is defined as the frequency where the flight-path angle band-
width to pilot input response has a phase of -135 degrees (Mitchell et al., 1994). Furthermore, the
definition of the pitch attitude bandwidth is the same as explained in the previous section.
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Figure 5.8: Flight-path angle bandwidth versus Pitch attitude bandwidth criteria boundaries. Source: (Mitchell
etal., 1994)

Neal-Smith

The Neal-Smith criterion is a PIO prediction criterion which takes into account the required pilot
compensation for a desired closed loop pitch angle response for precision attitude tracking tasks
(Mitchell et al., 2000). The pilot compensation is determined such that the closed-loop pitch an-
gle response has a bandwidth of 3.5 rad/s (Category A) and a maximum droop of 3 dB (Neal and
Smith, 1970; DoD, 1997). This bandwidth is defined as the frequency at which the closed-loop
phase, (£(0/6.)), is -90 degrees. Furthermore, the simple pilot model applied for the evaluation
of this criterion is shown in Figure 5.9. This figure also shows that the pilot model contains a fixed
time delay. In Neal and Smith (1970) this fixed delay is set at 0.3 seconds, however the MIL-STD-
1797A uses 0.25 seconds (DoD, 1997). Moreover, the frequency bandwidth for which this criterion
is developed is approximately 0.5 - 10 rad/s.

simulated flight control system plus airframe

pilot/compensator
Koltgps + 1)(Tys + 1)
6c o | -03s r,,s+1) Fs o
pe — 2 2
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Figure 5.9: Neal-Smith pilot model and aircraft system block diagram. Source: (Cook, 2012)

The approach to find the suited pilot model parameters to obtain a bandwidth of 3.5 rad/s and
a maximum droop of 3 dB is thoroughly documented in Neal and Smith (1970) or AGARD (1991b).
Furthermore, the boundaries of this criterion, with extra explanation of the combined pilot-aircraft
behaviour for certain combinations of pilot compensation and closed-loop peak magnitude, are
shown in Figure 5.10. The x-axis indicates the pilot compensation in terms of lead or lag phase at
the bandwidth frequency (here 3.5 rad/s).
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Figure 5.10: Neal-Smith criteria boundaries with explanations. Source: (Neal and Smith, 1970)

Despite the quite accurate prediction of PIO and handling qualities, this specification lacks
the description of the sensitivity in changes of the target parameters or pilot model architectures
(Mitchell et al., 1994, 2000). However, this could be performed by determining the required pilot

compensation and resonance peak magnitude for different values of the maximum droop or band-
width.
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Preliminary Experiments

The third part of this thesis contains the preliminary experiments. Here, the non-adaptive and adap-
tive control laws are designed and analysed. The purpose of this part is to find the most suited lon-
gitudinal rotational adaptive INDI control law that is able to cope with system dynamics changes
due to CG shift and inertia changes and could correct for aerodynamic modelling errors.

This goal is achieved by first designing the non-adaptive and adaptive control laws in chapter
6. Then, in chapter 7, the non-adaptive control law is tested for an ideal control system, which
only contains the control law and the airframe dynamics, and a more realistic control system. This
realistic control system includes actuator dynamics, sensor dynamics, filters and computational
delay. The knowledge obtained from the analysis in this chapter will be used to answer research
question four:

How is the non-adaptive INDI-based pitch rate control performance affected when actu-
ator dynamics, sensor dynamics, filters and computational delay are added to the system
model?

Lastly, Chapter 8 will consider the performance analysis of the adaptive INDI control laws and
the selection of the most suitable one. The knowledge gained from this analysis it is possible to
formulate an answer for the fifth research question:

Which adaptive INDI-based pitch rate control law is most suited for coping with aerody-

namic model mismatches and system model changes due to centre of gravity shifts and
inertia changes?

This work has been graded previously.
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Control law design

This chapter will consider the designs of the control laws considered in this study. Furthermore, the
theory of the parameter estimation algorithms and the adaptive control law design will be covered.
This chapter will start with the design of the non-adaptive INDI control law in section 6.1. Then,
the theory and design of the RLS-AINDI, LMS-AINDI, MR-AINDI and II-AIDNI control laws will be
covered in the subsequent sections.

6.1. Non-adaptive INDI

This section will treat the baseline INDI rotational control design with the focus on the longitudi-
nal motion. Following the design procedure shown in Chapter 2, first it is necessary to define the
control variable. After this it is required to find a relation which is input affine for the control input
after linearization. As only rotational rate will be considered for the longitudinal control the control
variable is the pitch rate, g. As shown in Chapter 4, the EOM of the longitudinal rotational motion,
without shifted CG, can be written as follows:

) 1
q _—

- (6.1)
Iyy

(Liz = Lix) pr = Luzp* + Leor* + Mo

Linearizing this equation with respect to the previous state, x, = [V, @o, Bo, Po, G0, o], and con-
trol input, u, = [64,0,8¢,0,6 0], and already neglecting Ax using the time-scale separation principle
gives the following result:

Ax+ 6_q Au= go+ g—q
C I -

. . 0Oq
6/—¢Io+a

Au (6.2)
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Considering Eq. (6.1), the derivative of g with respect to u is basically the same as the derivative of
the aerodynamic moment, Mo, with respect to u divided by the inertia term, I,,. Using this, the
derivative term can be written as follows:
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Furthermore, taking that the longitudinal motion is only excited by the elevator and normalizing
the aerodynamic moment, Eq. (6.2) can be written as the last part of Eq. (6.4).

1 oM 70SE 0C 70S¢
q% o+ — 5° ASe = do+ ”’; ¢ e Ao = o+ gcmﬁe (x0:10) 28 (6.9)
Yy e (%&0) vy e (Eo'ﬂo) yy
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6.2. Recursive least squares adaptive INDI 75

Where, g is the dynamics pressure, S is the reference surface area and ¢ is the mean aerodynamic
chord (MAC). Using this approach it is possible to use the dimensionless aerodynamic moment
model and g can be obtained from sensor measurements. Then, to obtain the incremental control
law, ¢ is set to the desired pitch acceleration, v, and Eq. (6.4) is inverted to obtain an expression for
Ad . as shown in Eq. (6.5).

GoSe B

hoC

——Cm, (Eo*ﬂo)

Ab, =
Lyy

(dates = do) = G~ (0,25 (v = i) (6.5)

To obtain the value of the full elevator deflection the elevator deflection of the previous time-step,
0,0, is added to the incremental deflection:

8o=0800+Ab, (6.6)

The remaining part of the controller design is to find an expression to determine the virtual
control input. As shown in Chapter 2 the virtual control can be determined using a linear control
law. To keep the performance analysis of the control law as clear as possible, this virtual control law
will be designed as a simple PI controller. It has been found that using a proportional-integral (PI)
control design increases the controller robustness against actuator measurement bias (van 't Veld,
2016). Therefore, the integrator action will already be implemented in this phase of the control
design. This will result in the following virtual control law:

v=Kp (qr—qo)+K1f(qr—qo)dt (6.7)

Assuming that the inversion loop is perfect and it can be modelled as %, the actual pitch rate will
follow the reference pitch rate according to this transfer function:

qa — ZKPS—_'_KI (6.8)
qr s+ Kps+ K;

6.2. Recursive least squares adaptive INDI

The RLS parameter estimation algorithm attempts, just as the standard Least Squares (LS) method,
to optimize the cost function of Eq. (6.9). However, unlike the standard LS algorithm the RLS algo-
rithm is able to do this while recursively progressing through the data. As shown in Lombaerts (2010)
it is therefore applicable for on-line system identification and consequently for adaptive flight con-
trol.

J(x20)=¢"e=(z-A(x)8) ' (z- A9 6.9)

Here, € is the sum of the errors between the measurements, z, and the output of the prediction
model, AQ. The prediction model contains the estimated model parameters § and the regression
matrix ®. The regression matrix is constructed from basis functions, ¢; of the prediction model.
This looks as follows:

'(pl(ﬁl) P2|xy| ... Pn 51)‘

Alx) = ¢1(£2) 2 'ﬁz (P"'ﬁz)

B (zk) ¢z(£k) gl’n(:ﬁk)

Here x,. is the regression model input vector at time-step k. Furthermore, from the structure of @ it
is clear that the prediction model should have a LP structure. The basis functions are not restricted
to be linear functions. This means that, as long as the models are LB, the LS parameter estimation
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method is not restricted to linear models. To achieve recursive parameter estimation using the LS
method, the cost function of Eq. (6.9) has to be rewritten in terms of the estimated model from the
old data and the estimated model using the new data. This leads to the cost function of Eq. (6.10).

](E}Hl’ékﬂ) = (Ek - q)kaH)T (Ek _q)kékﬂ) + (Zk+1 _QIZHQICH)T (Zk+1 _9£+1Qk+1) (6.10)

Where, ¢I€+1 is essentially a new row of the matrix A. However, the algorithm that is able to
optimize this cost function is only valid for the estimation of time-invariant model parameters. To
be able to estimate the parameters of a model for a time-varying system it is required to reduce
the importance, or weight, of older data. This is possible by multiplying the older data by a weight
smaller than 1 at each time step. Using this approach, the cost function of Eq. (6.10) should be
written as follows:

A N

](£k+1’Qk+1) = é(zi —QiTQAk)Tﬂk“_" (zi —Q?Qk) + (Zk+1 —QIZHQ,CH)T (zk+1 —Q;lQAkH) (6.11)

Here, A is an exponential factor which decreases the weight of older data in the parameter estima-
tion. It essentially results in the "forgetting" the older data. Consequently, this parameter is often
called the forgetting factor in literature. The value of the forgetting factor can be chosen between 0
and 1, where 1 indicates that all data should be treated equally and 0 means that all previous data
should not be used anymore. The recursive algorithm which could optimize the cost function of Eq.
(6.11) is the following:

-1
Kk+1 :Pkgkﬂ (]L +9£+1Pk9k+1)
Or+1 =0x + Ki1 (Zk+1 _f,ilék) (6.12)

Pen =7 (I-Kind, ) Pe

For a complete derivation of this algorithm the reader is referred to Hayes (1996). In the algo-
rithm of (6.12) P is the inverse of the autocorrelation matrix. For the initialization of the algorithm
both an initial guess of the model parameter(s) and the matrix P (Py) should be given. Py is often
set as ] where & is a small value when 6y is accurate and large when 0, is uncertain. A large value
for Py results in fast initial adaption capabilities. These adaptive capabilities will reduce over time
as P will converge to a value close to zero as the model will becomes more certain. To increase the
adaptive abilities during the complete operation the value of A could be reduced. A lower value for 1
decreases the effective length of the dataset on which the regression model is fit. Consequently, the
parameter estimation is more capable of following the changes in the system. Though, choosing a
too small value will result in highly oscillatory estimations. Therefore, A should be selected carefully.
Common values for the forgetting factor are between 0.98 and 1.

6.2.1. RLS-AINDI control law design

To be able to identify the control effectiveness using the RLS estimation algorithm a LP prediction
model should be formulated where the control effectiveness is (one of) the model parameters. For-
tunately, as was established in section 4.3, this is possible by lumping all causes for uncertainty
together in one uncertain parameter. Using this approach the following prediction model could be
setup:

4= é/o+©(£o»£o)ﬁ5e (6.13)
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Here, G (50, 20) is the uncertain parameter. This prediction model is usable provided that pitch
acceleration feedback should be available. However, as the INDI control law itself cannot oper-
ate without pitch acceleration feedback, this problem is automatically solved. Furthermore, there
are two ways to handle to identification problem. Firstly, it is possible to fully estimate the value of
G (50, Eo)- This results in estimating a physical parameter which makes the estimation more suitable
for validation. However, this approach does not use of a prior known model for the control effec-
tiveness, so the estimation is fully dependent on the acquired data. The second method is to define
a correction term which scales of the on-board (nonlinear) control effectiveness model, G (Eo’ Eo)’
based in the observed data. This does result in the estimation of a non-physical parameter which
decreases its suitability for validation. Though, it does allow for the use of the (nonlinear) on-board
model of the control effectiveness in the estimation process. Furthermore, in case the estimation
procedure malfunctions, it is still possible to use the on-board model. Because of this inherent
safety feature, the second method for the estimation parameter formulation will be adopted. This
gives the following prediction model description:

4=4qo+ c-G(ﬁo,zo) Ade (6.14)

Where, G (EO’ Ho) is the known model of the control effectiveness and c is the correction factor which
will be estimated. Furthermore, moving ¢ to the left side of the equality sign it is possible to for-
mulate a prediction model which determine the increment of the pitch acceleration between time-
steps:

6'1—6'10=A6'1=C~G(£0,20)A69 (6.15)

However, using this equation it is required to know the pitch acceleration and elevator deflection
at the current time-step. As these are not measured yet, these values are not available. Therefore,
the information of one time-step earlier will be used:

Ado=do—d-1=c-G(x_y, 1) ASeg (6.16)

Using this approach it is assumed that the value of ¢ at the current time-step does not differ too
much from the one of the previous time-step. To use this model in the RLS parameter estimation
algorithm, it should be decomposed in a parameter, 6, and a basis function, ¢. This is achieved as
follows:

¢=G(£_1»E_1)A5e,o» o=¢ 6.17)

Using the RLS parameter estimation algorithm as shown in (6.12), it is possible to obtain an estimate
of the correction factor which can be used to correct the known control effectiveness model. This
is of course provided that the data used in the regression data contains enough information. Using
the estimated correction factor, the rotational longitudinal RLS-AINDI control law will become:

-1
A, = (c -G (Eo’ﬂo)) (v—do) (6.18)

6.3. Least mean squares adaptive INDI

The LMS algorithm is very well known in the domain of adaptive filtering. One of the reasons for
its popularity is because of its low computational complexity and still adequate convergence prop-
erties (Diniz, 1997). As the name of the algorithm already indicates, it attempts to optimize the
mean-square error (MSE) of the estimated model output and the measured system output. In this
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section a brief version of the derivation will given for the LMS parameter estimation algorithm. For
a more detailed coverage of the derivation or other properties, please consult Diniz (1997) or Hayes
(1996). In the optimization it is endeavoured to find the optimal Wiener solution:

0=R"'p, where R=E[¢ o], p=E[¢ 2] (6.19)

Here E[] is the expectation operator. The optimal Wiener solution will be searched by adjusting
the steepest-decent algorithm as follows:
Opr =00~ 18y =0, +2u (P — Ridy) (6.20)
Furthermore, taking the instantaneous estimations of Ry and p; as described in (6.21) gives the final
result of the parameter estimation algorithm of Eq. (6.22).
Re=¢ ¢" Pr=¢ 2 (6.21)
A A A
Oir =0y +2¢ (szk - fkfkgk)
A A
=0, +2up, (zk -¢ld k) (6.22)
=0, +2ug K

For this parameter estimation law the parameters which could be adjusted by the designer are the
initial estimate Qo and the adaption gain y. According to Diniz (1997) the value of p should be
chosen between zero and the inverse of the maximum eigenvalue of R. Larger values of u will result
in faster adaption and therefore quicker convergence to the true model parameters. However, just
as for low values of the RLS forgetting factor, high values for the adaption gain will probably result
in more oscillations in the estimation and too high values will induce instability. Consequently, the
value of p should also be selected with care.

6.3.1. LMS-AINDI control law design

As is discussed in the previous section, this parameter estimation method also bases its parameter
update on the error between the prediction model output and a measurement of the real output.
Consequently, the same prediction model could be used as for the RLS-AINDI control law:

Ag=c-G (go,go) Abe (6.15 revisited)

Using this definition of the prediction model, the following decomposition for the uncertain
parameter and basis function will be used again:

¢= G(E_pﬂ_l) Abeo, 0=¢ (6.23)

Implementing the same definition of the corrected control effectiveness as used in the RLS-
AINDI control law, the LMS-AINDI control law can be defined as follows:

Ab, = (5'G(£o’20))_1 (v - do)

¢=0k =0k +uG (E_pﬂ—l) Abep [Aq’o - G(£—1»2—1) A6e,09k]

Looking at the parameter update rule of Eq. (6.3.1) it can be seen that it depends on the incre-
ment of the elevator deflection. This results in an parameter update rule that does not adapt when
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the system is in a steady state. Consequently, the parameter estimation does not drift away when PE
conditions are not satisfied. On the other hand, the correct value for the control effectiveness will
not be found either.

6.4. Model reference adaptive INDI

Adaptive control using Lyapunov tuning functions are commonly used in adaptive BS control law
designs (Krsti¢ et al., 1995; Sonneveldt, 2010; Van Oort, 2011). This is because both the control law
and the adaptive law can be designed using LSFs. Consequently, it is possible to proof stability of
the complete adaptive control law.

In combination with a reference model which determines the desired response of the system,
it is possible to use the Lyapunov-based tuning function parameter estimation approach for other
adaptive control laws as well (Hanson et al., 2011; Nguyen, 2018; Bhardwaj et al., 2019). This can be
achieved when it is possible to write the error dynamics between the reference model output and
actual system output as follows:

é= AmE"'BmeQ (6.24)

The error e is also known as the reference model tracking dynamics. In Eq. (6.24) e is the vector
containing the states of the reference model tracking error dynamics, A, and B, are the A and B
matrices of the state-space of the reference model, and 0 is the parameter estimation error, ¢ is a
vector of basis functions, and Q —6. The estimated parameters could be both control gains or system

model parameters. Once this form is obtained, the design of the parameter tuning function can be
continued by setting up a Lyapunov stability function for the reference model tracking error:

V=eTPe+0 T8 (6.25)
PAp+AlP=-Q (6.26)

Here, P = PT is a positive definite matrix which is obtained from solving equation Eq. (6.26)
and T is a diagonal matrix containing the positive adaption gains of the tuning functions. In this
equation Q is also a positive definite matrix which can be chosen by the designer. Taking the time
derivative of Eq. (6.25) the following result is found:

V=e"P(Ane+ B 0)+ (Amg+BmQTQ)TPg+QTr‘1Q+QTr‘1Q
_ (PAm + A,Tnp)g+gTPBm9TQ+QTgB};ng+QTF‘1Q+ 6’r 19 .

= —eQe+ (ngBmgﬂéTr‘l)Q@T (QB;P@ r‘lg) .

= —eTQe+26" (ggTPBm + r‘lé)

To be able to find a result for the parameter estimation rule and obtain a negative definite so-
lution for V it will be assumed that the rate of change of the true model parameters, 9, is much
smaller than adaption rate of the set of estimated parameters. Therefore, § will be neglected and
the following result can be formulated:

V=-e"Qe+2(¢pe" PBy+T7'0)0 (6.28)

To attain a negative definite function for V one of the possible solutions for the parameter estimation
update rule is the following:
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0 =-T¢pe! PBy, (6.29)

Using this parameter estimation update rule, the control gains or model parameters are adjusted
until the actual system perfectly follows the reference model. Consequently, the use of this adaptive
control approach is highly dependent on the assumption that all unmodelled dynamics are fast
enough and that other forms of uncertainties or unanticipated disturbances, noise for example, are
insignificant and can be neglected. If this is not the case, it is possible that the parameter estimation
does not converge and finally becomes unstable.

As described in Nguyen (2018) research on finding a stable adaptive law despite the unstruc-
tured uncertainties have resulted in several solutions. A few of these solutions are the Dead-Zone,
o-modification and e-modification methods. The Dead-zone method stops the update when the es-
timated parameter grows outside a certain predefined range. Furthermore, the o - or e-modification
add an extra —o or — ” e’ PB,, “ 0 term to the parameter estimation update rules of Eq. (6.29),
respectively. Although, these improvement methods are relatively simple and make sure that the
parameter estimation remain bounded, they do not improve the parameter estimation in the sense
that the true set of parameters will be reached. Besides, the parameter estimation methods which
include these additions should be specifically tuned for the expected amount of parameter devia-
tion to maintain a good response of the adaptive control law.

Furthermore, if the unmodelled dynamics would affect the system response significantly, such
as relatively slow actuator or strict filter dynamics, there are some methods which could allow to
take these dynamics into account (Nguyen, 2018). However, these methods require extra prediction
models and will introduce more design parameters into the parameter estimation law. Furthermore,
the mathematical complexity will be significantly increased. Consequently, if the update law of Eq.
(6.29) does not give satisfactory results and another considered adaptive law in this study does, this
approach will disregarded.

6.4.1. MR-AINDI control law design
In this section the parameter update law of the MRAC-INDI control law is defined. As explained in
Chapter 3, this adaptive law makes sure that the system will behave as a reference model. For this
case the reference model for the pitch rate is defined as:

kpS +ky
To start the derivation of the parameter update law it is required to define the structure of the un-
certainty. For the MRAC laws the lumped uncertainty in the rotational longitudinal equations of
motion will be written as follows:

g =do+ (G (20, 15) +AG (zo,go)) A8, = Go+ G (20 ) AGe + AG (29, 1y A5, 6.31)

Regarding the control of the system with the non-adaptive control, the control input is based on the
knowledge of the nominal model. Due to the change in the control effectiveness, the determined
control increment using the nominal model is not able to fully linearize the system anymore. To
be able to correct for the change in the control effectiveness the control law will be given an extra
adaptive term. This gives the following new definition of the control law:

Aéec = Aéemm - Aaeud (6.32)

Here, Ade,,,, is the incremental elevator deflection determined by the INDI control law using the
on-board control effectiveness model and Ad,, is the additionally required elevator deflection in-
crement estimated by the adaptive law. Using that the model deviation is dependent on the nominal
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control increment and substituting this control law in Eq. (6.31), the deviating system dynamics can
be written as:

4g=4q4o+G (ﬁo’ﬂo) Abeyp —G (E()»Eo) Abe,, +AG (E()»Eo) Abeinp, (6.33)

Defining Ad,,, as the nominal control increment but corrected by a term called ¢ and modelling
the control effectiveness deviation as a scaling term multiplied by the nominal control effectiveness
model:

A6ead =c: A561N01

(6.34)
AG (Eo;ﬂg) =c- Gnom (EO’EO)
With this notation the system model will look as follows:
q=qo+G (EO’Eo) A5611\71)1 -G (EO’EO) A6911\11)1 +c-G (EO’ ﬂo) Aaemm (6.35)

From this definition it can be seen that with the correct estimation of ¢ it is possible to make the
system behave as the nominal system again. The remainder of this section will elaborate on the
derivation of the parameter estimation law which will estimate ¢. To start the derivation the last two
terms of Eq. (6.35) will be written as follows:

¢-G (EO’EO) A51311VDI =0- Qb(EO’EO’ Aé\611\101)

(6.36)
c-G (J_CO’EO) A6€1ND1 =0- (p()_CO’ﬂO’ AéelNDl)

Furthermore, taking the nominal definition of the INDI control law and the definition of the virtual

control input of Eq. (6.37), the system dynamics can be written as shown in Eq. (6.38).

T
V=c7m+kp(qm—q)+k1f0 (gm—q)dt (6.37)

T
q:qm+kp(qm—q)+k,f0 (qm—q)dt—0-d(xo, ug, Abeyyp,) +60 - P(x0, to, Abeyyp,) (6.38)

In this control law the virtual control will be driven by the error between the reference model output
and the system output. Note that in this virtual control law the time derivative of the reference
model output is included. This makes sure that the system immediately follows the reference model.
At this moment it is possible to define the reference model tracking error dynamics. This can be
done by defining e = g,, — g. Furthermore, the estimation error will be defined as § =  — 0. Using
these definitions and rewriting Eq. (6.38) accordingly gives the following result:

T ~
é= —kpe—k,f e-dt+0-¢lxo, o, Ade,yp,) (6.39)
0

Writing this equation in matrix form gives the structure as shown in Eq. (6.40). Transforming the ref-
erence model transfer function described in Eq. (6.30) into a state-space and comparing the A and
B matrices to the matrices obtained in Eq. (6.40), it can be seen that the reference model tracking
error dynamics are the same as the reference model dynamics. This means that the reference model
error dynamics are stable and if ¢ can be estimated correctly the error will asymptotically converge

to zero.
e —
5| =

é=Ane+ By, [é - p(xp, Uo, A661ND1)]

foe-dt
e

L0
1

0 1 ~
I } |6 ¢ x0, 0, M)
p
(6.40)
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To find a parameter update law which reduces the estimation error to zero and guarantees
asymptotic tracking of the reference model, the following positive definite Lyapunov function is
defined using Lyapunov’s direct method (Nguyen, 2018):

V=elPe+0y'0 (6.41)

Here, P = PT is a 2-by-2 and positive definite matrix which solves the Lyapunov equation defined in
(6.42). Where ¢ > 0 and I is the identity matrix. A solution to this problem is presented in Eq. (6.43)
(Nguyen, 2018).

PAp+AlP=—-Q=—-cI (6.42)
kitky +kpt (ki +1) kit
I p P I
pP= ! (. (6.43)
k! k! (k1)

Using the definition of P as in Eq. (6.42) and taking the first derivative of the Lyapunov function
defined in Eq. (6.41), the following result is found:

V=-e"Qe+2 (</) (x0, g, A,y ) €T PByy + y‘lé) 0 (6.44)

eINDI)

The parameter update law could now be defined. Though, first it has to be assumed that the param-
eter update converges much faster to the unknown parameter value than the value of the unknown
parameter changes. If this is true, the time variance of the unknown parameter could be neglected
and the parameter error dynamics, § can defined as §. Using this, the parameter update law, which
results in a negative definite derivative of the Lyapunov function, can be written as follows:

0 = —yo (x0, g, Ao, ) €” PB (6.45)

With the estimated parameter the adaptive INDI control law will look as follows:

-1

A6, =(1-¢) (v—qo) (6.46)

o)

In the derivation of the adaptive law the actuator and filter dynamics are not taken into account.
It is assumed that the bandwidth of the actuator and filters is large enough such that they will not
interfere with the parameter estimation. These dynamics could be included in the derivation if it
is required for proper performance. However, the mathematical complexity of the derivation will
increase significantly and the number of parameters in the adaptive law will increase as well. An
example of a MRAC-based adaptive controller which integrates the actuator dynamics is shown in
section 9.12 of Nguyen (2018). In case the sign of the system changes is not known a priori, the
adaptive law requires three estimation rules and an extra predictor model. This gives an indication
of how the MRAC adaptive laws easily become very complex.

6.5. Immersion and Invariance adaptive INDI

I&I is a relatively new paradigm in the field of adaptive control. It has been combined with BS
control in Sonneveldt (2010) and Astolfi et al. (2007) and with IBS in van Gils et al. (2015). In these
studies it has shown to be an easy tuneable and well-performing adaptive law. This method allows
for the integration of stable estimation dynamics in the parameter estimation rule by designing an
invariant manifold on which the estimation error is zero. This manifold looks as follows:

M={(x6)er|0-0+p=0} (6.47)
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Here, 0 is again the estimated set of model parameters and f3 (x) is a continuous stabilization
function which will follow from the parameter estimation law derivation. The form of the parameter
estimation law depends on the system dynamics description and the modelling of the uncertainty.
Therefore, consider the following uncertain incremental dynamic equation:

X=X+ G(zo, Yy zo)Ag (6.48)

Here, x € R"” and i € R" are the states to be controlled and its first time derivative, u, € R” and
Au € R™ are the total control input and the control increment, respectively, and Y, € R! are other
system output variables which affect G. To be able to start the I&I design, each element of x will be
considered separately:

i = 240+ Gi (290 Y o) At = 10+ T (20, ¥, 1 A) 6, (6.49)

Where, ¢ € R" is a vector containing regression basis functions and 6 € R" is the vector contain-
ing the true model parameters. Using this description, the manifold, M;, can be defined as:

M; = {(EO»XO’E();AE,QI.) € IHirmEmr

bi-0:+p, (gO,XO,EO,Ag) =0} (6.50)

Using this definition of the manifold and the description of the uncertain incremental dynamic
system, the INDI control law for x; looks as follows:

-1

Au= (vi— i) (6.51)

?zT (Ql +éi (ﬁO’ZO’EO’AE))

The next steps of the adaptive law design are concerned with making the manifold of Eq. (6.62)
invariant. This will be done by designing stable off-manifold dynamics. To do this the off-manifold
error and its corresponding dynamics are defined as Eq. (6.52) and (6.53). Furthermore, for a better
overview of the equations (50, Zgy Uy A g) will from now on be written as (-).

0;=0,-0,+B,0) (6.52)
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For the derivation of the off-manifold dynamics it is also assumed that the rate of change of the
true model parameters, 6, is much smaller than the rate of change of the estimated parameters. A
suitable equation for the parameter estimation law can now be defined as follows:
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1

Due to this choice, the off-manifold error dynamics can be described by:
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9B, ()

0;=- ox g Og; (6.55)

At this point it is possible to find a formulation for §(:). This can be done by defining a LSFs for o.
This procedure is shown in Eq. (6.56) till (6.59).

Vi=g/T g, (6.56)
4B, ()
VA = — T -1 =t T . .
V;=-20/T 5% ¢ (o, (6.57)
0p. ()
. =I'¢.0 (6.58)
0x;
Xi
B,0=1[ "¢ (0)ax (6.59)

In these equations I' is a positive diagonal matrix with the adaption gains for each parameter on
the diagonal. Using the definitions for () of Eq. (6.59) and the parameter update rule of Eq. (6.54)
it is possible to make Eq. (6.57) negative definite and give o a stable equilibrium at 0. This does not
mean that Q ; will become equal to 6, but it does mean that lim;_.,0; = 0.

6.5.1. II-AINDI control law design

To start the derivation of the II-AINDI control law, the uncertain pitch dynamics will be defined as
Eq. (6.60). Furthermore, using the regression model of Eq. (6.17), the uncertain dynamics can be
written as in the second part of Eq. (6.60).

q=qo+c-Gnom (J_co, zo) Ab, (6.60)

However, for the application in adaptive control it is not possible to obtain the Ad,. Therefore, the
adaptive law will operate with the knowledge obtained from one time-step back. Furthermore, the
correction factor and control effectiveness multiplied by the elevator deflection increment will again
be described by a regression function:

Ggo=q-1+c-Gpom (E_pﬂ_l) A66,0 =q-1+0 'Qb(ﬁ_l;ﬂ_l,Aé‘e,O) (6.61)

To start with the derivation of the parameter update law, a manifold will be defined on which the
parameter estimation error is zero.

M= {(x pu_1,A0.0,0 )(—:IR4

06— 0+ﬁ(x " 1,A6eo) } (6.62)

Here, 0 is the actual correction factor and @ its estimate from the I&]I parameter estimator. Further-
more, f ()_c_l, u_,A6 e,O) is a stabilization function which will be defined later on. The next steps are

to determine the estimation error dynamics and determine a functions for § and (1_1, u_,A6 eyg)
which make the manifold invariant. This is done by taking the time derivative of Eq. (6.63) and
assuming that the real parameter changes much slower in time than the estimated parameter con-
verges. Then, the resulting estimation error dynamics can be written as in Eq. (6.64) and (6.65). To

promote the overview of the derivation (5_1, u_g, Ad e,O) will be written as ()

o=0-0+p() (6.63)
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A possible choice for the parameter update law is presented in Eq. (6.66). This choice results in the
parameter estimation error dynamics of Eq. (6.67).

10! n x,Auo) opC). 90
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Adep (6.66)

0
o=- ﬁ()¢() (6.67)

At this point the continuous function f (-) can be derived. This can be done by first defining a LSF
for the parameter estimation error. This function will be defined as follows:

1
V==—0% y>0 (6.68)
2y

Then, taking the time derivative of this LSE the result of Eq. (6.69) is obtained. To make this function
negative definite, the choice for § (-) as defined in Eq. (6.70) can be used.
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As a result of this choice the final parameter update law has become as presented in Eq. (6.72). It

can be seen that the update law contains the time derivative of the dynamic pressure, g. This is
required as this is in fact also a time-varying variable of the regression function:

q
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The estimated parameter will be used in the II-AINDI control law as follows:
A _1 _1
Ab, = (9 +p ()) *Grom (EO'EO) (V 6]0) ¢ Gnom (x(); ”0) (V - Clo) (6.73)




Non-adaptive INDI control law analysis

This chapter will treat the non-adaptive INDI control law analysis of the rotational control of the
F-16 aircraft. This will be performed for an ideal and a more realistic control system model. First of
all, the bare airframe dynamics and ideal control system model will be covered in section 7.1. Then,
the system elements of the more realistic system model and the complete model itself are treated in
section 7.2. This will be followed by the setup of the analysis in section 7.3. Here,the test cases and
the simulation initialization will be discussed. Furthermore, section 7.4 will present and elaborate
on the simulation results. Finally, this chapter will be ended with a concise conclusion in section
7.5.

7.1. Ideal control system description

This section elaborates on the elements of the ideal control system, which are the bare airframe dy-
namics and the INDI control law. Though, as the INDI control law is already covered in section 6.1,
this section will mainly focus on the bare airframe dynamics. However, only longitudinal rotational
control is treated in this study. Consequently, this section will only treat the longitudinal rotational
equations of motion. The pitching motion can be described as follows:

. 1
g= — (Izz— Lex) pr+ Ixz (rz - pz) +M
vy

(7.1)

The aerodynamic moment, M, can be defined as shown in Eq. (7.2). Furthermore, the nonlin-
ear model used to describe the dependency of C,, on the aerodynamic angles and control surface
deflection is the low-fidelity taken from Nguyen et al. (1979). The equation used in this model are
shown in Eq. (7.3) and (7.4).

M =qScCp, (7.2)
¢
Con1 = £ (0,B,0,80) = Con (@,8¢) + C2,7 (2, B,,8¢) [ Xeg, — Xeg| + Cim, (@) % (7.3)
cq
Czr=Cz(a,B,6¢) +Cz, () v (7.4)

The aerodynamic coefficients, Cy, Cp,, Cz and Cgz, are obtained by interpolating the low-
fidelity look-up tables from Nguyen et al. (1979). Furthermore, the value of the CG in Eq. (7.3) is
normalized by the MAC and defined with respect to the leading edge of the wing at the MAC loca-
tion on the wing. The reference CG value, xg,, used in the model is 0.35¢. Furthermore, the values
for ¢ and S are 11.32 ft and 300.0 ft?, respectively. Moreover, as the analysis only considers longitu-
dinal motion, the values of §, p and r will remain small. Consequently, thesis states will not affect
the longitudinal motion.

86
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As discussed before, this model has been set up in a Simulink format by the University of Min-
nesota (UoM) and Honeywell (Russel, 2003). This model also contains a International Standard
Atmosphere (ISA) model which can be used to determined the atmospheric properties around the
aircraft. Therefore, the output of the aircraft model also contains the dynamic and static pressure.
Using the discussed aircraft model, the ISA model and the INDI control law, the control system
shown in Figure 7.1 can be set up. A more detailed description of the ’Aircraft’ block is presented in
Figure 7.2.

g T

1
Kp +K1; Aircraft

v

do

Figure 7.1: Block diagram of the INDI control loop in an ideal control system.
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Figure 7.2: Block of the bare airframe dynamics plus ISA.

7.2. Non-ideal control system description

In reality the control system also contains non-ideal elements such as actuator dynamics and fil-
ters. These elements change the bandwidth of the feed-forward and feedback paths and therefore
change the overall control performance. As demonstrated by actual flight tests in Smeur et al. (2016),
it is required to have an accurate estimation of the control effectiveness in order to have adequate
flight performance. Although, this research was performed with a small drone, it does indicate that
real-world aspects of the control loop do affect the robustness of the control performance to uncer-
tainties in the on-board model. To analyse whether this also applies for high-performance military
aircraft real-world aspects of control systems will be added to the control loop to be able to perform
more realistic simulations. However, the knowledge on the actual control system of an F-16 is not
publicly available, which makes it impossible to evaluate the controller for the actual F-16. Con-
sequently, a publicly available control system model of a similar aircraft type will be used, which
is the flight control system model of the High Incidence Research Model (HIRM). This FCC model
has been used in the benchmark flight control design problem set by the Group for Aeronautical
Research and Technology in EURope (GARTEUR) and is described in Muir (1998). The modelled
elements and corresponding transfer functions are shown in Table 7.2. Furthermore, the block di-
agram of the non-ideal control system is shown in Figure 7.3. The remainder of this section will
elaborate on the models used for the simulated non-ideal control system of this research.
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Figure 7.3: Block diagram of the INDI control loop for the non-ideal system.

7.2.1. Actuator dynamics

In the standard F-16 model of the UoM a the actuators are modelled using first-order low-pass dy-
namics (Russel, 2003). For this research this model type will be adopted as well because first-order
dynamics are considered to be accurate enough for the analysis performed in this study. Conse-
quently, the transfer function of the actuator dynamics is as follows:

Wact

A(S)= ———
S+ Weact

(7.5)
Here, w,; is the bandwidth of the actuator dynamics. Furthermore, the actuators also have a de-
flection and rate limit. To incorporate these factors in the actuator model, the transfer function is
transformed to a block diagram as shown in Figure 7.4.

(Sref I/— 1 6act
—> — >
/ s
Deflection Rate
Saturation Saturation

Figure 7.4: Block diagram of actuator dynamics including deflection and rate saturation.

The standard actuator bandwidth of the elevator in the UoM F-16 model is set to 20.2 rad/s. This
bandwidth is significantly lower than the bandwidth used in Zhang et al. (2019) and Muir (1998)
which use a bandwidth between approximately 60 and 80 rad/s. Therefore, the default bandwidth
of the model is considered too low and a larger bandwidth will be used. A higher bandwidth is
beneficial for following fast changing commands or rejecting disturbances. However, too much
bandwidth could excite the structural vibration modes of the airframe, which should be avoided as
this deteriorates the control performance (Pratt, 2000). Considering these points and the bandwidth
used in other research projects, the bandwidth in this research will be set to 60 rad/s. The actuator
properties used in this research are summarised in Table 7.1.

7.2.2. Feedback loop and FCC dynamics

As mentioned before, the non-ideal flight control system model defined for the HIRM control sys-
tem design problem by GARTEUR will be used for the control system analysis in this research. The
processes which are considered and the corresponding transfer functions are listed below in Table
7.2.
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Table 7.1: Actuator properties of the F-16 model (Russel, 2003).

Control effector Unit Min. Max. Ratelimit [*/s] w, [rad/s]

Elevator deg  -25 25 + 60 60
Aileron deg -215 215 + 80 60
Rudder deg  -30 30 + 120 60
thrust N 4448 84516 + 44482 1

Table 7.2: Non-ideal Feed-forward and feedback process transfer functions (Muir, 1998).

Process Symbol Transfer function
Air dat Sair(s) !
ir data sensors ir (s —_—
A 0.025 +1
1

Anti-aliasing filter (at 100 Hz FCC frequenc Hya(s
8 ( quency)  Haals) 55000101352 1+ 0.00325 + 1

0.00019s% —0.00173s+1

Rate and acceleration sensors Sra(s)
0.0007045s2 +0.0401s+ 1
Averaging on rate and acceleration Haye(s) —0.00208s +1
\Y i i _—
&g Ave 0.00417s + 1
Computational dela Hep(s) —0.0062s+1
P Y cb 0.00625 + 1
—0.00208s+1
D/A converter Hpa(s) B — T
0.00417s+1

The bandwidth of the sensor models are all between approximately 30 and 50 rad/s. As this
is rather low for sensor dynamics alone, it is supposed that these models include filter dynamics
already. Therefore, no extra filter dynamics will be added to these feedback paths.

The INDI control law also requires feedback of the angular acceleration. Possible methods to
obtain this feedback are linear accelerometers (Bacon and Ostroff, 2000), prediction filters (Sieber-
ling etal., 2010) or using differentiation of the filtered angular rate (Smeur et al., 2016). Furthermore,
due to the development in angular accelerometers it is possible to to directly obtain this feedback
(Keijzer et al., 2019). Using these sensors it has been shown that the control performance remains
the same, but the fault tolerance performance is improved. Assuming that future high-performance
military aircraft could be equipped with these sensors as well, this research will suppose that an
angular accelerometer is present in the control system. This means that a model for the angular
acceleration feedback dynamics is necessary as well. In this FCS model the assumed non-ideal ele-
ments of the angular acceleration feedback path are the filter dynamics, averaging dynamics, com-
putational delay and delay due to analogue to digital conversion. From data-sheets of commercial
off-the-shelf angular acceleration sensors!?, it was found that the bandwidth is in the order of 100
- 200 Hz. This bandwidth is significantly larger than that of the control system itself. Consequently,
the dynamics of the sensor itself are assumed to be negligible and the sensor dynamics will be left

Jewell Instruments, ASB Series Angular Accelerometer, http://jewellinstruments.com/wp-content/uploads/
2012/07/Jewell_SC_Data-Sheet_ASB- Series-Angular-Accelerometer_Dec-2013.pdf

2Columbia Research Laboratories, Angular Accelerometers, https://www.crlsensors.com/prodDocs/sr-207rfr.
pdf


http://jewellinstruments.com/wp-content/uploads/2012/07/Jewell_SC_Data-Sheet_ASB-Series-Angular-Accelerometer_Dec-2013.pdf
http://jewellinstruments.com/wp-content/uploads/2012/07/Jewell_SC_Data-Sheet_ASB-Series-Angular-Accelerometer_Dec-2013.pdf
https://www.crlsensors.com/prodDocs/sr-207rfr.pdf
https://www.crlsensors.com/prodDocs/sr-207rfr.pdf
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out of the system model. The filter dynamics will be modelled as a second order low-pass filter as
shown in Eq. (7.6). This architecture has been chosen because there are no design requirements
and it has been shown to be applicable in Keijzer et al. (2019). The natural frequency and damping
of this filter are selected to be 30 rad/s and 1, respectively. This bandwidth is the lowest possible
bandwidth before significant performance degradation was observed.

2
f

S2+2{fwrs+w

w

Hy (s) = (7.6)

2
f

7.2.3. Complete non-ideal control system

Combining all previously described non-ideal elements of a control system into a block diagram
gives the result of Figure 7.3. Please note that this control law is already designed taking into ac-
count synchronisation of the actuator and pitch acceleration signals. This is performed by adding
the models of the non-ideal elements of the angular acceleration feedback path to the actuator de-
flection measurement as 'artificial synchronization’. There are more advanced methods to perform
the synchronization, such as the average square difference function (ASDF) or the average mag-
nitude difference function (AMDF) (van 't Veld, 2016; Jacovitti and Scarano, 1993). However, this
would significantly increase the control system design complexity, which is not desired at this stage
of the analysis. As shown in Smeur et al. (2016) it is also possible to synchronise the signals using
the filter dynamics in the feedback path of the actuator signal. As this is a practical and validated
method it will be used in the current control design as well.

7.3. Analysis setup

This section elaborates on the test cases used for the analysis of the non-adaptive INDI control law
performance. Furthermore, the flight condition on which the aircraft is trimmed in the simulation
and other relevant simulation settings are discussed.

7.3.1. Test cases

The test cases will be quite straight forward. To analyse the robustness against model mismatches
the simulations will be performed for having the correct value of the control effectiveness, a 30%
underestimation and a 30% overestimation. The effect of the model mismatch will be evaluated for
two different airframe static stability conditions. As high-performance military aircraft, such as an
F-16, should also be able to operate at negative static margins (SM) the effects of model mismatches
will also be considered for such conditions. Consequently, the effect of model mismatches will be
analysed at a 5% positive static margin and at a 5% negative static margin. A summary of the test
cases is presented in Table 7.3.

Table 7.3: Test cases for the model deviation robustness analysis.

Variable Unit Value
SM % +5 -5
Cont. eff. dev. % 0 -30 +30|0 -30 +30

7.3.2. Control system/simulation specifications
Next to the elements of the control system discussed above there are some other practical aspects
regarding the controller design and simulation which are used in the analysis. These aspect will be
covered here.

First of all, the update frequency of the FCC. In real-world control systems this update frequency
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is limited. Therefore, this simulation will also be performed using a limited update frequency. Other
research projects using a modern high-performance military aircraft have been consulted to find an
appropriate value (Knapp et al., 2018; Muir, 1998). From these research projects it became clear that
update frequencies between 64 and 100 Hz are used. Assuming that the computation power of FCC’s
has advanced during the past decades it will be assumed in this research that a flight control update
frequency of 100 Hz could be achieved.

Table 7.4: Aircraft system properties and trim condition for both stable and unstable aircraft dynamics.

Simulation variable Unit Stable AC Unstable AC

Aircraft properties

mass kg 9295 9295
CG position c 0.26 0.36
Static margin % 5 -5
Lix kg-m? 12875 12875
Iy kg:m? 75674 75674
I, kg-m? 85552 85552
Iz kg- m? 1331 1331
Flight condition

Altitude m 1500 1500
Velocity m/s 150 150
Mach number - 0.45 0.45
Control setting

Thrust N 10026 8487
e deg -3.27 -0.46
54 deg 0.00 0.00
5, deg 0.00 0.00
Aerodynamics angles

a deg 3.15 2.81
B deg 0.00 0.00
Aerodynamic model

Cms, - -1.031e-2 -9.551e-3

Furthermore, the analysis will be performed for one flight condition starting from steady, wings-
level flight. As mentioned in the introduction the model used in this research is considered valid up
to a Mach number of 0.6. Consequently, a Mach number below 0.6 will be chosen. The altitude is
selected such that the trim conditions result in low angle of attack. An example of a flight conditions
which complies to both preferences is at an altitude of 1500 m and a velocity of 150 m/s. A summary
of this trim point and the control system parameters for both test cases is given in Table 7.4 and 7.5.

Table 7.5: Control system properties.

Controller parameters unit Value
Proportional gain - 5
Integral gain - 5.3
Ang. acc. filter parameters

bandwidth rad/s 30
damping ratio - 1

The control gains during the simulations are set to 5 and 5.3 for the proportional and integral
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gain, respectively. These values have been found from manually finding a solution where overshoot
was within reasonable limits and the damping was considered adequate. Although, the control gain
is not determined from flying quality requirements, these values are deemed appropriate for the

current analysis.

7.4. Numerical simulation

This section will treat the analysis results of non-adaptive INDI control design for the ideal and non-
ideal control system. First, the analysis will be performed for the ideal INDI control system. As will
become clear from the results presented later on, this case will show that the ideal INDI controller
is very robust against control effectiveness model mismatches. However, it will be shown that this
robustness will significantly decrease when realistic control system elements are taken into account
in the simulation. This is a result which is in line with the flight test results of Smeur et al. (2016)
where it was shown that a change in inertia, unknown to the controller, resulted in reduced control

performance.

7.4.1. Ideal system

The results of the robustness analysis for the ideal control system will be presented and discussed
here. What is meant by "ideal" in this analysis is the absence of signal bandwidth limiting and delay
inducing processes, such as sensors, filters and computers, in the control loop. The ideal control
system is the system model as discussed in section 7.1. For this case it is allowed that the controller
has a limited sampling time. As discussed in 7.3.2, the FCC sampling time is set to 0.01 s. The time-
domain and frequency-domain plots are determined for the system shown in Figure 7.1 and for the

test cases described in Table 7.3.
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Figure 7.6: Closed-loop INDI frequency response of
the ideal control system for stable (blue) and unsta-
ble airframe dynamics (orange). Blue and orange
lines are overlapping.

Figure 7.5: Inversion loop frequency response of the
ideal control system for stable (blue) and unstable
airframe dynamics (orange).

The results for the model deviation analysis are presented in figure 7.5 to 7.8. Figure 7.5 shows
the inversion loop frequency response for varying control effectiveness model deviations and air-
frame dynamics. Furthermore, Figure 7.6 shows the closed control loop frequency response for the
same variations in the model and airframe dynamics.

Analyzing Figure 7.5 it can be seen that the airframe stability does not significantly affect the
inversion loop dynamics within bandwidth of 0.1 and 10 rad/s. However, for frequencies below this
region a clear difference is visible for changing airframe stability. Here, the stable airframe dynamics
clearly deviates from the pure integrator dynamics, while the unstable airframe dynamics response
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remains relatively close. Figure 7.7 shows that this is also a consequence of the limited sampling
time of the flight control computer. In Chapter 2 an important assumption was made by neglect-
ing the terms related to Ax based in the time-scale separation of the state and the control input.
Here, it can be seen that this assumption slowly becomes violated. Though, considering the closed-
loop response in Figure 7.6 these low-frequency deviations do not results in a different closed-loop
response at the same frequencies.
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unstable airframe dynamics (orange). following a block reference pitch rate signal.

The effect of model deviation on the inversion loop response for both stable and unstable air-
frame dynamics are similar for frequencies above 0.1 rad/s. Below this frequency the effect of model
deviation affects the stable airframe inversion loop response more than the unstable airframe inver-
sion loop response. Though, this again does not affect the closed-loop response. For frequencies
above 10 rad/s an underestimation of the control effectiveness results in less phase shift and an
overestimation in more phase shift. This could be a consequence of the larger incremental control
deflection resulting from the underestimation. Due to this the control deflection overshoots the
desired deflection which induces a larger pitch acceleration. As the control system is not limited
by actuators this effect could therefore lead to less phase shift at high frequencies. For an overes-
timation of the control effectiveness this will be the other way around. This will result in smaller
incremental control deflections which lead to a slower convergence to the desired control deflec-
tion and therefore slower convergence to the desired pitch acceleration and so on. Furthermore,
the change in frequency response is also dependent on the flight control sampling time. A Lower
sampling time results in better observations of the higher frequencies in the feedback signal and
therefore allow for better control of these frequencies. Despite this difference, the time domain
response will probably not deviate significantly from the time response where the correct control
effectiveness model is used. This is because the magnitude for 10 rad/s and higher is already below
-10dB.

Figure 7.8 shows the system pitch rate response for all test cases. During the simulation the
aircraft was commanded to follow a block signal reference as indicated by the black line. Despite
the overshoot, it was found that for all test cases the response was similar as already predicted by
the result shown in figure 7.6.

These results show that an INDI based control system without actuators, sensors and filters is
robust against control effectiveness model uncertainties. Consequently, the necessity of adding an
adaptive law to maintain constant handling qualities does not follow clearly from analysing an INDI
control system which is close to ideal. However, as will be shown later on, including extra non-ideal
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control system dynamics into the control loop will increase the sensitivity for model mismatches.

7.4.2. Non-ideal system

The analysis results for the model mismatch sensitivity study including non-ideal control system
elements are shown and discussed in this section. As discussed before, the flight controller update
frequency is set to 100 Hz. The non-ideal analysis the actuator bandwidth is 60 rad/s, the propor-
tional and integrator gains are 5 and 5.3, and the filter bandwidth is set to 30 rad/s with a damping
ratio of 1. Furthermore, using the values and the dynamics of the actuators, sensors and computers
of section 7.2.2, the results of figure 7.9 and 7.10 are obtained.

Comparing the non-ideal control system inversion loop results to the results obtained for the
ideal control system, it can be seen that for frequencies below 0.1 rad/s the stable airframe response
is very similar. However, the unstable airframe response has changed and has become similar to the
stable airframe dynamics response. This can be explained by the fact that the feedback signal has
been delayed. This results in inversion mismatches as has been proven in Sieberling et al. (2010).
Though, these differences are not influencing the closed-loop response. Furthermore, for frequen-
cies between 0.1 rad/s and 10 rad/s it can be seen that the extra control system elements slightly
affect the magnitude and phase of the stable airframe inversion loop. Lastly, the effects of the added
control system elements become most apparent for frequencies above 10 rad/s. Here it can be seen
that the gain decreases faster and the phase shift is significantly increased. This is expected as the
extra elements are decreasing the bandwidth of the control loop and introduces extra delay of which
the effects become more dominant for higher frequencies.
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Figure 7.9: Inversion loop frequency response of the
non-ideal control system for stable (blue) and unsta-
ble (orange) airframe dynamics.

Figure 7.10: Closed-loop INDI frequency response
of the non-ideal control system for stable (blue) and
unstable (orange) airframe dynamics.

In Figure 7.10 it could be observed that there is a small difference between the closed loop re-
sponse of stable and unstable airframe dynamics. Though, considering that the control system
gains are not obtained from handling quality requirements, it cannot be concluded whether this
will also occur for a properly tuned control system. Nevertheless, if the difference is still present
for a proper tuned controller, it might be required to adjust the controller settings during flight to
compensate for the changing aircraft stability.

Furthermore, considering this control system, it can be seen that the model mismatch has more
effect on the system response for the non-ideal case. It can be seen in Figure 7.10 that an under-
estimation results in some of the higher frequencies having a larger gain. Consequently, an extra
high frequency response could be observed in the time-domain response as shown in Figure 7.12.
On the other hand, an overestimation results in more overshoot, which essentially means that the
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controller becomes more sluggish.
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The detailed changes in the frequency response cannot be generalized as the controller is not
designed according to handling quality requirements. Though, it can be concluded that introduc-
ing realistic control system processes results in higher sensitivity to mismatches in the control ef-
fectiveness model. In the upcoming chapters it will be shown that this problem can be handled
using adaptive laws which adjust the model parameters on-line to maintain an accurate estimate
and therefore prevent control performance degradation.

7.5. Conclusion

From the analysis performed in this chapter it can be concluded that an ideal INDI based control
system is very robust against model uncertainties. However, it has been shown that this robustness
will reduce when models of real-world elements, such as actuators, filters and computational delay,
are included in the system model. Therefore, the need for adaptive control becomes more apparent
for non-ideal control systems. Consequently, the non-ideal control system model will also be used
for the evaluation of the adaptive INDI control laws.

Using the non-ideal control system model it was shown that the pitch rate and elevator response
become more oscillatory for a 30% underestimation of the control effectiveness model. A 30% over-
estimation results in a slower control response which induces slightly more overshoot. Considering
these results it can be concluded that there is a need for an accurate model of the control effective-
ness.



Adaptive INDI control law analysis

The evaluation of the adaptive INDI control laws designed in Chapter 6 will be performed in this
chapter. The tracking performance, control activity and parameter estimation performance will be
evaluated using the metrics selected in Chapter 5. First of all, the setup of the analysis will be treated
in section 8.1. In this section the simulated system deviation will be covered together with the track-
ing objectives. Then the simulation results are presented and discussed separately for each adaptive
control law in section 8.2. Then a study concerning the sensitivity of the results obtained from sim-
ulations will be performed in section 8.3. Furthermore, this section will also treat the comparison
between the adaptive laws. Lastly, the main findings will be briefly recapped in the conclusion in
section 8.4

8.1. Analysis setup

As shown in Chapter 4, the control effectiveness could be affected by errors in the aerodynamic
model, CG shifts and inertia changes. In the analysis performed in this chapter all these factors will
be varied simultaneously to evaluate the parameter estimation methods developed in Chapter 5.
The variations in CG and inertia will be gradual because these also change gradually during normal
flight. Furthermore, the aerodynamic model deviation will be set as an initial offset. This is done as
it is assumed that the aerodynamic model for C,,, deviates at the flight condition.

To evaluate the adaptive control laws, two test cases will be set up. In both tests the same aero-
dynamic modelling error and the same CG shift and inertia change will be applied. The applied
modelling error, CG shift and inertia change are shown in Table 8.1. The arrows in the table indi-
cate that the simulated cause for model deviation is time-varying and changes during the first 100
seconds and that the simulation is initialized at the values left from the arrow. This time interval
has been chosen because simulating the actual time for such a deviation to occur due to fuel con-
sumption, will make the experiments impractical. From Table 8.1 it can be seen that the CG and
inertia are time-varying and the aerodynamic modelling error is already present at the start of the
simulation. Lastly, during the simulation the total mass remains constant.

The difference between the test cases will be the tracking objective (TO). Each TO will take 200
seconds in which the tracking task of Figure 8.1 will be repeated a different amount of times. The first
tracking objective consist of continuously repeating the tracking task and in the second the tracking
task will only be repeated at 0, 67 and 140 seconds. In between the execution of the tracking tasks,
the reference signal will be zero. The second tracking objective is used to evaluate the difference in
parameter estimation performance for a significant decrease in PE conditions.

96
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Table 8.1: CG and inertia variations, and aerodynamic model deviation for
the adaptive control law evaluation test case. The arrows in the ’ deviation’
column indicate that the deviation is time varying. The time-varying
deviations will occur within the first 100 seconds of the simulation.

Variable Unit deviation
SM % -5—-5
CG c 0.36 — 0.26

Iy kg-m? 75674 — 68107
Cms,,nom deg_l 0.8-Cis, act

Pitch rate reference signal

Pitch rate (deg/s)

0 5 10 15 20 25
Time (s)

Figure 8.1: Test case pitch rate reference signal. This signal will re-
peat during the simulation.

8.2. Numerical simulation

In this section the results of the numerical simulations of the test cases are presented. In these
simulations the non-ideal system as described in Chapter 7 is used. Furthermore, the values of
Cm;, used in the simulations is constant. It can be seen in Figure 8.4 the value of Cy,;, contains
some oscillations on top of the change due to the CG shift. However, as the oscillations are mostly
within one percent of the actual value, the model inaccuracy is regarded negligible compared to the
model deviation due to the CG shift, inertia change and aerodynamic model error offset. Therefore,
the use of a constant is deemed accurate enough for the current analysis.

For each adaptive control law the simulation will be performed for multiple values of the adap-
tion gain or forgetting factor to observe the effect on the estimation performance. The results of
the multiple simulations give the possibility to inspect some important aspects of the adaptive con-
trol law. First of all, it is possible to analyse whether the adaptive INDI control law has the ability
to achieve higher performance than the baseline INDI control law. Furthermore, it is possible to
observe how the control performance changes for the different values of the adaption gain or for-
getting factor. Moreover, using a broad domain it is possible to investigate whether the effect of
decreasing or increasing values result in a gradual roll-off or result in a sudden large drop in control
performance. The former behaviour is preferred from a control design perspective as this increases
the reliability of the adaptive control law.

The tracking performance of each adaptive law will be analyzed according to the metrics de-
fined in Chapter 5. For this analysis a reference model is required. This reference model is defined
as the ideal performance which could be obtained if the dynamic inversion would be perfect and
the inversion loop could be modelled as a perfect integrator. This transfer function is show is Eq.
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(8.1). Here, g, is the commanded pitch rate from the pilot. Furthermore, the performance of the
parameters estimation will be assessed. This will be done using similar metrics such as the max-
imum and the RMS of the error between the estimated and actual control effectiveness, and the
cumulative standard deviation of the estimated parameter.

qm _ 25.Os+5.3 @.1)
qr $+5.0s+5.3

8.2.1. Non-adaptive INDI

First the performance of the baseline INDI pitch rate controller will be analysed for the test cases
as defined in the previous section. The effect of the increasing model error on the pitch rate and
elevator deflection response will be shown. Furthermore, the baseline values of the performance
metrics as defined in Chapter 5 will be determined. These can be used to evaluate how much the
adaptive controller will improve the performance of the controller. The figures shown in this section
are the result from tracking objective 1. This is done to limit the amount of figures in this section.
Furthermore, the visual results of the tracking are quite similar despite the difference in tracking
objectives.
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Figure 8.2: Control effectiveness during the Figure 8.3: Dynamic pressure during the simulation.
simulation.

The envelope of the control effectiveness of the actual aircraft and the on-board model can be
seen in Figure 8.2 and 8.4. It can be seen that the actual control effectiveness becomes more nega-
tive until 100 seconds. This is due to the forward shifting CG and decreasing inertia. Furthermore,
the extra oscillation which is visible in the control effectiveness envelope is due to the change in
dynamic pressure as can be seen in Figure 8.3. The changing dynamic pressure is a result of the
changing velocity. As the control design is only focused on rotational control, the velocity, and con-
sequently the thrust, is not controlled during the simulation. This means that only the trim thrust is
used, which results in a velocity decrease when pitching upward and increase when pitching down-
ward. Next to the oscillations in the dynamic pressure due to the pitching motion, there is also an
decreasing trend. This is due to the decrease in velocity which is a consequence of the extra drag
induced due to the larger elevator deflection required to control the aircraft at a static margin of 5%.
This overall decrease in dynamic pressure decreases the overall control effectiveness as can be seen
when inspecting the on-board model control effectiveness curve in Figure 8.2. Furthermore, there
are a few spikes visible in the curve of the actual control effectiveness during the first 80 seconds.
This is due to the fact that the elevator deflection becomes greater than zero at these moments.
This can be verified by inspecting Figure 8.7 and 8.4. Moreover, Figure 8.4 shows that the value of
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Cms, becomes approximately 8% larger due to the CG shift. The other oscillations in the value are a
consequence of the change in angle of attack. As the angle of attack does not become large during
the simulation, the influence is still small. Lastly, as defined in the test case, the on-board model
starts with an underestimation in the aerodynamic model of 20%. This results in the initial offset as
visible in Figure 8.2. All together, these deviations result into an increase in control effectiveness of
approximately 50%.
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Figure 8.4: Change in the value of Cp, .

The effect of the increased deviation of the on-board control effectiveness can be seen in Figure
8.5 till 8.8. The 'reference’ curve in Figure 8.5 and 8.6 is the pilot input and the ’ideal’ response is
the output of the ideal system to the reference signal input. The dynamics of the ideal system is
described by Eq. (8.1). Furthermore, the curve labeled with 'actual’ is the actual system response to
the reference signal input. The initial offset due to the aerodynamic modelling error already induces
an additional small amplitude higher frequency oscillation in the pitch rate response. These oscil-
lations become worse over time as can be seen in Figure 8.6. As shown in Chapter 7 the additional
oscillations are a consequence of the on-board control effectiveness model being significantly lower
than the actual control effectiveness. This results in too large elevator deflection increments which
result in elevator deflection overshoot. This leads to oscillations in the elevator response, see Figure
8.8. In this case the oscillations are large enough that they are able to affect the pitch rate response
and therefore decrease the control performance.

a (deg/s)
q (deg/s)

| Reference ‘ | | Reference
-3 Ideal -3 Ideal

Actual Actual

0 5 10 15 20 25 170 175 180 185 190
Time (s) Time (s)

Figure 8.5: Pitch rate response of the non-adaptive Figure 8.6: Pitch rate response of the non-adaptive
INDI pitch rate controller for the first 27 seconds. INDI pitch rate controller for the last 27 seconds.
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Figure 8.7: Elevator response of the non-adaptive Figure 8.8: Elevator response of the non-adaptive
INDI pitch rate controller for the first 27 seconds. INDI pitch rate controller for the last 27 seconds.

Lastly, the baseline values of the control performance metrics are shown in Table 8.2. These
values will be used to normalize the results in the assessment of the adaptive control laws. This
will be done to be able to compare the performance of the different Tracking objectives. As can
be seen in Table 8.2 the values differ. This is a consequence of the difference between the tracking
objectives. The second tracking objective contains less variations which makes it easier to follow.
Therefore, most metric results are lower than the results obtained in the first tracking objective.

Table 8.2: Baseline control performance metric values for both
tracking objectives TO-1 and TO-2.

Metric TO-1 TO-2
lellz., 0.86  0.86
lellc, 259 1.62
RMS(e)  0.18 0.12
CMSD(6.) 1372 489

8.2.2. Recursive Least Squares adaptive INDI

The performance of the RLS-AINDI control law depends on the value of the forgetting factor, A,
and the initial setting of the parameter covariance matrix, Py. As discussed before, the short-term
adaption abilities of the RLS parameter estimator are high when the values of the P are high. How-
ever, in this simulation it is assumed that the adaptive law was already activated before the simu-
lation started and the P had already converged. This assumption will be made because the design
of the adaptive controller does not include an algorithm which activates the adaptive law or resets
P. Therefore, the adaptive law is assumed to be activated at all times and the values of P are only
changed by the RLS method itself.

Consequently, 0.1-7 was chosen for Py. Furthermore, the forgetting factor is normally selected
between 0.98 and 1. Low values of A are capable of faster adaption and therefore in following fast
system changes. However, lower values also increase the necessity for PE. Consequently, more in-
formation should be present in the reference signal to maintain adequate performance of the es-
timation. If the amount of information is not sufficient, the estimation is more likely to drift and
oscillate, which decreases the estimation performance.
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getting factor.

Figure 8.9 and 8.10 show the normalized values of | e| ; _ and | e| ¢, as a function of the forgetting
factor for both tracking objectives. The normalization is done with respect the to baseline control
law result. Simulations have been run for forgetting factor values between 0.7 and 1.0. Considering
the common lower boundary of 0.98, a value of 0.7 is very low. Though, this large range was chosen
to show how the control performance changes for low values of the forgetting factor. For both track-
ing objectives it can be seen that [l ;_ and |lel ;, remain bounded. This means that the controller
did not become unstable despite the very low value of the forgetting factor or significant decrease
in excitation during the second tracking task. Furthermore, it can be seen that the degradation of
the performance due a too low forgetting factor does not result in a drastic decrease in tracking
performance. Considering control system design, this is a preferable characteristic. Knowing this
characteristic the remainder of the analysis will focus on the metric results for which the forgetting
factor is between 0.98 and 1.0.
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Figure 8.11: Normalized £~-norm of the deviation
from the reference model as a function of the RLS for-

getting factor.
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Figure 8.12: Normalized £;-norm of the deviation
from the reference model as a function of the RLS for-

getting factor.
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Figure 8.14: Normalized CMSD of the elevator de-
flection as a function of the RLS forgetting factor.

Figure 8.11 till 8.14 show the normalized results of the tracking performance and control activity
metrics for forgetting factors between 0.98 and 1.0. Considering the results for TO-1, it is possible to
improve on the baseline controller using the RLS parameter estimator in the adaptive control law.
Though, the performance is also dependent on the amount of excitation in the reference signal as
is shown by the results of TO-2. This is especially visible in Figure 8.11 and 8.14. The values of WLZ
and RMS (e) seem to be less sensitive. This indicates that the oscillations and steady state values of
e are not very sensitive to a decrease in excitation.

Looking at the parameter estimation performance in Figure 8.15 till 8.17, it can be seen that the
parameter estimation is strongly affected by the decrease in excitation. The maximum deviation
from the actual control effectiveness, || eG H z.,» already increases for a forgetting factor below 0.999.
Furthermore, the maximum deviation is still finite which means that the decrease in excitation did
not results into instability of the parameter estimation.

Next to the maximum deviation, the values of RMS(eg) show that the reduction in excitation
leads the significant deviation from the actual control effectiveness. Furthermore, the fact that the
values of CMSD(¢) in TO-2 are similar to the ones obtained in TO-1 indicates that the estimation
activity is almost equal. This should not be the case as TO-2 contains less excitation. Therefore,
it can be concluded that the parameter estimation is oscillating. This is also visible in Figure 8.18
which shows the development of ¢ with a forgetting factor of 0.995 for both TO-1 and TO-2. This
figure shows what happens to the parameter estimation using the RLS algorithm when the signals
used for the estimation contain little information, e.g. a small amount or low amplitude frequencies.
In these situations, the covariance matrix, P, is not significantly changed by the new data, but at
each iteration it is multiplied by % As A, the forgetting factor, is less than one, this means that the
covariance matrix grows. This again results in an increasing value of the adaptive gain, K, which
results in large corrections of the estimated parameter even when the error is small. Consequently,
a certain uncontrolled behaviour appears in the parameter estimation as can be seen in Figure 8.18.
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Figure 8.18: Estimated control effectiveness for TO-1

and TO-2. 1= 0.995.

The computational complexity will be determined from analysing the algorithm listed below.
Each line has a certain amount of elementary mathematical operations which will be counted.
Though, while counting the amount of parameters is regarded to be a variable amount. Conse-
quently, it is possible to observe how the computational complexity grows for a growing number of
parameters. It should be noted that the counting does not take into account algorithms which could
speed up the process. Therefore, the resulting dependency on computational complexity is a worst
case scenario. In this algorithm f(x) is a vector containing basis functions which can multiplied
with 6 to obtain the correction factor, . Although, the determined correction factor in the used in
the previous analysis is a constant, this approach would have been applied if ¢ would have had more
dependencies. Using this definition of the variables, the worst case would grow as follows:

CCrrs(n) =9n®>+7n+9

(8.2)
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Algorithm 1: Recursive Least Squares parameter estimation

input :66,10 6e,k—1’ é]k’ 5]1_c—1» ék’ Cm%r Qk» Pk’ X
initialization: 6, Po, A, IS—C;
yy
while k< Ndo
Zk+1 = qk - ‘7k—1;
A6@,k = 5e,k - ?e,k—li
9k+1 = é(ﬁ) ISy_CyCmge C_IkA(se,k;
ek = Zk+1 —f;le;
-1

_ T .
Ifk+1 - {—)kgkﬂ (/1 +—k+1Pk£k+l) ’
Qk+l = Qk + Ki+1€5k;5

_ -1 _ T .
Pen =17! (P Iikﬂgkﬂpk),
Gs. = 15 Cmy, G011 B (2);
end

8.2.3. Least Mean Squares Adaptive INDI

The parameter that influences the adaptive abilities of the LMS-AINDI control law is the adaption
gain u. Increasing this value increases the correction response when there is a difference between
the measured incremental pitch acceleration and the estimated incremental pitch acceleration. Too
low values lead to slow convergence and too large values lead to overshoot and possibly instability.
To observe how sensitive the tracking and parameter estimation performance is for different values
of the adaption gain, multiple values have been analysed. The learning gain has been changed
between 10 and 4600 and the corresponding results are shown in Figure 8.19 till 8.25. This range
was found as from a adaptive gain of approximately 4600 the parameter estimation quickly becomes
unstable. Although this characteristic is highly undesired for control law design, it can be seen that
this value is relatively quite far from the optimal value which is somewhere between 50 and 500.
Consequently, the adaptive law itself also has a significant gain margin.
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Figure 8.19: Normalized LMS learning gain versus Figure 8.20: Normalized LMS learning gain versus
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Figure 8.22: Normalized cumulative moving stan-
dard deviation of the elevator deflection during each
simulation.

The results of the normalized tracking performance and control activity are shown in figure 8.19
till 8.22. First of all, it is clear that the LMS-AINDI control law is able to improve on the performance
of the non-adaptive baseline control law as well. Though, the range for which this is possible de-
pends on the metric. Furthermore, it can be concluded that this adaptive control law is very robust
against changes in PE. This was already expected as the parameter estimation rule will only adjust
the correction factor when the elevator deflection is changing. The result is a very similar response
between TO-1 and TO-2. Regarding the results shown in Figure 8.19 it is quite interesting that in
both TOs the values for |lell;_ are the same. This is a consequence of the fact that this deviation
occurs during the first occurrence of the reference signal of Figure 8.1. For both TO-1 and TO-2 the
first occurrence happens at the start and here the adaptive law converges exactly the same for both
cases, which induces the same response. However, it can be concluded that the difference in PE
conditions do not result in larger deviations between the reference model pitch response and the
actual pitch response.
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Figure 8.23: L, norm of the control effectiveness
€ITOr.

Figure 8.24: Root mean square of the control
effectiveness error.
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Figure 8.26: Control effectiveness development for

simulating TO-2 with an adaption gain of 2000.

The parameter estimation performance results are shown in Figure 8.23 till 8.25. Also from these
results it stands out that the £o,-norm metric is exactly the same for both TO-1 and TO-2. This is
again due to the first occurrence of the reference signal of Figure 8.1. It seems that the largest de-
viation always occurs in this period. This probably has a strong relation to the maximum reference
model deviation. Furthermore, it seems that the RMS estimation error remains quite similar as well,
despite the change in PE. As it is expected that the control effectiveness estimation does not change
in the stationary periods of TO-2, the RMS value then results from an estimation error during these
periods. As shown in Figure 8.26 this is indeed the case. Lastly, the results presented in Figure 8.25
confirm that the LMS parameter estimation law becomes less active when the controller itself is less
active.

Algorithm 2: Least Mean Squares parameter estimation

Input :5e,k» 6e,k—lr é/k’ 5Ik—1, C_Ik’ Cmge! Qk’ X

A

Output: 0, ., g5,
initialization: QO, i, T
while k< Ndo
Zk+1 = Gk — qk-15
Abek=0ek—0ck-15
S¢ 7 .

9k+1 - é (E) ﬁcmﬁe qkAae,ky
€k = Zk+1 —f;le;
O =0+, e

: Sé _ AT .
q(se = ﬁCm,ge quk‘FlE()—C)’
end

The algorithm of the LMS parameter estimation routine is shown above. In this algorithm f(x)
has the same definition as used in the algorithm of the RLS parameter estimation. Furthermore,
will be a square matrix with size n x n. Using the same counting procedure are before, the compu-
tational complexity will grow as follows:

CCrms(n) =2n°>+6n+7

(8.3)
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8.2.4. Model Reference Adaptive INDI

In this section the numerical simulation results of the MR-AINDI control law are presented and
analysed. The adaptive characteristics of this adaptive control law can be tuned by adjusting the
adaption parameter y. In Figure 8.27 and 8.28 the results are presented for simulations run with
the non-ideal aircraft model and with the ideal aircraft model, respectively. From the results shown
in Figure 8.27 it first of all has to be concluded that the MR-AINDI control law is not able to find
the correct value for ¢ for the non-ideal aircraft. As already noted about the derived parameter up-
date law, it does not take into account the effect of actuator dynamics and filters. It was therefore
assumed that the influence these elements on the control performance could be neglected. Unfor-
tunately this is not the case. This can be concluded from the fact that the parameter estimation does
converge to the correct value for the ideal aircraft model. This is shown in Figure 8.28.

The reason why the parameter estimation in the non-ideal system grows to values smaller than
zero it that it probably thinks that the control effectiveness is less than the known control effective-
ness. This is a consequence of the latency in pitch rate response due to the inclusion of actuator and
filter dynamics in the control loop. Unfortunately, this latency cannot be corrected by increasing the
commanded elevator increment. As discussed before, this problem could be solved by including the
dynamics of the actuators and filters in the adaptive control law design. However, this significantly
increases the mathematical complexity of the adaptive law. As the RLS-AINDI and LMS-ANDI con-
trol laws are able to produce satisfactory results in their most basic form, it is therefore decided to
exclude the MR-AINDI control law from further investigation.
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Figure 8.27: Estimated correction factor for the non- Figure 8.28: Estimated correction factor for the ideal
ideal system. system.

8.2.5. Immersion and Invariance Adaptive INDI

The results of the parameter estimation from several numerical simulations of TO-1 using the non-
ideal aircraft model are presented in Figure 8.29. In the simulations the adaption gain has been
changed in increasing steps of 50. Considering the results the II-AINDI control law does not deliver
satisfactory results either. In this case the exact reason for the incorrect and not converging param-
eter estimation is unknown. Despite the high performance in an IBS control law as demonstrated in
van Gils et al. (2016), it does not seem to work with the current design in combination with an INDI
control law.
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Figure 8.29: Estimated correction factor using the Immersion and
Invariance parameter estimation law.

To track down the reason of the unsatisfactory performance, an adaptive INDI control design
based the I&I framework was also developed for a much simpler dynamic system. This dynamic
system was defined as in Eq. 8.4. The actual value for a was set to 5 and the 'on-board board model’
was set to 8. Though despite the reduction in complexity, it was not possible to obtain satisfactory
results. Though, using the full nonlinear system equation it was possible to obtain the correct es-
timate. Albeit with a very slow convergence rate. Though, it was also tested how the estimation
performance would also contain model error in the remaining nonlinear model. It was found that
this would significantly affect the parameter estimation. Consequently, the approach of using the
full nonlinear model in parameter estimation law will not be pursued in this study. Moreover, this
would again require the full model to be present, while this need was circumvented with the selec-
tion of INDI control.

i=x’+a-u (8.4)

The I&I adaptive control design framework has been demonstrated for feedback linearizable
systems in the past. However, to the best knowledge of the author this is the first application in
INDI control. Furthermore, the derivation of the adaptive law is very flexible as the definition of
is free to choose by the designer as long as it facilitates the attractiveness of the manifold. Due to
the limited amount of time it was not possible to try several possible derivations. Therefore, there is
still room for improvement for the design of an adaptive control law consisting from I&I and INDI.
Despite this fact, II-AINDI control will not be considered for further analysis in this study.

8.3. Comparison and sensitivity
In this section the results of the RLS-AINDI and LMS-AINDI adaptive laws are compared. Further-
more, the sensitivity of the results will be analysed. This is done by introducing measurement noise,
v, and input time delay, 74. These forms of uncertainty are common in real control systems and
could result in parameter drift phenomena as discussed in chapter 3. Consequently, the effects
of these factors are important to consider as well when selecting an adaptive control design. The
measurement noise considered in the sensitivity analysis will be added to the pitch acceleration
measurement. This signal has been chosen as this will result in the most uncorrelated uncertainty
between the elevator deflection increment data and the pitch acceleration data for the parameter
estimation. Furthermore, the delay will be added to the actuator command signal.

First of all, the computational complexity will be compared. As determined the the previous
section the computational complexity of the RLS estimator and the LMS estimator grow as shown
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in Eq. (8.5).

CCrrs(n) =9n*>+7n+9

(8.5)
CCrps(n) = 2n’+6n+7

From these results it can be seen that the complexity of both adaptive laws grows quadratically
with the amount of model parameters. Though, due the the difference in the term before n?, the
computational complexity of the RLS parameter estimator will always be approximately 4.5 times
larger than the LMS. This means that the LMS parameter estimation could have circa two times
as much model parameters before it reaches the computational complexity of the RLS parameter
estimation.

Table 8.3: Control performance metric values for both tracking objectives TO-1 and TO-2 and for each noise and delay
condition for the non-adaptive control law.

Metric TO-1 TO-2

var(v) [(°/s%)?] 74 [s] var(v) [(°/s%)?] 74 [s]

0 0.01 0.1 0 0.02 0.05 0 0.01 0.1 0 0.02 0.05

lelle., 086 090 1.04 | 086 105 139 |0.86 087 094 | 086 1.05 1.39
lelle, 259 260 272|259 313 441 |162 165 183 | 162 1.95 272
RMS (e) 0.18 0.18 0.19 | 018 0.22 031 |0.12 0.12 0.13 | 0.12 0.14 0.19
CMSD (59) 1372 1510 2000 | 1372 1549 1926 | 489 719 1279 | 489 584 676

Regarding the non-adaptive control performance for the noise and delay cases and TO-1 and
TO-2, the results are summarized in Table 8.3. Furthermore, the raw values of the results visualized
in the figures of this section can be found in Appendix A. It can be seen that when either the noise
or the delay increases, the performance metric values increase as well. Consequently, the non-
adaptive control performance always degrades.
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Figure 8.30: Normalized Loo-norm of the reference Figure 8.31: Normalized £,-norm of the reference
model deviation as a function of the RLS forgetting model deviation as a function of the LMS adaption

factor for multiple noise levels. gain for multiple noise levels.

First of all, both the RLS-AINDI and LMS-AINDI control laws are coping well with the non-ideal
control system elements. However, with respect to the amount of excitation in the control signal, the
LMS-AINDI control law shows more consistent performance than the RLS-AINDI control law. This
is a consequence of the fact that the LMS-AINDI control law doesn not adapt when the aircraft is
flying steady conditions. However, the tests without noise or delay for the LMS-AINDI show that the
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performance could suddenly decease drastically. Although, this behaviour is highly undesirable it

is preceded by a gradual decrease in performance and is relatively far away from the optimal region
which is in the range of 100 to 400.
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Figure 8.32: Normalized L£oo-norm of the reference
model deviation as a function of the RLS forgetting
factor for multiple input delay values.

Figure 8.33: Normalized Loo-norm of the reference
model deviation as a function of the LMS adaption
gain for multiple input delay values.

The results for the £,-norm tracking performance metric for the sensitivity analysis of both the
RLS- and LMS-AINDI control laws are shown in Figure 8.30 till 8.33. In these figures the normaliza-
tion is done with respect to the non-adaptive control law subjected to the same TO, noise or delay
conditions. Regarding the addition of noise it can be seen that both adaptive laws are able to im-
prove more on the non-adaptive INDI control law when the noise level increases. Though, this does
not mean that the adaptive control law performs better than the non-adaptive without sensor noise.
Furthermore, for this case study it can be seen that the LMS-AINDI is able to achieve the highest im-
provement in the case of measurement noise. Moreover, this adaptive control law shows the most

consistent behaviour. With respect the to time delay, also the LMS-AINDI control law shows to have
the most consistent performance.
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Figure 8.34: Normalized £7-norm of the reference

model deviation as a function of the RLS forgetting
factor for multiple noise levels.

Figure 8.35: Normalized £7-norm of the reference
model deviation as a function of the LMS adaption
gain for multiple noise levels.
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Figure 8.36: Normalized £3-norm of the reference
model deviation as a function of the RLS forgetting

factor for multiple input delay values.
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Figure 8.37: Normalized £;-norm of the reference
model deviation as a function of the LMS adaption
gain for multiple input delay values.

Considering the £,-norm of the tracking performance it can be said that both adaptive control
laws have quite consistent performance. Though, considering the noise sensitivity the RLS-AINDI
control law shows to be slightly more consistent. Furthermore, both laws also have a very similar
optimal performance increase. With respect to the extra input delay, both adaptive control laws
are able to significantly improve on the oscillations. This can be concluded as the £,-norm metric
especially penalizes oscillations in the reference model deviation.

Regarding the analysis and sensitivity results of the RMS(e) metric it can be seen that both adap-
tive laws have similar improvement performance within their optimal range. However, it can be
seen that the LMS-AINDI control law gives a more consistent response for this metric result as well.
Though, for high noise levels it seems to lose its ability to improve on the non-adaptive controller.
However, a similar response is shown for the RLS-AINDI for the same noise level.
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Figure 8.38: Normalized RMS of the reference model
deviation as a function of the RLS forgetting factor

for multiple noise levels.
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Figure 8.39: Normalized RMS of the reference model
deviation as a function of the LMS adaption gain for
multiple noise levels.
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Figure 8.41: Normalized RMS of the reference model
deviation as a function of the LMS adaption gain for
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Figure 8.43: Normalized RMS of the elevator deflec-
tion as a function of the LMS adaption gain for mul-

tiple noise levels.
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The responses of the RLS-AINDI and LMS-INDI for the CMSD of the elevator deflection are
shown in Figure 8.42 till 8.45. It stands out that both adaptive control laws are able to achieve large
improvements with respect to the non-adaptive controller. However, the LMS-AINDI control law
shows again more consistent behaviour in its response. Furthermore, with respect to the time delay
it can be seen that the relative improvement of adaptive control only increases for increasing time
delay. From this it can be deduced that adaptive control is able to increase the phase margin of the
non-adaptive controller subjected to the same time delay.

With respect to the parameter estimation stability it can be seen that LMS parameter estimation
clearly is much more robust against reduced PE conditions than RLS parameter estimation. The
CMSD of the parameter estimation for the different noise or delay cases are shown in Figure 8.46 till
8.49. During the second tracking objective there are two periods of steady flight. In these periods it
is not required to adapt the model parameters as no control inputs are required. The lower value of
the CMSD of ¢ for the LMS parameter estimator for TO-2 shows that this approach does adhere to
this property and the RLS parameter estimator does not.
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Figure 8.46: CMSD of the control effectiveness model
error as a function of the RLS forgetting factor for
multiple noise levels.
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Figure 8.48: CMSD of the control effectiveness model
error as a function of the RLS forgetting factor for
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Figure 8.47: CMSD of the control effectiveness model
error as a function of the LMS adaption gain for mul-
tiple noise levels.
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Figure 8.49: CMSD of the control effectiveness model
error as a function of the LMS adaption gain for mul-
tiple input delay values.

Furthermore, the stability of both the RLS and LMS parameter estimation is affected by noise.
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For the first tracking objective the performance degradation of the RLS and LMS methods are very
similar. However if the noise is combined with low PE conditions, it can be seen that the RLS pa-
rameter estimation performance significantly decreases
Figure 8.50 till 8.53 show the sensitivity of the maximum RLS and LMS parameter estimation
error to noise and input delay. Considering the noise, it can be seen that a small amount of noise
actually helps the LMS parameter estimation as it remains stable for adaption values larger than
4600. Furthermore, it can be seen that a reduction in PE does result in a larger maximum error.
However, as shown in Figure 8.50, the maximum estimation error for the RLS estimator in this con-
dition is much more sensitive. Furthermore, it can be seen that for TO-1 without noise or delay,
the RLS parameter estimation performs better than the LMS approach. However, for the cases with
delay it can be seen that the LMS parameter estimator shown more consistent behaviour again
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Figure 8.50: Lo-norm of the control effectiveness Figure 8.51: Loo-norm of the control effectiveness
model error as a function of the RLS forgetting fac- model error as a function of the LMS adaption gain
tor for multiple noise levels. for multiple noise levels.
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model error as a function of the RLS forgetting fac- model error as a function of the LMS adaption gain
tor for multiple input delay values. for multiple input delay values.

The sensitivity analysis results for the RMS error in the control effectiveness estimation are pre-
sented in Figure 8.54 till 8.57. Considering only TO-1 it can be seen that the RLS estimator performs
well and very consistent despite the addition of noise or delay. However, as was observed in all the
metrics treated before, this performance degrades significantly when reducing the PE conditions
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Consequently, considering all factors involved in the analysis, the LMS parameter estimator has the
most consistent behaviour.
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Figure 8.54: RMS of the control effectiveness model Figure 8.55: RMS of the control effectiveness model
error as a function of the RLS forgetting factor for error as a function of the LMS adaption gain for mul-
multiple noise levels. tiple noise levels.
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Figure 8.56: RMS of the control effectiveness model Figure 8.57: RMS of the control effectiveness model
error as a function of the RLS forgetting factor for error as a function of the LMS adaption gain for mul-
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Considering the noise and time delay sensitivity of the RLS-AINDI and LMS-AINDI control laws
it can be noted that it is quite similar. Though also taking into account the sensitivity of the adaptive
control laws to differences in excitation of the reference signal, it can be seen that the LMS-AINDI
control law is more consistent. Though, high noise levels are recommended to be avoided. In short,
considering the results gathered in this chapter, the LMS-AINDI is regarded to be the most suitable
adaptive INDI control law from the adaptive control laws considered in this thesis.

8.4. Conclusion

In this chapter the adaptive control laws are evaluated for their tracking performance, control ac-
tivity and parameter estimation performance. First of all, from the set of adaptive INDI control laws
considered in this study the MR-AINDI and the II-AINDI control laws were not able to give satisfac-
tory results. For the MR-AINDI control law this is due to the neglect of the filter and actuator dynam-
ics in the derivation of the parameter estimation rule. Taking these dynamics into account results
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in a significantly more complex adaptive law. As the results of the RLS-AINDI and LMS-AINDI were
satisfactory, it was decided to discard the MR-AINDI from further analysis.

The exact reason of the unsatisfactory result of the II-AINDI control law is not known. The adap-
tive control law design framework was also tested for a much simpler system and also in this case
the adaptive INDI control law did not converge. As a last try the adaptive control of the simple sys-
tem was developed using the complete nonlinear model. This did result in a converging adaptive
control law. However, if this approach would be used as well for the adaptive INDI flight control
law, it would mean that the full aerodynamic model would be required. As this again increases the
model dependency of the control law, this approach is not pursued and the II-AINDI control law
was also discarded from further analysis. However, as this is probably the first application of the I&I
framework for the design of adaptive INDI control and the I&I framework allows for some flexibility
in the design of the adaptive rule, it is recommended that the research on the combination of the
I&I framework and INDI will be continued.

From the comparison and sensitivity analysis it first of all became clear that the RLS-AINDI
control law is much more sensitive than the LMS-AINDI control law for changes in the amount
of excitation in the reference signal. Though, this was expected considering the derivation of the
parameter estimation. Overall, both RLS-AINDI and LMS-AINDI are capable of making significant
improvement on the non-adaptive control operating in the same conditions. Though, the sensi-
tivity on the LMS-AINDI control law was overall lower to the induced uncertainties. Consequently,
the LMS-AINDI control law is regarded to be the most suitable control law for coping with model
uncertainties related to aerodynamics model deviations, CG shifts and inertia changes.



Additional derivations and results

This part focuses on the additional derivations and results for this thesis project. To perform the
optimization of the control law parameters it was required to apply more criteria than the handling
quality and stability guidelines described in Chapter 5 alone. Consequently, this part is dedicated
to the additional optimization guidelines to obtain a satisfactory design of the control system.

117



Additional criteria for control law design
optimization

The set of criteria for the design parameter optimization often does not consist of the handling
quality requirements described in Section 5.4 alone. Next to these requirements it is highly rec-
ommended by Tischler (2017) to add criteria regarding controller stability and stability robustness.
These specifications are important because they ensure that the overall control system is stable and
the stability is robust for situations where the stability margins decrease.

Furthermore, the control system architecture for which the design will be optimized is shown in
Figure 9.1. This architecture separates the feed-forward path and the feedback path. The rationale
behind this structure is that the command filter could induce the desired control response and the
closed-loop part could follow the command filter output in a robust manner. To accomplish the
robustness, the closed-loop part is accommodated with a PI compensator. To make sure that the
closed-loop part mainly follows the command filter output and does not distort it, a specification
will be added which monitors the difference between the command filter output and the actual out-
put. Furthermore, due to the dynamics of the command filter and the dynamics of the closed-loop
part, the response could easily deviate from the desired secons order response, needed to make a
good LOES fit. Consequently, to assure that the LOES fit is reasonable, a specification which evalu-
ates the LOES fit cost will be added as well.
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Figure 9.1: (Adaptive) INDI control system outer loop block scheme including pitch rate disturbance input location.

On top of that, actuator activity is an important property to take into account during the control
system design as well. This specification can be used to find a design with minimal actuator usage
while complying to all demands. Moreover, reduced actuator usage results in less wear and could
decrease the likeliness of PIO due to actuator saturation.

This chapter will explain and describe the additional specifications required to obtain a feasible
design. Section 9.1 will cover the specifications which consider stability and stability robustness.
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Then, Section 9.2 will treat the specifications related to command model following and LOES fit
cost. Lastly, Section 9.3 will elaborate on the specification which take into account actuator activity.

9.1. Controller stability

Regarding the stability of the control law, first of all, a criterion which constrains the real part of all
the eigenvalues of the control system will be applied. When the real part of one or more of the eigen-
values have a significant positive value the design is immediately regarded as level 3, the boundary
is set at 1073, Consequently, this specification ensures that the obtained stability of the design is
within the capabilities of the pilot.

Furthermore, to incorporate stability robustness into the design, a requirement which limits
the gain and phase margin to be at least 6 dB and 45 degrees, respectively, will be added as well.
These stability margins are defined in the military flight control systems specification MIL-DTL-
9490E and should be met even for the most critical centre of gravity locations (DoD, 2008). The
margins are determined for the broken-loop response where the control loop is broken just before
the actuator input. Considering Figure 9.1 this location is within the (A)INDI block. This block
scheme for the non-adaptive INDI control law is displayed more detailed in Figure 9.2. Furthermore,
the boundaries which define the level 1, 2 and 3 regions for this requirement can be found in Figure
9.3. Moreover, for the optimization it is required to define a frequency range in which the stability
margins will be evaluated. In this study the frequencies between 0.01 and 100 rad/s are analysed as
this range usually covers the full range of the aircraft dynamics (Tischler, 2017).
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Figure 9.2: INDI control system inner loop block scheme including loop break input location.

Next to the gain/phase margins, the Nichols stability margin requirement is applied. This crite-
rion ensures that the control law is also robust when both the broken-loop gain and phase margin
change at the same time (Tischler, 2017). The specification guides the optimization such that the
broken-loop frequency response displayed in a Nichols plot remains outside the so-called exclusion
zone. This zone is defined in Muir (1998) and the boundaries are shown in Figure 9.4. As this specifi-
cation also uses a frequency-domain response, it again required to define a frequency range as well.
This frequency range is chosen to be the same as the range used for the stability margin analysis to
evaluate the robust stability for the full broken-loop response.
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9.2. LOES fit and model following

The goal of the command filter is to shape the pilot input such that output of the filter is the desired
aircraft response for the given pilot command. Consequently, the part of the control law after the
command filter should accurately follow this signal to obtain an aircraft response which behaves as
the desired response dictated by the command filter. To assure that this goal is achieved a specifi-
cation which determines the difference between the command filter and the complete control law
response will be added to the optimization as well. This specification analyzes the differences be-
tween the magnitude and phase of both frequency responses. The difference of error is penalized
by a cost function, J;; , which is the same cost function as used for the calculation of the LOES fit
cost and is defined as follows (Tischler, 2017):
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Here, N,, is again the amount of frequency points used in the analysis, Hy,; is the pilot input to
the aircraft pitch rate transfer function and H,y is the transfer function of the command filter. Fur-
thermore, to make a fair comparison between both transfer functions, the effect of the equivalent
delay found by the LOES fit of the full control loop is added to the command filter transfer function.
The level 1 and 2 regions of this specification are shown in Figure 9.5.

Furthermore, to guide the LOES fit, a specification which constrains the LOES fit cost will be
incorporated as well. According to the MIL-STD-1797A the LOES fit cost should be less than or equal
to 10 to have an adequate fit. However, from experience it was found that this bound would lead to a
non-existing design space. Using the MUAD bounds, Figure 5.2 and 5.3, as the driving factor for the
LOES fit resulted in a relaxed bound of the level 1 region of the cost specification and led to a design
space again. This approach was adopted as the cost of the LOES fit could be resulting from a fitting
error at the edges of the fitting domain. As can be seen from Eq. (9.1), the weight of the error does
not change with frequency. Furthermore, considering the MUAD bounds, the pilot becomes less
sensitive to fitting errors for frequencies far from the pilot cross-over frequency range. Therefore, it
is possible that the fitting cost becomes larger than 10 while the fitting error is still within the MUAD
bounds (Hodgkinson and Johnston, 1979). As these bounds represent the sensitivity of the pilot for
the deviation from second order behaviour, it is therefore chosen to regard these bounds as leading
for the LOES fit. Though, to minimize the mismatch between the full order system and the LOES fit,
a LOES fit cost guideline is still applied albeit with a relaxed level 1 boundary. The boundary is set
to 20 instead of 10 as shown in Figure 9.6.
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9.3. Actuator activity

The actuator activity is taken into account by adding a specification which determines the actu-
ator deflection RMS. This value is determined by calculating the area below the autospectrum of
the considered signal which is proportional to the RMS value. As described in Tischler (2017) the
actuator RMS is determined by analysing the signal from the pilot input to the actuator position.
Furthermore, the feed-forward and feedback path in this control law are separated due to the addi-
tional command filter. Therefore, it is recommended to analyse the actuator activity resulting from
disturbances as well (Tischler, 2017). To do this the actuator RMS for disturbances is determined
by analysing the signal from the disturbance to the actuator position. The input of the disturbance
signal in the control loop is located after the feedback path dynamics as shown in Figure 9.1. This
disturbance input is used as a general source and therefore it is located after the the sensors and
filters. Boundaries of the level 1 and 2 regions of the specification are displayed in Figure 9.7. The
x-axis displays the normalized actuator RMS value.
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Figure 9.7: Actuator deflection RMS guideline boundaries.
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Conclusions and recommendations

This final part will conclude the thesis by answering the research questions and elaborating on the
impact of the findings on INDI-based control research as a whole. Finally, the recommendations for
future research on adaptive INDI-based control will be treated.

10.1. Answers to research questions
1. Which adaptive methods are suited for the integration in INDI-based pitch rate control of
high-performance aircraft?

(@)

(b)

What are the adaptive control approaches?

A literature survey has established that several approaches have been developed. The
uncertain model parameter could be estimated directly or indirectly. In the direct ap-
proach, the uncertainty is defined in such a way that the adaptive control law could
estimate the uncertainty model parameters directly. The indirect approach first esti-
mates the system model parameters. The new estimation of the system model can then
be applied to determine the correct control law parameters. Within these design ap-
proaches there is the option to use a reference model which determines the desired dy-
namic response of the aircraft. This approach is called Model Reference Adaptive Control
(MRAC) and the error between the actual system output and the reference model output
is used to drive the adaptive law. The derivations of the update laws are often based on
Lyapunov stability functions (LSF). Furthermore, it is also possible to use an adaptive
prediction model of which the model parameters are estimated online. This prediction
model often represents the system itself. A third option is based on the Immersion and
Invariance (1&I) framework. This approach does not use a self tuning prediction model
or a reference model but bases its derivation on an invariant manifold on which the es-
timation error is zero.

What is the state-of-the-art research in the field of adaptive INDI?

The research on adaptive INDI is still a young field. Consequently, the list of finished
research projects is still short. One of these projects has considered an indirect adap-
tive approach based on the Least-Mean-Square (LMS) parameter estimation applied to
a micro air vehicle (MAV). The control objective was to track an attitude command and
the adaptive method was used to correct the on-board control effectiveness model. An-
other project has developed an MRAC design for an extended F-16 simulation model. In
this research continuous parameter update rules were derived using LSFs. The third and
last research project also considered MRAC. However, here the adaptive method is used
train a Neural Network. The output of the Neural network can determine a correction
term to augment the output of the INDI contor law.
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(c) Which methods are suited for INDI-based control?
Based on a state-of-the-art review on adaptive INDI it was established that both direct
and indirect adaptive approaches have been investigated in recent research projects.
Furthermore, as INDI is a control law which uses part of the aircraft model, the combi-
nation with indirect adaptive methods comes naturally. On the other hand, an adaptive
approach such as integrated adaptive Backstepping cannot be applied as here the adap-
tive law is designed together with the control law using LSFs.

Furthermore, with respect to real-time operation it is preferred that the model struc-
ture of the estimated uncertainty is linear-in-the-parameters (LP). LP models allow for
the use of linear parameter estimation algorithms which are more suited for real-time
applications than nonlinear parameter estimation methods. The parameter estimation
methods which were regarded most suited for application in adaptive control were the
Recursive Least Squares (RLS) method, the Leas-Mean-Square method, MRAC and I&l.

2. How do longitudinal centre of gravity shifts, changes in inertia and aerodynamic model

mismatches affect the INDI-based pitch rate control law?

A literature review is conducted on modelling the aircraft equations of motion while taking
into account the possibility of centre of gravity shifts. From this study it is established that
there are two options to go about this. The first approach describes the change in dynamics
with respect to a reference frame that is fixed to the geometry of the aircraft and the second
method uses a centre of gravity fixed reference frame. After linearization and applying the
time-scale separation assumption, both approaches yield a model in which only the CE term
will be affected by CG shifts, inertia changes and aerodynamic model mismatches. These
models reveal that the longitudinal centre of gravity (CG) shifts could increase or decrease
the CE depending on a shift in the direction of the nose or the tail. Furthermore, changes in
inertia have an inverse proportional effect and aerodynamic model mismatches have a direct
proportional effect on the CE. However, the CE will be affected in a nonlinear manner when all
uncertainty factors are combined. Despite the nonlinear dependency on these factors, the CE
model will either be larger or smaller than the actual CE. When the actual CE model is larger
than the actual CE, the control response will be slower than what is achievable. Furthermore,
in case the CE model is lower than the actual CE, the response will be quicker with respect to
having a correct model.

Though, if the difference in too much, there is a possibility for instability. Lastly, it has been
established that large CG shifts could result in a lower validity of the time-scale separation
assumption. This is the consequence of an increased influence of the incremental angle-of-
attack on the incremental pitch acceleration. The violation of this assumption will result in
decreased control performance despite having a correct CE model. As it was incorrectly pre-
sumed that the time-scale separation assumption would hold for all uncertainty cases, this
problem was not identified by the models described above. Consequently, this model is not
comprehensive enough to analysis the change in control performance of INDI-based pitch
rate control.

3. Which evaluation metrics are suited for the assessment of adaptive INDI-based control?

(a) Which metrics quantify control performance in adaptive control?
The metric which are used most often for nonlinear control are the £,- and £,-norm of
the temporal error between a reference model and the real system output. The former is
suitable to evaluate the maximum error and the latter for oscillations in the error signal.
Furthermore, the Root-Mean-Square (RMS) of the temporal error is a suitable metric
as well. This metric could be used to evaluate the average error during the simulation.
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However, considering the sensitivity of the £,-norm and RMS metrics, it was found that
both metrics showed a similar trend. Consequently, using one of the two is sufficient.
Lastly, the cumulative moving standard deviation (CMSD) is a suitable metric to evaluate
control activity and parameter estimation activity.

(b) Which metrics quantify parameter estimation performance in adaptive control?
The same metrics as used for the control performance are applicable. However, to be
able these for parameter estimation assessment as well, it should be possible to extract
the actual value of the parameter from the simulation model.

(c) What is the appropriate metric for assessing computational complexity of adaptive
control methods?
There are several approaches to estimate the computational complexity of an algorithm.
A commonly used method is to simply measuring the time a computer needs to execute
an algorithm and monitor the change in the required execution time when the size of
the data changes. Another option is to use the big-O notation which characterizes the
growth rate of the elementary operations for an increasing dataset. Though, as the algo-
rithms of the adaptive control methods considered in this research are not computation-
ally intensive and the dataset at each iteration is small, both measuring the iteration time
and using the big-O notation are not very practical metrics. Therefore, the appropriate
metric adopted here is to count the number of elementary operations performed during
each iteration. To obtain its sensitivity the counted number of operations is determined
as a function of the number of estimated parameters.

(d) What are the appropriate handling quality and controller stability guidelines for the
evaluation of the non-adaptive and adaptive INDI-based pitch rate control law?
The study on handling quality and stability guidelines, revealed that there are several
handling quality and stability guidelines for longitudinal control. The most important
criteria with respect to the short-term dynamic response are found to be the short period
damping versus Control anticipation parameter (CAP), the equivalent time delay and
the pitch attitude dropback. Furthermore, there are important guidelines which focus
on the prediction of pilot induced oscillations. These are the Gibson phase rate, the
pitch attitude bandwidth versus phase delay, the Neal-Smith and the flight path angle
bandwidth versus pitch attitude bandwidth.

4. How is the non-adaptive INDI-based pitch rate control performance affected when actu-

ator dynamics, sensor dynamics, filters and computational delay are added to the system
model?
Simulations with the system model that includes these more realistic control system elements
show that the robustness to model uncertainties is decreased. Although, the non-adaptive
control law is still quite robust, it is observed that a CE value that is lower than the actual CE
induces a significant increase in control activity and additional oscillations in the pitch rate
response. Consequently, the need for an accurate CE model increases when actuator dynam-
ics, sensor dynamics, filters and computational delays are added to the system model.

5. Which adaptive INDI-based pitch rate control law is most suited for coping with aerody-
namic model mismatches and system model changes due to centre of gravity shifts and
inertia changes?

The analysis of the adaptive INDI-based control laws considered in this study has revealed
that the direct adaptive design based on LMS parameter estimation is the most suited. This
algorithm is able to converge close to the desired value quickly and does not drift even when
the information in the estimation data is low. From the analysis results and sensitivity anal-
ysis of this approach, it is concluded that this adaptive control law gives the most consistent
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response while being subjected to aerodynamic model uncertainties, centre of gravity shifts
and inertia changes.

6. What are the differences in handling qualities and stability between the non-adaptive and

adaptive INDI-based pitch rate control law, considering aerodynamic model mismatches
and system variation due to longitudinal centre of gravity shifts?
It is observed that the adaptive control law is able to decrease the variation in handling quali-
ties and stability with respect to the non-adaptive control law. However, it is found that large
forward and backward CG shifts could result in a decrease of the validity of the time-scale sep-
aration assumption. As the applied adaptive control law attempts to correct the CE model by
only using the measured incremental pitch acceleration and incremental elevator deflection,
this leads to a decrease in the estimation performance. On top of that, the decreased validity
of the time-scale separation assumption impairs the control performance of the INDI control
law despite having a correct CE model. Consequently, the proposed adaptive control solution
in this thesis is not suited to solve the variation in handling qualities and stability for large CG
shifts.

10.2. Contribution to research on INDI-based control

This section will make an effort to put the observations and conclusions made in this thesis into the
perspective of INDI-based control development. In a recent study on indirect adaptive INDI-based
control, based on LMS parameter estimation, applied to a MAV has already demonstrated that the
control performance could be made more robust against model uncertainties. Furthermore, the re-
sults obtained from the simulations performed in this thesis confirm that a similar adaptive method
could retain the INDI-based control law performance of a high-performance aircraft subjected to
CG location, inertia and aerodynamic model uncertainties. Consequently, this thesis contributes to
the knowledge on applicability of LMS parameter estimation and model correction for INDI-based
control in uncertain high-performance aircraft and airborne systems is a whole.

However, the results also revealed that a large CG shift can lead to weakening of the time-scale
separation assumption. This is a consequence of the significant increase of the angle-of-attack in-
fluence on the aircraft pitching motion. Variations in HQ&S following from this problem could not
be solved by using the correct CE model in the INDI-based control law. Furthermore, the change in
the angle-of-attack influence due to CG shifts occurs to all fixed-wing aircraft. Therefore, it is possi-
ble that this issue arises for all fixed-wing aircraft which are subjected to large CG shifts. Moreover,
this result stresses that it is important to analyse the validity of the time-scale separation assumption
when the control performance variation, due to system uncertainties, of an INDI-based controller
is explored.

10.3. Recommendations
The results obtained from the simulations performed in this thesis project show that an indirect
adaptive method based on LMS parameter estimation is able to decrease the HQ&S variation of an
INDI-based pitch rate control law following from CG shift, inertia changes and aerodynamic model
error. Consequently, this first step in the validation process of this adaptive control law shows that
there is potential. However, to increase the validity, there are still challenges that should be faced.
First of all, the mass model used to simulate the CG shifts and inertia changes only considers the
influence of fuel. The mass distribution of actual high-performance military aircraft is also altered
by different store configurations. Therefore, as one of the aspects to expand the validation of the
adaptive INDI-based pitch rate control law considered in this thesis, it is recommended to add the
effect of stores to the mass model.
Furthermore, the aerodynamic model of the aircraft considered in this thesis is limited to Mach
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numbers between 0.2 and 0.6. Therefore, it was not possible to analyse the performance of the
control laws for trans-sonic and supersonic velocities. Consequently, to expand the validity of the
simulations it is recommended to apply a more comprehensive aerodynamic model as well. In
addition, structural vibrations are not considered either. As these vibrations impose high demands
on filter design for the angular rate and presumably on angular acceleration feedback, it is advised
to incorporate this aspect in the simulation model as well in future validation studies.

Moreover, it is established that the time-scale separation assumption can be violated for large
CG shifts. This results in a residual HQ&S variation that cannot be mitigated by having the correct
CE model. Consequently, to pursue the objective of further decreasing the HQ&S variation it is rec-
ommended that further research on robustifying the outer loop will be performed. For example, an
adaptive design based on MRAC, which does account for the extra dynamics of actuators, sensors
and filter, might be suited as this framework does allow for adaption of the outer loop output. Fur-
thermore, the outer loop of the adaptive control law proposed in this thesis could be augmented
with sliding-mode control or a more advanced robust framework, such as p-analysis, could be used
for the design of the outer loop.

In addition, another direction for future research is to consider the performance of the adaptive
control law in a stochastic environment. The research performed in this thesis does not consider
the phenomena of turbulence. As this factor distorts the information in the parameter estimation
input signals, it will affect the estimation performance. As handling turbulence is a common aspects
of real-world flight control laws, a study in this field would add to the validation process of the
implementation of the adaptive INDI-based control laws considered in this thesis.

Finally, one of the most important steps in the validation of the adaptive control laws applied
in this thesis, is a rigorous closed-loop stability proof. Without this proof it is not safe to perform
piloted flight tests in actual aircraft. Consequently, this aspect is strongly recommended for future
research.
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Preliminary experiments sensitivity results

Table A.1: Loo-norm of the tracking error (RLS-AINDI).

TO-1 TO-2
var(v) [(°/s%)?] T4 (8] var(v) [(°/s%)?] T4 [s]

A Initial | 0.01 0.10 0.02 0.05 | Initial | 0.01 0.10 0.02 0.05
non-adaptive 0.86 0.90 1.04 1.05 1.39 0.86 0.87 0.94 1.05 1.39
0.9800 1.03 1.14 1.19 1.19 1.50 1.18 1.14 1.25 1.62 2.26
0.9850 0.92 0.97 1.06 1.08 1.41 1.18 0.97 1.06 1.62 2.46
0.9900 0.86 0.90 0.98 1.04 1.37 1.19 0.90 0.98 1.62 2.21
0.9950 0.85 0.89 0.97 1.04 1.37 1.18 0.89 0.97 1.62 2.19
0.9970 0.85 0.89 0.97 1.04 1.38 1.19 0.89 0.97 1.64 2.76
0.9980 0.85 0.89 0.97 1.05 1.38 1.10 0.89 0.97 1.35 1.64
0.9990 0.85 0.89 0.97 1.05 1.38 0.85 0.89 0.97 1.05 1.38
0.9995 0.86 0.89 0.98 1.05 1.38 0.86 0.89 0.97 1.05 1.38
1.0000 0.86 0.90 1.02 1.05 1.38 0.86 0.92 1.10 1.05 1.38
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Table A.2: Lo-norm of the tracking error (LMS-AINDI).

TO-1 TO-2
var(v) [(°/s%)?] T4 [s] var(v) [(°/s%)?] T4 [8]
u Initial | 0.01 0.10 | 0.02 0.05 | Initial | 0.01  0.10 | 0.02 0.05
non-adaptive | 0.86 | 0.90 1.04 1.05 139 | 086 | 0.87 0.94 1.05 1.39
10 0.85 | 0.88  0.96 1.04 137 | 085 | 0.88 0.96 1.04 1.37
50 0.86 | 0.85  0.92 1.05 139 | 086 | 0.85  0.92 1.05 1.39
100 0.87 | 086  0.89 1.06 1.41 | 087 |0.86  0.89 1.06 1.41
150 0.88 | 0.87 0.88 1.07 1.43 | 0.88 | 0.87 0.88 1.07 1.43
200 0.89 | 0.88 0.87 1.09 1.44 | 089 | 0.88 0.87 1.09 1.44
250 090 | 0.89 0.87 1.10 1.45| 090 | 0.89 0.87 1.10 1.45
300 091 | 090 0.87 1.11 1.47 | 091 | 090 0.87 1.11  1.47
400 093 | 092 0.87 1.12 148 | 093 | 092 0.87 1.12 1.48
500 094 | 093 0.88 1.14 150 | 094 | 093 0.88 1.14 1.50
600 095 | 094 0.89 1.15 150 | 095 | 0.94  0.89 1.15 1.50
700 096 | 095  0.90 1.15 151 | 096 | 095  0.90 1.15 1.51
800 097 | 096  0.92 1.16 1.51| 097 | 096  0.91 1.16 1.51
900 098 |[096  0.93 1.17 151 | 097 | 096  0.93 1.16 1.51
1000 098 | 097 0.94 1.17 152 | 098 | 097 094 1.17 1.52
1500 1.01 | 0.99  0.99 1.19 152 | 1.01 [099  0.99 1.19 1.52
2000 1.03 | 1.00 1.03 1.22 153 | 1.03 | 1.00 1.03 1.22 1.53
3000 1.06 | 1.01 1.06 1.26 1.57 | 1.06 | 1.01 1.05 1.26  1.57
4000 1.02 | 1.01 1.06 1.29 1.61 | 1.02 | 1.01 1.06 1.29 1.61
4200 0.96 | 1.01 1.06 1.30 1.62 | 096 | 1.01 1.06 1.30 1.62
4400 1.25 | 1.02 1.06 1.12 164 | 1.25 | 1.02 1.06 1.12 1.64
4600 13.20 | 1.02 1.06 1.20 1.68 | 9.85 | 1.02 1.06 1.20 1.67
Table A.3: £;-norm of the tracking error (RLS-AINDI).
TO-1 TO-2
var(v) [(°/s%)?] 7 [s] var(v) [(°/s%)?] 218
A Initial | 0.01 0.10 | 0.02 0.05 | Initial | 0.01 0.10 | 0.02 0.05
non-adaptive | 2.59 | 2.60 272 |3.13 441 | 162 | 1.65 1.83 1.95 2.72
0.9800 316 [ 299 275 |364 4.68| 200 |193 206 |234 3.11
0.9850 285 | 277 268 |325 4.29| 1.82 | 1.80 196 | 213 2.89
0.9900 256 | 254 259 |297 4.02| 1.67 | 1.65 1.88 1.99 277
0.9950 237 237 253 |279 385| 157 | 155 1.84 1.90 2.68
0.9970 232 232 252 |274 381| 155 | 1.53 1.85 1.93 2.75
0.9980 230 231 252 |273 380| 155 | 1.52 1.86 1.85 2.52
0.9990 231 233 254 |274 381| 150 | 1.53 1.87 1.78 2.45
0.9995 239 241 265 |284 392| 155 | 1.59 1.95 1.84 2.53
1.0000 2.58 | 2.61 287 | 311 435| 161 |166  2.05 1.95 2.71
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Table A.4: £;-norm of the tracking error (LMS-AINDI).
TO-1 TO-2
var(v) [C/s*)°] | 74s] var(v) [C/s9)%] | 7als]
U Initial | 0.01 0.10 0.02 0.05 | Initial | 0.01 0.10 0.02 0.05
non-adaptive 2.59 | 2.60 2.72 3.13 441 | 1.62 | 1.65 1.83 1.95 2.72
10 2.33 | 2.34 2.57 275 3.80 | 1.53 | 1.57 1.92 1.81 2.47
50 2.28 | 2.30 2.51 272 380 | 149 | 1.52 1.87 1.77 2.44
100 2.28 | 2.30 2.51 272 382 | 149 | 1.52 1.86 1.77 2.45
150 2.29 | 2.30 2.50 273 382 | 149 | 1.52 1.86 1.78 2.46
200 229 | 2.30 2.50 273 382 | 149 | 1.52 1.86 1.78 2.47
250 2.29 | 2.30 2.49 273 382 | 150 | 1.53 1.86 1.78 2.47
300 229 | 2.30 2.49 273 382 | 150 | 1.53 1.86 1.79 2.48
400 2.30 | 2.30 2.49 274 383 | 151 | 1.54 1.86 1.80 2.49
500 2.31 | 231 2.49 274 383 | 152 | 1.54 1.86 1.80 2.49
600 2.31 | 231 2.48 275 3.84 | 153 | 1.55 1.86 1.81 2.50
700 232 | 2.32 2.48 276 3.84 | 153 | 1.55 1.86 1.82 2,51
800 2.33 | 2.33 2.48 276 3.84 | 154 | 1.56 1.87 1.82 251
900 2.34 | 2.33 2.49 277 3.85| 155 | 1.57 1.87 1.83 2.52
1000 235 | 2.34 2.49 278 3.85| 155 | 1.57 1.87 1.84 2.52
1500 2.39 | 2.38 2.51 282 388 | 159 | 1.61 1.90 1.88 2.54
2000 2.44 | 2.42 2.54 288 391 | 163 | 1.64 1.94 1.91 257
3000 2.55 | 2.51 2.63 3.00 4.03| 1.69 | 1.70 2.00 2.00 2.66
4000 2.64 | 2.60 2.71 3.11 419 | 1.74 | 1.75 2.05 2.06 2.76
4200 2.65 | 2.61 2.73 3.13 422 | 1.74 | 1.76 2.05 2.08 2.78
4400 2.69 | 2.63 2.74 3.14 426 | 1.79 | 1.76 2.06 2.07 2.80
4600 50.58 | 2.65 2.76 3.16 4.29 | 4297 | 1.77 2.07 2.09 2.82
Table A.5: RMS of the tracking error (RLS-AINDI).
TO-1 TO-2
var(v) [(°/s*)°] T4 [s] var(v) [(°/s*)*] 74 [s]
A Initial | 0.01 0.10 0.02  0.05 | Initial | 0.01 0.10 0.02  0.05
non-adaptive || 0.180 | 0.180 0.190 | 0.221 0.312 | 0.120 | 0.120 0.130 | 0.138 0.193
0.9800 0.226 | 0.212 0.194 | 0.257 0.331 | 0.142 | 0.137 0.146 | 0.165 0.220
0.9850 0.202 | 0.196 0.189 | 0.230 0.303 | 0.129 | 0.127 0.139 | 0.151 0.204
0.9900 0.181 | 0.179 0.183 | 0.210 0.284 | 0.118 | 0.117 0.133 | 0.141 0.196
0.9950 0.167 | 0.167 0.179 | 0.197 0.272 | 0.111 | 0.110 0.130 | 0.134 0.190
0.9970 0.164 | 0.164 0.178 | 0.194 0.269 | 0.110 | 0.108 0.131 | 0.137 0.195
0.9980 0.163 | 0.163 0.178 | 0.193 0.268 | 0.110 | 0.107 0.131 | 0.131 0.178
0.9990 0.164 | 0.164 0.180 | 0.194 0.270 | 0.106 | 0.108 0.133 | 0.126 0.173
0.9995 0.169 | 0.171 0.187 | 0.201 0.277 | 0.110 | 0.112 0.138 | 0.130 0.179
1.0000 0.183 | 0.184 0.203 | 0.220 0.307 | 0.114 | 0.117 0.145 | 0.138 0.192
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Table A.6: RMS of the tracking error (LMS-AINDI).

TO-1 TO-2
var(v) [(°/s%)?] T4 [s] var(v) [(°/s%)?] Tq [s]
U Initial | 0.01 0.10 | 0.02 0.05 | Initial | 0.01 0.10 | 0.02 0.05
non-adaptive || 0.180 | 0.180 0.190 | 0.221 0.312 | 0.120 | 0.120 0.130 | 0.138 0.193
10 0.164 | 0.166 0.182 | 0.194 0.269 | 0.108 | 0.111 0.136 | 0.128 0.174
50 0.161 | 0.162 0.178 | 0.192 0.270 | 0.105 | 0.108 0.132 | 0.125 0.173
100 0.162 | 0.162 0.177 | 0.193 0.270 | 0.105 | 0.108 0.132 | 0.125 0.174
150 0.162 | 0.162 0.177 | 0.193 0.270 | 0.105 | 0.108 0.132 | 0.126 0.174
200 0.162 | 0.162 0.177 | 0.193 0.270 | 0.106 | 0.108 0.131 | 0.126 0.174
250 0.162 | 0.163 0.176 | 0.193 0.270 | 0.106 | 0.108 0.131 | 0.126 0.175
300 0.162 | 0.163 0.176 | 0.193 0.270 | 0.106 | 0.108 0.131 | 0.126 0.175
400 0.163 | 0.163 0.176 | 0.194 0.271 | 0.107 | 0.109 0.131 | 0.127 0.176
500 0.163 | 0.163 0.176 | 0.194 .0271 | 0.107 | 0.109 0.131 | 0.128 0.176
600 0.164 | 0.164 0.176 | 0.194 0.271 | 0.108 | 0.110 0.132 | 0.128 0.177
700 0.164 | 0.164 0.176 | 0.195 0.272 | 0.108 | 0.110 0.132 | 0.129 0.177
800 0.165 | 0.164 0.176 | 0.195 0.272 | 0.109 | 0.110 0.132 | 0.129 0.178
900 0.165 | 0.165 0.176 | 0.196 0.272 | 0.109 | 0.111 0.132 | 0.130 0.178
1000 0.166 | 0.165 0.176 | 0.197 0.272 | 0.110 | 0.111 0.133 | 0.130 0.178
1500 0.169 | 0.168 0.178 | 0.200 0.274 | 0.112 | 0.114 0.135 | 0.133 0.180
2000 0.173 | 0.171  0.180 | 0.203 0.277 | 0.115 | 0.116 0.137 | 0.135 0.182
3000 0.180 | 0.178 0.186 | 0.212 0.285 | 0.120 | 0.120 0.141 | 0.141 0.188
4000 0.187 | 0.184 0.192 | 0.220 0.296 | 0.123 | 0.124 0.145 | 0.146 0.195
4200 0.188 | 0.185 0.193 | 0.222 0.299 | 0.123 | 0.124 0.145 | 0.147 0.197
4400 0.190 | 0.186 0.194 | 0.222 0.301 | 0.126 | 0.125 0.146 | 0.146 0.198
4600 3.577 | 0.187 0.195 | 0.224 0.303 | 3.039 | 0.125 0.146 | 0.148 0.200
Table A.7: CMSD of the elevator deflection (RLS-AINDI).
TO-1 TO-2
var(v) [(°/s%)?] 7q [s] var(v) [(°/sH)?] 74 [s]

A Initial | 0.01 0.10 | 0.02 0.05 | Initial | 0.01 0.10 | 0.02 0.05

non-adaptive || 1372 | 1510 2000 | 1549 1926 | 489 | 719 1279 | 548 676

0.9800 1274 | 1302 1463 | 1301 1405 | 468 | 552 770 486 532

0.9850 1145 | 1216 1447 | 1162 1256 | 427 | 520 737 438 486

0.9900 1035 | 1126 1426 | 1063 1150 | 393 | 477 719 408 454

0.9950 966 | 1067 1415 | 1000 1085 | 376 | 474 700 400 444

0.9970 954 | 1061 1429 | 993 1081 | 378 | 505 714 408 461

0.9980 958 | 1071 1455 | 1001 1094 | 381 | 540 791 403 448

0.9990 999 | 1124 1547 | 1052 1162 | 379 | 582 881 401 448

0.9995 1097 | 1247 1745 | 1172 1316 | 423 | 666 1222 | 455 520

1.0000 1352 | 1556 2227 | 1515 1848 | 486 | 781 1508 | 544 666
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Table A.8: CMSD of the elevator deflection (LMS-AINDI).

TO-1 TO-2
var(v) [(°/s%)?] T4 (8] var(v) [(°/s)?] T4 [s]
u Initial | 0.01 0.10 0.02 0.05 | Initial | 0.01 0.10 0.02 0.05
non-adaptive 1372 1510 2000 1549 1926 489 719 1279 548 676
10 990 1118 1546 1033 1123 396 619 1117 416 459
50 917 1020 1380 950 1027 350 531 921 362 394
100 907 1005 1351 938 1013 341 513 876 351 382
150 903 998 1338 933 1008 338 506 855 348 378
200 900 994 1329 930 1005 336 502 839 346 375
250 899 990 1322 928 1003 335 499 827 344 374
300 897 988 1316 927 1001 334 496 816 344 373
400 895 983 1305 925 999 333 492 798 343 372
500 894 980 1296 923 997 333 488 783 342 372
600 893 977 1288 922 996 333 485 770 342 372
700 893 974 1281 922 996 333 482 759 342 372
800 893 972 1274 921 995 333 480 749 342 372
900 893 971 1268 921 995 333 478 740 342 372
1000 893 970 1262 921 995 333 476 732 342 372
1500 896 966 1239 923 997 334 469 700 344 374
2000 901 967 1224 926 1001 337 465 678 346 377
3000 913 973 1209 937 1014 342 462 654 351 383
4000 929 985 1209 951 1032 348 462 642 357 391
4200 933 987 1210 954 1036 349 463 641 358 393
4400 936 990 1211 957 1041 351 463 640 360 394
4600 54 993 1212 961 1045 54 464 639 361 396
Table A.9: CMSD of the correction factor estimation (RLS-AINDI).
TO-1 TO-2
var(v) [(°/s%)?] T4 [s] var(v) [(°/s%)?] 74 [s]

A Initial | 0.01 0.10 0.02 0.05 | Initial | 0.01 0.10 0.02 0.05
0.9800 258 330 729 248 253 268 8441 9521 272 266
0.9850 195 220 439 190 194 207 5277 5784 199 203
0.9900 131 138 240 127 131 142 2411 2764 139 141
0.9950 65 67 106 64 68 66 632 833 65 66
0.9970 40 41 62 39 42 34 192 294 31 32
0.9980 27 28 41 27 29 20 66 121 19 20
0.9990 14 14 20 14 15 11 15 31 11 11
0.9995 7 7 9 7 8 6 6 9 6 6
1.0000 4 4 4 4 4 4 4 4 4 4
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Table A.10: CMSD of the correction factor estimation (LMS-AINDI).

TO-1 TO-2
var(v) [C/s)°] | 748l var(v) [C/s)°] | 748l
u Initial | 0.01 0.10 0.02 0.05 | Initial | 0.01 0.10 0.02 0.05

10 6 6 7 6 6 5 5 6 5 5

50 12 12 17 12 13 7 8 12 7 8

100 19 20 29 19 21 10 11 19 10 11

150 26 27 42 27 30 12 14 26 13 13

200 33 35 54 34 38 15 17 33 15 16

250 40 42 66 41 46 17 20 40 17 19

300 47 49 77 48 54 20 23 47 20 22

400 60 63 101 61 69 24 28 59 25 27

500 72 76 123 74 85 29 34 72 29 32

600 84 89 146 87 100 33 39 84 33 38

700 96 102 167 99 114 37 44 95 38 43

800 107 144 189 111 129 41 49 107 42 48

900 118 126 210 122 143 45 54 118 46 52

1000 129 138 231 133 157 48 58 128 49 57
1500 178 192 329 185 220 65 80 179 67 78
2000 221 240 420 229 274 79 99 225 82 97
3000 296 325 582 304 356 104 132 307 107 125
4000 364 396 726 366 415 131 161 380 128 146
4200 383 410 753 379 426 144 166 394 133 150
4400 409 424 780 395 437 162 173 407 141 154
4600 || 2.246e7 | 439 808 415 449 | 2.246e7 | 181 422 155 160
Table A.11: Lo-norm of the control effectiveness estimation deviation (RLS-AINDI).
TO-1 TO-2
var(v) [(°/s%)°] Ta [s] var(v) [(°/s%)°] Ta [s]

A Initial | 0.01 0.10 0.02 0.05 | Initial 0.01 0.10 0.02 0.05
0.9800 || 0.091 | 0.105 0.139 | 0.086 0.084 | 0.225 | 22.241 24.597 | 0.163 0.162
0.9850 || 0.065 | 0.076 0.091 | 0.063 0.062 | 0.226 | 14.413 14.597 | 0.161 0.161
0.9900 || 0.045 | 0.052 0.054 | 0.042 0.041 | 0.225 5.763 6.219 | 0.161 0.161
0.9950 || 0.037 | 0.037 0.037 | 0.037 0.037 | 0.224 1.113 1.396 | 0.163 0.161
0.9970 || 0.037 | 0.037 0.037 | 0.037 0.037 | 0.219 0.457 0.607 | 0.157 0.157
0.9980 || 0.041 | 0.041 0.040 | 0.040 0.040 | 0.146 0.203 0.326 | 0.141 0.140
0.9990 || 0.043 | 0.043 0.043 | 0.043 0.043 | 0.056 0.046 0.103 | 0.053 0.052
0.9995 || 0.043 | 0.043 0.043 | 0.043 0.043 | 0.047 0.047 0.046 | 0.047 0.047
1.0000 || 0.053 | 0.053 0.052 | 0.052 0.052 | 0.054 0.054 0.054 | 0.054 0.054
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Table A.12: Loo-norm of control effectiveness estimation deviation (LMS-AINDI).
TO-1 TO-2
var(v) [(°/s%)°] T4 [s] var(v) [(°/s°)°] T4 [s]
u Initial 0.01 0.10 0.02 0.05 Initial 0.01 0.10 0.02 0.05
10 0.036 0.036 0.036 | 0.036 0.035 0.036 0.036 0.036 | 0.036 0.035
50 0.031 0.031 0.031 | 0.031 0.031 0.031 0.031 0.031 | 0.031 0.031
100 0.032 0.031 0.029 | 0.031 0.031 0.032 0.031 0.029 | 0.031 0.031
150 0.032 0.032 0.029 | 0.032 0.032 0.032 0.032 0.033 | 0.032 0.032
200 0.033 0.033 0.029 | 0.033 0.033 0.033 0.033 0.041 | 0.033 0.033
250 0.034 0.033 0.029 | 0.034 0.034 0.034 0.033 0.049 | 0.034 0.034
300 0.035 0.034 0.029 | 0.034 0.035 0.035 0.034 0.056 | 0.034 0.035
400 0.036 0.035 0.030 | 0.036 0.036 0.036 0.035 0.068 | 0.036 0.036
500 0.037 0.036 0.034 | 0.037 0.037 0.037 0.036 0.079 | 0.037 0.037
600 0.038 0.037 0.038 | 0.038 0.038 0.038 0.037 0.088 | 0.038 0.038
700 0.039 0.038 0.042 | 0.039 0.039 0.039 0.038 0.097 | 0.039 0.039
800 0.040 0.038 0.045 | 0.040 0.040 0.040 0.038 0.105 | 0.040 0.040
900 0.041 0.039 0.048 | 0.041 0.041 0.041 0.039 0.113 | 0.041 0.041
1000 0.043 0.040 0.050 | 0.042 0.042 0.043 0.040 0.120 | 0.042 0.042
1500 0.048 0.43 0.067 | 0.046 0.046 0.048 0.043 0.151 | 0.046 0.046
2000 0.052 0.056 0.084 | 0.050 0.050 0.052 0.048 0.177 | 0.050 0.050
3000 0.068 0.077 0.107 | 0.067 0.067 0.068 0.067 0.220 | 0.067 0.066
4000 0.204 0.092 0.123 | 0.085 0.083 0.204 0.083 0.256 | 0.085 0.083
4200 0.398 0.095 0.126 | 0.088 0.086 0.398 0.086 0.263 | 0.088 0.086
4400 0.731 0.097 0.130 | 0.142 0.089 0.731 0.088 0.269 | 0.142 0.089
4600 || 1.145e6 | 0.140 0.134 | 0.371 0.092 | 1.146e6 | 0.140 0.276 | 0.371 0.091
Table A.13: RMS of the control effectiveness estimation deviation (RLS-AINDI).
TO-1 TO-2
var(v) [(°/5%)°] Tq [s] var(v) [(°/5%)°] Ta [s]

A Initial | 0.01 0.10 0.02 0.05 | Initial | 0.01 0.10 0.02 0.05
0.9800 || 0.013 | 0.012 0.031 | 0.012 0.012 1.00 | 34.45 36.87 | 0.064 0.058
0.9850 || 0.010 | 0.010 0.020 | 0.010 0.010 | 098 | 25.16 25.61 | 0.063 0.057
0.9900 || 0.009 | 0.009 0.013 | 0.009 0.009 | 0.92 12.80 13.85 | 0.060 0.055
0.9950 || 0.010 | 0.010 0.011 | 0.010 0.009 | 0.68 4.27 5.37 0.045 0.042
0.9970 || 0.012 | 0.011 0.011 | 0.011 0.011 0.45 1.68 2.59 0.030 0.029
0.9980 || 0.014 | 0.013 0.013 | 0.013 0.013 | 0.31 0.70 1.34 0.022 0.021
0.9990 || 0.019 | 0.019 0.018 | 0.019 0.018 | 0.34 0.33 0.50 0.024 0.024
0.9995 || 0.028 | 0.028 0.027 | 0.028 0.027 | 0.49 0.48 0.44 0.034 0.034
1.0000 || 0.044 | 0.044 0.043 | 0.044 0.043 | 0.66 0.65 0.66 0.047 0.047
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Table A.14: RMS of the Control effectiveness estimation deviation (LMS-AINDI).

TO-1 TO-2
var(v) [(°/s%)?] T4 ] var(v) [(°/5%)?] T4 (8]

u Initial 0.01 0.10 0.02 0.05 Initial 0.01 0.10 0.02 0.05

10 0.019 0.018 0.015 | 0.018 0.017 0.028 0.027 0.021 0.027 0.026

50 0.008 0.008 0.005 | 0.008 0.008 0.012 0.011 0.007 | 0.012 0.011
100 0.006 0.006 0.006 | 0.006 0.006 0.009 0.007 0.012 | 0.008 0.008
150 0.005 0.005 0.007 | 0.005 0.005 0.007 0.006 0.017 | 0.007 0.007
200 0.005 0.005 0.008 | 0.005 0.005 0.006 0.005 0.021 0.006 0.006
250 0.005 0.005 0.009 | 0.005 0.005 0.006 0.005 0.025 | 0.006 0.006
300 0.005 0.005 0.010 | 0.005 0.005 0.005 0.005 0.029 | 0.005 0.005
400 0.006 0.007 0.012 | 0.006 0.006 0.005 0.006 0.035 | 0.005 0.005
500 0.007 0.008 0.014 | 0.007 0.007 0.006 0.008 0.041 0.006 0.006
600 0.008 0.009 0.016 | 0.008 0.008 0.007 0.010 0.047 | 0.007 0.006
700 0.010 0.011 0.018 | 0.009 0.009 0.008 0.011 0.052 | 0.008 0.007
800 0.011 0.012 0.019 | 0.010 0.010 0.009 0.013 0.057 | 0.009 0.008
900 0.012 0.013 0.021 0.012 0.011 0.011 0.015 0.061 0.010 0.009
1000 0.014 0.015 0.023 | 0.013 0.012 0.012 0.017 0.066 | 0.011 0.010
1500 0.020 0.021 0.030 | 0.019 0.017 0.017 0.024 0.085 | 0.016 0.014
2000 0.025 0.026 0.037 | 0.023 0.021 0.022 0.031 0.102 | 0.020 0.017
3000 0.033 0.035 0.048 | 0.031 0.027 0.027 0.041 0.129 | 0.024 0.020
4000 0.038 0.041 0.057 | 0.036 0.031 0.030 0.049 0.149 | 0.027 0.021
4200 0.039 0.042 0.058 | 0.036 0.032 0.030 0.050 0.152 | 0.027 0.021
4400 0.041 0.042 0.059 | 0.037 0.032 0.031 0.051 0.156 | 0.027 0.021
4600 || 6.266e5 | 0.043 0.061 | 0.038 0.033 | 6.262e5 | 0.052 0.159 | 0.027 0.022
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