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Abstract

This thesis describes the design, implementation and flight testing of flight control laws based
on Incremental Nonlinear Dynamic Inversion (INDI). The method compares commanded and
measured accelerations to compute increments on the current control deflections. This results
in highly robust control solutions with respect to model uncertainties as well as changes in
aircraft dynamic characteristics of failure cases during flight. At the same time, the com-
plexity of the algorithms is similar to classical ones. The key for practical implementation
is in ensuring synchronization between angular acceleration and control deflection measure-
ments or estimates. The underlying theory and practical design methods of INDI are very
well understood, but implementation and testing has remained limited to sub-scale UAVs.
The main contributions of this thesis are: 1) the design and validation of manual attitude
control functions for a Cessna Citation Il experimental aircraft, covering control structure de-
sign, application of INDI, design optimization, robustness analyses, software implementation,
ground and flight testing; 2) a novel method based on the complimentary filtering technique
to obtain more accurate angular acceleration estimates from angular rate measurements; 3)
mathematical proof that the inversion error of INDI due to neglecting the so-called system dy-
namics increment increases with the combined actuator, sensor and sampling delay. The flight
tests were highly successful and marked the first successful demonstration of INDI on a CS-25
certified aircraft. The flight test results proved that INDI clearly outperforms "classical" NDI
and provided valuable lessons-learnt for future applications.
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Chapter 1

Introduction

This chapter presents the introduction corresponding to the Master of Science Thesis: Dy-
namic Inversion Flight Control Law Design for Fized-Wing Aircraft: Design and Flight Test-
ing of Incremental Nonlinear Dynamic Inversion based Control Laws for a Passenger Aircraft.
This research project has been made possible by the collaborative effort of the Control & Sim-
ulation department of the faculty of Aerospace Engineering of Delft University of Technology
and the Institute of System Dynamics and Control (SR) of the German Aerospace Institute
(DLR). The remainder of the chapter contains the project motivation (Section 1-1), the cur-
rent advances in flight control law design (Section 1-2), the research objective and questions
(Section 1-3) and finally the report outline (Section 1-4).

1-1 Project motivation

Aircraft accident and incident statistics reveal that Loss of Control in flight (LOC-I) is one of
the most significant contributors to fatal aircraft accidents in recent times [15, 27]. A recent
survey conducted by Boeing shows that LOC-I accounted for 23% of all fatal commercial jet
aircraft accidents between 2005 and 2014 [8]. If solely counting the number of fatalities this
number rises to 41%. LOC-I is one of the most complex accident categories usually involving
multiple events leading up to the accident such as pilot error, system failures and vehicle
upsets due to external disturbances. Reducing this accident category has become an industry
priority.

Modern Fly-By-Wire (FBW) flight control systems provide augmented stability and control
in nominal conditions. In case of severe or unforeseen failures or changes in aircraft behaviour
(e.g. due to icing), the control system will howhever revert back to reversionary modes or
even direct control [24]. This implies that the control law functionality is partly reduced or
abandoned. This behaviour is undesirable as the pilot work load is not only increased due
to failure, but also due to aircraft control. Developments subsequently focus on maintaining
functionality, even in case of such failures. Research in this field includes reliable fault detection
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and diagnosis, and control reconfiguration [23, 24]. One aspect is the adaptation of flight
control laws to unforeseen circumstances and failures.

Current fight control techniques are most often based on classical control. In recent years,
however, modern methods such as Nonlinear Dynamic Inversion (NDI) find more and more
applications [6, 71]. NDI is an attractive control strategy for adaptation as it globally linearises
the system dynamics and decouples the control axes [19]. Moreover, it is clear which param-
eters and parts require adaptation in case of changed aircraft behaviour. However, extension
to fault tolerance requires failures and model changes to be completely identified online [40].

Incremental Nonlinear Dynamic Inversion (INDI) retains the advantages of NDI but attempts
to solve the identification problem by reduced model-dependency. By feeding back syn-
chronous measurement or estimation of control deflection and angular acceleration, the re-
quired model knowledge is reduced to the control effectiveness. Implementation was initially
considered problematic, but due to synchronization, the control laws run reliably at sample
times as in current control computers. The method first appeared in literature as simplified
Nonlinear Dynamic Inversion [63, 62, 3| before being formalized as Incremental Nonlinear Dy-
namic Inversion by Sieberling et al. [58]. INDI has found several applications ranging from
fixed-wing aircraft and spacecraft [58, 1] to helicopters and quadcopters [59, 44, 61].

A first succesful demonstration of INDI was performed by the German Aerospace Center
(DLR) in cooperation with Delft University of Technology (TU Delft) at the University of
Minnesota [69]. Control laws based on INDI were implemented and tested on the FASER,
a sub-scale fixed-wing UAV. Recently, DLR and TU Delft also flight tested an Incremental
Backstepping (IBS) variant on this platform [66]. INDI has been succesfully implemented
and tested on a quadcopter as well [61]. Due to the promising results obtained on small-scale
UAVs, the next logical step is to demonstrate INDI on a CS-25 certified aircraft.

The objective of this thesis is to design, implement and flight test manual flight control laws
based on INDI for a small passenger aircraft. The Cessna Citation II PH-LAB, a modified
business jet operated by the faculty of Aerospace Engineering of TU Delft, will serve as the
application platform. With its newly certified FBW system [73], the PH-LAB is a highly
promising platform for testing of advanced flight control laws.

This thesis builds upon earlier research conducted by DLR. Over the years, DLR has done
flight experiments with various control laws based on classical NDI [42, 37, 38, 39|. Various
functions have been tested (manual controls, autopilot functions) in various scenarios (engine
failures, actuator failures, wake vortices, etc.). These experiments were conducted using the
now-retired VFW-16 ATTAS testbed. Ultimately, this research contributes in improving the
environmental performance, economy and safety of future aircraft generations.

1-2 Current advances in flight control law design

Up until a few decades ago control laws used in flight control systems were mostly based on
classical linear control [6, 5. These methods divide the nonlinear control task into a number
of linear sub-problems, assuming the validity of a linearised model within a small region of
the operating range [19, 2|. In other words, the flight envelope is partitioned into several
smaller regions with separately designed linear controllers. By interpolating or "scheduling"
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Figure 1-1: Cessna Citation Il PH-LAB

the separate linear controllers, satisfactory performance can be obtained for the complete flight
envelope. This operation is referred to as gain sheduling.

Gain scheduling is still a much used control strategy in flight control industry due to simplicity
and low computational cost. Nevertheless, this method has some inherent drawbacks. First
and foremost, the performance and stability cannot be guaranteed at operating conditions
outside the design points [60]. In practice this implies degradaded performance at high angle
of attack flight and under system failures. Sheduling of multivariable controllers also tends
to be a tedious and time-consuming process [19, 2]. Furthermore, the solution is exclusive
to each design problem requiring costly iterations in case of (life-cycle) design changes. The
transferability of the control solution between different airframes is therefore limited as well.

Due to the disadvantages associated with classical control, advanced multivariable control
techniques have become the norm in industry in recent time [6, 5|. Examples include Linear
Quadratic Regulator/Gaussian (LQR/LQG), eigenstructure assignment, Ho, loop shaping, u-
synthesis, Linear Parameter-Varying (LPV), Neural Networks (NN) and Nonlinear Dynamic
Inversion (NDI). NDI is currently the most used modern control method having been success-
fully applied to several aircraft |6, 5], most notably the Lockheed Martin F-35 Lightning II
[71]. To limit the scope and retain relevance to the current research project, the discussion
will be limited to NDI and its variants.

1-2-1 Nonlinear Dynamic Inversion

Nonlinear Dynamic Inversion (NDI), a special case of feedback linearization, was developed
in the late 1960s to alleviate issues associated with classical control techniques [60, 19]. NDI
is fundamentally different in that it uses the inverse vehicle model and full state feedback to
globally linearise the system dynamics [60, 19]. In addition, NDI fully decouples the control
variables in a multivariable system and isolates the flying quality part of the system from
the part that depends on the airframe and engine dynamics [71]. The desired closed-loop
response of the system can be imposed via conventional linear control techniques. Compared
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to classical methods, NDI improves nonlinear flight regime performance, reduces development
time, is more flexible to (life-cycle) design changes and can be more easily re-used in different
airframes [71, 4].

The main disadvantage of NDI lies in the required complete and accurate knowledge of the
vehicle model and state [60, 19]. Model mismatch implies incorrect inversion still resulting in
nonlinear closed-loop behavior. NDI is therefore not inherently robust to model uncertainties
and system failures. Similarly, errors in measurement (e.g. delays, noise and bias) result in
incomplete cancellation of the dynamics. Loss of performance due to these disadvantages can
be significant in practice, as numerous flight tests have demonstrated [42, 70, 71, 38]. An
additional disadvantage of NDI is that the physical relations need to be suitable for inversion
[60, 19]. The required mathematical inversion may result in singularities within the control
law, leading to infeasible control inputs. NDI cannot be directly applied to systems with
unstable inverse dynamics, i.e. non-minimum phase systems. An example of such a system is
the vertical acceleration response to an elevator input for aircraft with a tailplane.

Robustness to model mismatch is a major challenge in the design of NDI control laws. A
common approach is to combine NDI with robust control methods such as p-synthesis or Hyo
loop shaping [2]. These methods do howhever not take into account all uncertainties or use
lumped uncertainties introducing conservatism [58]. An alternative approach was proposed by
Looye and Joos [41], where robustness to model uncertainty was addressed via multi-objective
optimization in combination with a multi-model approach. More recent developments have
focused on adding adaptive elements to NDI such as Neural Networks (NN) [31, 9] or Model
Reference Adaptive Control (MRAC) |25, 56]. Although improvements in robustness were
observed in flight tests, the increased complexity and nonlinearity of these methods are a
significant hurdle for certification [28].

1-2-2 Incremental Nonlinear Dynamic Inversion

Incremental Nonlinear Dynamic Inversion (INDI), initially known as enhanced or simplified
NDI, was conceptualised in the late 1990s as a further development of NDI [63]. First referred
to as an incremental control method in [14], INDI computes the control increment with respect
to the previous point in time rather than the total control input. In general, INDI retains
the advantages and disadvantages of NDI but replaces part of the vehicle model with state
derivative feedback. As a result, INDI improves upon robustness to model mismatch compared
to NDI [58] and is comparable to classical methods in terms of complexity. The latter is a
significant advantage with respect to certification, verficication and validation [26].

Applications of INDI to fixed-wing aircraft were already described in [63, 3]. A first demon-
stration was performed by Smith and Berry [62], who flight tested a longditudinal pitch rate
controller based upon INDI on the VAAC Harrier. The flight test revealed however issues in
obtaining accurate angular acceleration feedback. The measured angular accelerations proved
to be of poor quality and feedback of the filtered derivatives of the angular rates resulted in
oscillations in the closed-loop response. Bacon et al. |3] proposed washout filters as a tech-
nique to obtain accurate angular accelerations from rate gyro measurements. In addition,
it was noted that uncertainties in the actuator feedback loop could drive the actuator into
saturation. The INDI controller developed in [16] did not proof robust to uncertainties in the
control effectiveness matrix.
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1-2 Current advances in flight control law design 5

Chen and Zhang [14] used a Taylor series expansion of the system dynamics to arrive at
more general form of INDI. This approach was adopted by Delft University of Technology
in [58] and formalized as Incremental Nonlinear Dynamic Inversion (INDI). Sieberling et al.
[58] provided mathmatical proof that INDI is more robust to model mismatch compared to
NDI and demonstrated that all uncertainties in the system are eliminated given that the sign
of the control effectiveness is known. Note that INDI is a special case of Lyapunov-based
incremental control [33]. Application of INDI has not been limited to fixed-wing aircraft, in
[1] the method was applied to spacecraft and performed favorably compared to NDI under
time delays, model uncertainties and external disturbances. INDI has also been succesfully
applied to several types of rotorcraft |59, 18, 44, 61]. Similar to NDI, actuator saturation is
a concern for INDI. Simplicio et al. [59] applied Pseudo Control Hedging (PCH) to INDI in
order to alleviate actuator saturation issues.

Important advances were made by Smeur et al. [61] who developed a method to correctly
take into account delays that occur from obtaining angular accelerations from angular rate
measurements. An adaptive INDI controller was developed with online control effectiveness
estimation, further reducing model dependency. The controller was successfully flight tested
on a quadcopter and outperformed classical PID, displaying excellent disturbance rejection
capabilities. Two successful demonstrations of INDI were reported in recent unpublished
literature [69, 66]. Both were performed on a sub-scale fixed-wing Unmanned Aerial Vehicle
(UAV). Vlaar [69] mentioned that unsynchronized delays between angular acceleration and
control deflection feedback result in significant performance degration within INDI controllers.
A practical solution to this problem was eventually proposed. Van Ekeren |66] reported that
certain assumptions made in the derivation of INDI are not always valid for fixed-wing aircraft
resulting in tracking errors. The size of these errors are related to the combined delay of
actuators, sensors and sampling. Van 't Veld [68] worked towards the implementation of
discrete-time INDI on CS-25 certified aircraft. Stability analysis revealed that a surplus of
delay in the angular acceleration feedback results in relatively fast system instability. A real-
time time delay identification algorithm was proposed to synchronize angular acceleration and
control deflection feedback.

1-2-3 Challenges

One of the main challenges in the development of new control techiques is to demonstrate
applicaliblity on a physical platform, considering the high cost associated with flight testing.
INDI control laws have been implemeted and tested on a ground-attack aircraft [62], however
at the time not all implementation issues had been identified. More recently, INDI has been
successfully flight tested on a quadcopter [61] and a fixed-wing UAV [69, 66]. The latter
results were howhever never published in peer-reviewed literature. The underlying theory and
practical design methods of INDI are very well understood, but implementation and testing has
remained limited to the examples above. Qualitative flight tests, especially on CS-25 certified
aircraft, would be a highly valuable contribution to the ongoing development of INDI.

Part of demonstrating the advantages of new control techniques lies in rigorous comparison
with established control methods. NDI is currently the most appropriate candidate for this,
considering it is the most applied modern control technique [6, 5|. Although INDI has been
quantitatively compared to NDI in simulation based research, the literature containing flight
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test results use classical linear control techniques as baseline. The current research would be
particularly benefited by simulation and flight test results that directly compare INDI with
NDI control laws .

A point that has not been addressed extensively in the literature is the optimization of the
free control law parameters, particularly for industry-like performance and robustness spec-
ifications. It would be valuable to demonstrate the applicability of established optimization
methods to INDI.

Adaptation of the remaining model parameters online as demonstrated by Smeur et al. [61] is
not considered a priority for the current project. Although this is an important step towards
the goal of making INDI completely model independent and for the extension to fault tolerance,
these adaptive elements tend to be difficult to certify [28].

Recent developments suggest that implementation issues can arise due to (slow) actuator and
sensor dynamics and feedback signal synchronization mismatches [69, 61, 66, 68]. These issues
have surfaced in simulations and have been been addressed to a certain extent. Nevertheless,
this indicates that there exist a gap in the theory of INDI concerning actuator and sensor
dynamics.

More specific implementation challenges are related to the angular acceleration feedback
required for INDI. Angular accelerometers are not commonly found in current generation
aerospace vehicles. Existing estimation methods are sub-optimal, typically relying on dif-
ferentiation and low-pass filtering of angular rate measurements [62, 69, 61, 66]. To ensure
general applicability of INDI there exist a need to obtain low-noise, low-lag angular accelera-
tion estimates from angular rate measurements.

1-3 Research objective and questions

The research objective presented in Section 1-1 is to proof the concept of Incremental Non-
linear Dynamic Inversion on a CS-25 certified aircraft in flight. In order to achieve this, the
project will draw from know-how in the fields of control theory, control design and testing
and control law implementation from both the Control & Simulation department of the fac-
ulty of Aerospace Engineering of Delft University of Technology and the Institute of System
Dynamics and Control (SR) of the German Aerospace Institute (DLR). For comparison, also
control laws based on classical NDI will be developed. This controller will serve as baseline
throughout the project.

Considering the high cost associated with flight testing, the risk of redesign should be mini-
mized. For this reason, the development of a rigorous design, implementation and Validation
& Verification (V&V) procedure is part of the project. Of particular importance to address
are the specific implementation aspects of INDI, but also the limitations of the PH-LAB
experimental aircraft require thorough consideration.

Following the research objective, the main research question is formulated as follows:

What are the required steps to successfully design and implement INDI control laws for the
manual attitude control of passenger aircraft?

The main research question is sub-divided into multiple sub-questions:
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1. What are the practical issues in design and implementation of (I)NDI control laws?

2. What are the limiting factors of the PH-LAB concerning design and implementation of
(I)NDI control laws?

3. What measures are required to minimize loss of performance (w.r.t. above sub-
questions)?

4. Does the use of INDI result in a more satisfactory control design for the PH-LAB com-
pared to classical NDI in terms of industry-like performance and robustness specifica-
tions?

1-4 Report outline

This thesis consist of two parts, see Figure 1-2. Part II contains all the preliminary studies
and covers the so-called offline design phase where the actual design of control laws takes
place. Part I contains the research paper and covers the assessment and clearance, rig testing
and flight testing of the control laws designed in Part II. Note that the research paper also
covers the offline design, but in a more concise manner.

The outline of Part II is as follows. Chapter 2 provides a concise review of the theory of
Nonlinear Dynamic Inversion, Incremental Nonlinear Dynamic Inversion and Pseudo Control
Hedging. In Chapter 3 the literature is reviewed for effects encountered in practice that
violate the fundamental assumptions made for (I)NDI and result in significant performance
loss within the control laws. Also specific implementation aspects of INDI related to obtaining
accurate angular accelerations and synchronization of feedback signals will be discussed. Note
that the results of this chapter are not included in the research paper. Chapter 4 provides
a brief analysis of the PH-LAB FBW system. The focus of this chapter is on quantifying the
limitations imposed on the input response by the FBW system. Chapter 5 provides a brief
analysis of the PH-LAB sensors. The focus of this chapter is on quantifying the relevant mea-
surement errors. Chapter 6 covers the modeling of the aircraft and relevant subsystems and
prepares the models for the assessment of the numerical design criteria. Chapter 7 covers the
design and integration of the individual controller functions. This includes the construction of
the actual synthesis of the controller components and signal processing algorithms. Chapter
8 covers the formulation of the design specifications and overall optimization of the integrated
control system developed in Chapter 7. For the tuning of the control laws multi-objective
optimization is used. This thesis is finalized in Chapter 9, providing the conclusions and rec-
ommendations. Note that the flight test cards of flight #2 and #3 can be found in Appendix
A and B. The corresponding flight test results are documented in Appendix C and D.
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Design and Flight Testing of Incremental Nonlinear
Dynamic Inversion based Control Laws for a Passenger
Aircraft

F. Grondman,* G.H.N. Looye,! R. Kuchar,} Q.P. Chu® and E. van Kampen?
German Aerospace Center DLR, Minchener Strafie 20, 82234 Wefling, Germany
Delft University of Technology, P.O. Box 5058, 2626HS Delft, The Netherlands

This paper describes the design, implementation and flight testing of flight control laws
based on Incremental Nonlinear Dynamic Inversion (INDI). The method compares com-
manded and measured accelerations to compute increments on the current control deflec-
tions. This results in highly robust control solutions with respect to model uncertainties
as well as changes in aircraft dynamic characteristics of failure cases during flight. At
the same time, the complexity of the algorithms is similar to classical ones. The key for
practical implementation is in ensuring synchronization between angular acceleration and
control deflection measurements or estimates. The underlying theory and practical design
methods of INDI are very well understood, but implementation and testing has remained
limited to sub-scale UAVs. The main contribution of this paper is to present the design
and validation of manual attitude control functions for a Cessna Citation II experimen-
tal aircraft, covering control structure design, application of INDI, design optimization,
robustness analyses, software implementation, ground and flight testing. For comparison,
also control laws based on classical Nonlinear Dynamic Inversion were implemented and
flown. The flight tests were highly successful and marked the first successful demonstra-
tion of INDI on a CS-25 certified aircraft. The flight test results proved that INDI clearly
outperforms NDI and provided valuable lessons-learnt for future applications.

Nomenclature
Az, Ay, AL Specific forces along body X/Y/Z axis, g
C Dimensionless coefficient
F Force, N
J Inertia matrix, kg-m?
J Moment of Inertia, kg-m?
K Gain
M Moment, Nm
M Mach number
N1 Fan speed, s~!
S Wing surface area, m>
14 Velocity vector, m/s
v Airspeed, m/s
g, Gy, G Linear accelerations along body X/Y/Z axis, m/s?
b Wing span, m?
c Mean aerodynamic chord, m

*Graduate student, Faculty of Aerospace Engineering, Control and Simulation Division, Delft University of Technology
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fResearch associate, Department of Aircraft Systems Dynamics, Institute of System Dynamics and Control, German
Aerospace Institute
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g Gravity constant, m/s?

h Altitude, m

m Mass, kg

p Model parameters

D,q,T Roll, pitch and yaw rate around the body X/Y/Z axis, rad/s
T Position vector, m

t Time, s

u Input vector

Uy UV, W Velocity components along body X/Y/Z axis, m/s

T State vector

Yy Output vector

Symbol

a, B, Angle of attack, angle of sideslip and flight path angle, rad
4 Control surface deflection vector, rad

1) Control surface deflection scalar, rad

¢ Damping ratio

¢,0, Roll, pitch and yaw angle, rad

v Virtual control vector

v Virtual control scalar
P Air density, kg/m3

T Time constant, time delay, s
w Angular rate vector, rad/s
w Frequency, rad/s

Subscript

0 Current point in time

A Aerodynamic

DY, L Force along the stability X/Y/Z axis, N
E Earth

1 Integrator

T Thrust

a Airframe, air-mass

a,e,r Aileron, elevator, rudder

act Actuator

b Body

c Control effectors

est Estimate

fow Fly-By-Wire

fil Filter

h Hedge

1 Inertial

l,m,n Moment around the body X/Y/Z axis, Nm
min, max Minimum, maximum

o Other

plt,com,ref  Pilot, command, reference

S Stability

sync Synchronization

tas, cas True airspeed, calibrated airspeed
tc Turn compensation

Superscript

b Body

cg Center of gravity

S Stability
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I. Introduction

Current fight control techniques are most often based on classical control. In recent years, however,
modern methods such as Nonlinear Dynamic Inversion (NDI) find more and more applications® 2

Modern Fly-By-Wire (FBW) flight control systems provide augmented stability and control in nominal
conditions. In case of severe or unforeseen failures or changes in aircraft behaviour (e.g. due to icing), the
control system will howhever revert back to reversionary modes or even direct control.> This implies that
the control law functionality is partly reduced or abandoned. This behaviour is undesirable as the pilot
work load is not only increased due to failure, but also due to aircraft control. Developments subsequently
focus on maintaining functionality, even in case of such failures. Research in this field includes reliable fault
detection and diagnosis, and control reconfiguration.®* One aspect is the adaptation of flight control laws
to unforeseen circumstances and failures.

NDI is an attractive control strategy for adaptation as it globally linearises the system dynamics and
decouples the control axes.’ Moreover, it is clear which parameters and parts require adaptation in case of
changed aircraft behaviour. However, extension to fault tolerance requires failures and model changes to be
completely identified online.%

Incremental Nonlinear Dynamic Inversion (INDI) retains the advantages of NDI but attempts to solve
the identification problem by reduced model-dependency. By feeding back synchronous measurement or
estimation of control deflection and angular acceleration, the required model knowledge is reduced to the
control effectiveness. Implementation was initially considered problematic, but due to synchronization, the
control laws run reliably at sample times as in current control computers.

The method first appeared in literature as simplified Nonlinear Dynamic Inversion” ™ before being formal-
ized as Incremental Nonlinear Dynamic Inversion by Sierbling et al.'® INDI has found several applications
ranging from fixed-wing aircraft and spacecraft'® 1! to helicopters and quadcopters.!214

A first succesful demonstration of INDI was performed by the German Aerospace Center (DLR) in
cooperation with Delft University of Technology (TU Delft) at the University of Minnesota.'® Control laws
based on INDI were implemented and tested on the FASER, a sub-scale fixed-wing UAV. Recently, DLR
and TU Delft also flight tested an Incremental Backstepping (IBS) variant on this platform.'® INDI has
been succesfully implemented and tested on a quadcopter as well.'* Due to the promising results obtained
on sub-scale UAVs, the next logical step is to demonstrate INDI on a CS-25 certified aircraft.

The main contribution of this paper is to present the design and validation of manual attitude control
functions for a Cessna Citation II experimental aircraft, covering control structure design, application of
INDI, design optimization, robustness analyses, software implementation, ground and flight testing. For
comparison, also control laws based on classical NDI are implemented and flown. The Cessna Citation II
PH-LAB is a modified business jet operated by the faculty of Aerospace Engineering of TU Delft. With
its newly certified Fly-By-Wire system,'” the PH-LAB is a highly promising platform for testing advanced
flight control laws.

The manual flight control functions presented in this paper combine Rate Control Attitude Hold (RCAH)
and Attitude Control (AC) for pitch and roll with sideslip augmentation.'® An additional feature is Pseudo
Control Hedging (PCH),'? used for adaptation of the reference model output in case of actuator saturation.
Note that these control laws build upon earlier research conducted by DLR. Over the years, DLR has
done flight experiments with various control laws based on classical NDI.'®20-22 These experiments were
conducted using the now-retired VEW-16 ATTAS testbed.

The outline of this paper is as follows. In Section II, the theory of NDI, INDI and PCH will be briefly
reviewed. Thereafter, Section III discusses the PH-LAB research aircraft and corresponding model used for
the analysis and synthesis of the control laws. The control law design is presented in Section IV, including
inner and outer loop, signal processing algorithms and parameter optimization. The resulting control design
is validated in Section V, presenting the simulator assessment and clearance, rig testing and flight tests.
Finally, the paper is concluded in Section VI.
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II. Incremental Nonlinear Dynamic Inversion

A. Nonlinear Dynamic Inversion

The general idea of NDI is to compensate the nonlinear system dynamics by means of feedback of the inverse
model equations such that the closed loop system appears in a linear form. The desired closed loop response
can then be imposed via conventional linear controllers.?

It is assumed that the model of the nonlinear system has the following control-affine form:

Y= h(:l:,p) (2)
Yo = ho(%P) (3)

Where € R™ is the state vector, u € R™ the input vector containing only inputs that may be used by
the controller, y € R™ the output vector containing the outputs to be controlled (i.e. control variables), y,
contains any other outputs of the system, f, h and h, are smooth vector fields, G € R"*™ is a matrix with
columns of smooth vector fields and p contains the model parameters.

Differentiation of the output equation h results in:

y= W% = Vh(:c7p) (f(:c,p) + G(:Bap)u) = th((l?,p) + Lgh(m,p)u (4)

Where Lgh and Lgh are the first-order Lie derivatives along f and G, respectively. It is assumed that
Lgh is non-singular and that each output has an order of 1 relative to at minimum one of the inputs (i.e.
Lgh # 0). In this case NDI can be applied to Equation (4).5 Defining the virtual control input as v = g
and inverting Equation (4), the following control law is obtained:

u = (Lgh(&,p"))”" (v — Lyh(&,p")) (5)

The vectors & and p* contain the computed or estimated states from y and y,, and the assumed values for
the model parameters, respectively. Substituting the control law (Equation (5)) into Equation (4):

y = Lyh(@,p) + Lah(w,p)((Lah(@,p) " (v = Leh(@.p"))) (6)

When & and p are exactly known (£ = x and p* = p), Equation (6) reduces to:

g=v o yl)= /O v(r)dr (1)

The resulting control law linearises the system dynamics, reducing the input-output response to a set of
integrators. Note that for stability, the relation between y and w has to be minimum phase.?

B. Incremental Nonlinear Dynamic Inversion

The incremental form of NDI computes the control increment with respect to the condition of the system
one incremental time instance in the past. The fundamental difference with classical NDI is that the control-
independent part of the model equations is replaced by state derivative feedback, resulting in a more robust
control solution with respect to model mismatch (p* # p).'°

As a first step, the nonlinear system in Equation (1) is approximated by a first-order Taylor series
expansion around the current point in time ’0’:

L 0 i)
T~ xg+ o (f(z,p) + G(z,p)u) - (x —xo) + %(f(m,p) + G(z,p)u) . (u — o) (8)
u=uo Az u=to Au

The variables with subscript ’0’ should be interpreted as an incremental time instance before the equivalent
variables without subscript. It assumed that the time-scale separation principle holds for Equation (8). For
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very small time increments and instantaneous control effectors, the change in input is much faster than the
change in state (i.e. € — xg = 0 while u — ug # 0). Assuming « — o = 0, Equation (8) reduces to:

& ~ o + G(xo,p)Au )
It is assumed that G is non-singular and that y = x. In this case INDI can be applied to Equation (9).1°
Defining the virtual control input as v = @& and inverting Equation (9), the following control law is obtained:

Au = G~ (20, p") (v — x0) (10)
The vector &, contains the state derivatives computed or estimated from y or y,, respectively. Substituting
the control law (Equation (10)) into Equation (9):

:i;za':o+G(wo,p)(G71(§30,P*)(V*io)) (11)

In the ideal case (29 = o, xo = o and p* = p), the input-output response approximates to a set of
integrators:

irny o w(t)z/ou(T)dT (12)

The total input w is obtained by adding the current input ug to the control increment Au. Note that the
control law should be sampled with a sufficiently high frequency (100 Hz in this application) and requires
synchronization between ug and @q.!% 14

C. Pseudo Control Hedging

(I)NDI inverts the dynamics of the nonlinear system but not of the input. Actuator dynamics are usually
considered time-scale separated from the aircraft dynamics. Saturation caused by the physical limits on
actuator position and rate may howhever result in invertibility and controllability issues, violating conditions
necessary for dynamic inversion.

Pseudo Control Hedging (PCH) aims to compensate for actuator dynamics by means of modification of
the reference model dynamics.'® PCH scales down (hedges) the reference model signal by an estimate of
the response deficiency of the system vy, effectively hiding the actuator dynamics from the error dynamics.
The virtual control hedge vy, is computed by subtracting the commanded virtual control v from the actual
virtual control :

vV =V — 13 (13)
This concept can be applied to the (I)NDI control laws formulated in Equations (5) and (10). Due to
actuator limitations, the commanded control deflections w are not identical to the actual control deflections
d. Rearranging Equations (5) and (10) for v, & is obtained by inserting § for w. For NDI the virtual control
hedge is then obtained as follows:

vy = th(va) + LGh(CC,p)'lL - (th(va) + LGh(w7p)5) (14)

v, = Leh(@,p™)(u - §) (15)

A similar result is obtained for INDI:?
vy = :jBO + G(mo,p)(u — 60) — (CCQ + G(a:o,p)(5 — 50)) (16)

vi, = G(&o,p")(u — 9) (17)
Note that v, only depends on the control effectiveness and that § is assumed observable. For a conventional
first-order reference model, the hedged output is obtained as follows:
1
Lref = g (Kref(mcom - wref) - Vh) (18>

Where K,.; is the diagonal gain matrix. Note that if £y # zo, p* # p or 5 # 6, PCH will introduce
additional uncertainties into the closed loop system.
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ITII. Research platform

A. Cessna Citation II PH-LAB

The Cessna Citation II PH-LAB is the main research aircraft operated by the Faculty of Aerospace Engi-
neering of Delft University of Technology. Originally designed as a 8-passenger business jet, the PH-LAB
has been extensively modified to serve as a multipurpose airborne research platform. The aircraft is powered
by two Pratt and Whitney JT15D-4 turbofan engines each providing 11 kN of thrust. The maximum cruise
speed is 385 kt and the operating ceiling is 43,000 ft. The PH-LAB is certificated to operate in the restricted
category allowing a MTOW of 6622 kg. The aircraft is equipped with numerous facilitates to accommodate
flight testing including a Fly-By-Wire (FBW) system,'” Flight Test Instrumentation System (FTIS), and
various sensors.

FHfLAEy.f (A XXX 7

Figure 1. Laboratory aircraft PH-LAB Figure 2. Experimental pilot station PH-LAB

1. FBW system!”

The mechanical flight control system of the PH-LAB has been supplemented with an in-house developed
electric FBW system. The FBW system is based on the analog autopilot of the aircraft, inheriting all of the
safety features and performance limitations associated with this system. The autopilot computer has been
modified to accept signals from an experimental FBW computer. Each control channel can be separately
controlled by the original autopilot or the FBW computer. The FTIS acts as the main communication
hub between the various components of the FBW system. Synchronization and communication between the
FTIS and the various software is obtained via the Delft University Environment for Communication and
Actuation (DUECA).2® An important limitation of the FBW system is the restricted control authority due
to torque limitations imposed on the actuator servo motors.

A simple controller implemented in the FBW system allows direct command over the deflection angle of
the control surfaces. The controller uses a proportional element with the servo motor position as feedback.
Note that the transmission ratio between servo motor position and control surface deflection is a function of
the force on the actuator cables due to cable stretch.2* Under quasi-steady airspeed and altitude this ratio
can howhever be approximated by a constant.'”

The starboard cockpit position is designated as the experimental pilot station and equipped with a force
sensing side-stick allowing two-axis manual control over the FBW system, see Figure 2. A programmable dis-
play provides visualization of the flight instruments and task specific information. Note that no manipulator
is available to control the third axis via the FBW system.

2. Sensors

Inertial and air data are available from the Attitude Heading and Reference System (AHRS) and Digital
Air Data Computer (DADC). The PH-LAB is also equipped with control surface deflection sensors. For
this flight test campaign, the aircraft is fitted with an air data boom with vane-type angle of attack and
sideslip sensors. Note that the angle of attack is also measured by a body-mounted vane sensor. All sensors
all connected to the FTIS allowing in-flight monitoring, recording and processing.
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The sensor characteristics of the relevant signals have been determined following flight data analysis, see
Table 1. Frequency analysis revealed that the airflow direction sensors pick up a 10 Hz disturbance induced
by the excitation of the structural eigenmodes of the air data boom. Note that some of the values in Table
1 have been taken from Van 't Veld.?®

Table 1. Sensor characteristics PH-LAB

Signal Noise (02) Bias Resolution Delay [ms] Sampling freq. [Hz]
p,q,r,0,¢,7 [rad/s] 4.0-1077 3.0-107°  6.8-1077 90 52
0, ¢ [rad] 1.0-107°  4.0-107% 9.6-1077 90 52
Az Ay A, gl 1.5-107° 25.1073% 1.2-107* 117 52
Vias, Veas [m/s] 85-107% 2.5 3.2-1072 300 16, 8
h [m] 45-107% 8.0-107% 3.0-107! 300 16
h [m/s] 55-107*  45-1072  8.1-1072 300 16
M [ 1.0-107% 7.0-1077 6.3-107° 300 8
84, 0e, 6 [rad] 5.5-1077 2.4-1073 - ~0 100
Qoo Broom [rad] 7.5-107%  1.8-107% 9.6-107° 100 100
Qpody [rad] 4.0-10710 - 1.0-107° 280 1000

B. Aircraft model DASMAT

The aircraft model is a high fidelity 6-DOF nonlinear model of the Cessna Citation I. The model was
developed in the Delft University Aircraft Simulation Model and Analysis Tool (DASMAT).?¢ The Cessna
Citation II is a more recent iteration of the Cessna Citation I with increased seating capacity and improved
flight performance. The Citation II features more powerful engines, a longer fuselage and longer wings.
Despite these differences, the Citation I DASMAT model fits reasonably well to flight data of the Citation
I1.27 The Relative Root Mean Square Error (RRMSE) for the longitudinal force and moment coefficients
equate to 9% and 13%, respectively. For the lateral force and moment coefficients the RRMSE equals 7%
and 9%, respectively.

1. Model equations

The combined translational and rotational dynamics of a rigid-body aircraft over a flat non-rotating earth
are described by the Newton-Euler equations:

) T
V:mil(FA(IE,’U,,p)+FT((II,UO,p)) —wX V+TbE |:0 0 gi| (19)

w=J(p) (MA(:c,u,p) + My (2, u,,p) — w X J(p)w) (20)

Where V' = [u,v,w]T are the inertial translational velocities and w = [p,q,7]T the angular rates, both

in body axis. F4 and M, are the aerodynamic forces and moments respectively, Fr and Mr are the
forces and moments induced by the thrust. The vectors u, u,,  and p are the aerodynamic controls, the
throttle settings, the air-mass referenced aircraft states and the model parameters, respectively. Tpg is the
transformation matrix from the NED frame to the body frame. The aircraft mass is denoted by m and
assumed constant, g is the gravitational constant and J the inertia tensor:

Ja:ac 0 _Jacz
Jp)=| 0 J, O (21)
_sz 0 Jzz

Note that it is assumed that the aircraft is symmetrical in the xy-plane i.e. J,, = J,, = 0. The rotational
kinematic motion can be expressed in terms of the Euler angular rates following transformation of the body
angular rates:
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) D 1 sin(¢)tan(f) cos(¢)tan(d)
0| =Tap |q| with Te, = |0 cos(¢) —sin(¢) (22)
0 r 0 sin(¢)sec(f) cos(¢p)sec(d)
The aerodynamic forces and moments are defined in terms of their respective coefficients in the stability
reference frame:

1 ~Cb
Fj’cgref (:13, u, p) = §pvﬁzss Cy (23)
—Cy
. bC |
Mjcgmf (m;u,p) = 5/7‘/515‘9 cCh, (24)
bC,

Where p is the air density, V;,s the true airspeed, b the wing span, ¢ the mean aerodynamic chord and S the
wing surface area. Cp, Cy and Cf, are the non-dimensional drag, side force and lift coefficients respectively
and Cj, C,, and C,, are the non-dimensional moment coefficients. The aerodynamic coefficients are defined
in the stability reference frame with cg,.s as origin, the aft limit of the aircraft center of gravity. The force
and moment equations in body axis with the center of gravity cg as origin are defined as follows:

Fy(z,u,p) = T Fy (2, u, p) (25)

M5 (@, u,p) = Ty My (@,u,) + (Teg,.; — Teg) X Fy™(a,u,p) (26)
Where Ty, is the rotation matrix from the body to the stability reference frame, 7y, ., and 7., are the
reference and actual position of the center of gravity, respectively.
2. Aerodynamic model

The non-dimensional aerodynamic force and moment coefficients are modeled as ordinary polynomials. As
an example, the lateral moment coefficients are parametrized as follows:

pb rb
— ba Oy 91, IV, ?
Cr=CB+Ci,, 00 + Ci 00 + C, Wias +Ci, 2Vias 0
Cov = Coy B+ Cog B+ Coy 60+ Oy 22 10 10 @)
n = Lng nsg Va e T " 2Vis " 2WVias

Terms like Cj, may in turn depend on the angle of attack, Mach number, altitude etc. Multiplicative
uncertainties are added to the aerodynamic coefficients and the rotational inertia. As an example, the
perturbed side force coefficient Cy is defined as follows:

Cy = Cy(1+ ACy) (29)

Where Cy is the nominal value of the side force coefficient and ACy the corresponding tolerance parameter.
These are up to 10% for the longitudinal coefficients and up to 30% for the lateral coeflicients following
standard practice, see Table 2.

3. Mass model

A highly accurate mass model for the Cessna Citation II is adopted from De Visser.2®8 The model is based
on the weight and balance calculation procedure of the Citation II and takes into account the mass and
position of passengers, payload and fuel. The contribution of the fuel mass is updated by means of feedback
of the used fuel and a model of the geometry of the fuel tanks.
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4. Sensor models

The following sensor characteristics are modeled: noise, bias,
delay and quantization effects (see Table 1). The noise is
modeled as a zero-mean Gaussian process. In addition, kine-

Table 2. PH-LAB parameter uncertainty
ranges

matic position errors are applied on the specific force and Symbol Minimum Nominal Maximum

airflow direction signals. The disturbances induced by the

oy . . ATsync —0.3 0 0.3
flexibility of the air data boom are modeled as a 10 Hz si- '
. . JANY Ji —0.1 0 0.1
nusoidal signal.
Adyy —0.1 0 0.1
5. Actuator model Adyy —0.1 0 0.1
Ad,, -0.3 0 0.3
A first-order model of the PH-LAB actuator system was de- AC o1 0 01
veloped using available flight data. The flight data contains b ’ ’
responses to a series of open loop 3211 and doublet com- ACY —0.3 0 0.3
mands applied by the autopilot on elevator and aileron. Be- ~ ACy —0.1 0 0.1
sides a first-order lag component, the model includes actua-  ACj, -0.3 0 0.3
tor position and rate limits, and a transport delay: AC, —0.1 0 0.1
AC,, -0.3 0 0.3
8(t) = S5 (K poutvacet(t = Taet) = waeeS5 (6(1) ) (30) A —0.3 0 0.3
AC, -0.3 0 0.3
Where Ss; and S; are the saturation function for ac-  AC,, -0.1 0 0.1
tuator position and rate, respectively. Ky is the AC,, —0.3 0 0.3
FBW input-output gain i.e. the transmission ratio AC,, 0.3 0 0.3
betV\{een servo motor position an.d control surface de- AC, 03 0 03
flection. The actuator bandwidth w,. and trans- a
port delay 74 are determined by fitting the mea- A, —0.3 0 0.3
sured control deflections to the general step input ACn,, —0.1 0 0.1
time response of a first-order system. A nonlin- ACTL% -0.3 0 0.3
ear least square curve-fitting method was used to find AC,, —-0.3 0 0.3
the optimum fit.  For each step input command the :
maximum rate of deflection 6,,,; Wwas determined as
well.
Table 3. Actuator model parameters
(57nu.1‘ [deg] 5’min [deg] bew [_] S’m(zz [deg/s} Tact [ms] Wact [rad/s]
Aileron 15 -19 0.70
Elevator 15 -17 0.60 19.7 (c =4.81) 39.8 (c =7.91) 124 (o =2.30)
Rudder 22 -22 0.55

IV. Control law design

For the controller developed in this paper two control objectives are formulated: Rate Control Attitude
Hold (RCAH) and Attitude Control (AC).'® RCAH is governed between 427° and 415° for roll and pitch,
respectively. AC is governed outside this range up to £35° and 420° for roll and pitch, respectively. The
lateral tracking task includes the angle of sideslip as well. The general controller structure can be found in
Figure 3.

A. Inner loop

(I)NDI is applied to the rotational dynamics of the aircraft. The control variables y are set equal to the
body angular rates w = [p,q,7]T. The aileron, elevator and rudder deflection are selected as input, i.e.

u = [04,0c,6,]T.
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Outer loop
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Figure 3. General controller structure

1. Angular rate NDI

The analytic relationship between the body angular rates and control surface deflections arises directly
from Euler’s rotation equations, see Equation (20). Neglecting the moment induced by the thrust My, the
aerodynamic moment M 4 can be split into into an airframe dependent part M, and a part dependent on
the control effectors M. These are assumed to be of the following form:

) b0y,
M(@,p) = 5pViesS |eCrn, (31)
bCh,

bC; 0 bC
oM. (x,p,u 1 ba or
# = Mc6 (a:,p) = ip‘/t?zss 0 COm{se 0 (32)

bChs, 0 bChs..

Note that it is assumed that M, is linear in u. Equation (20) can be rewritten as follows:

w = J 7 (p)(Ma(z,p) + Mc,s(z, p)u — w x J(p)w) (33)
Applying dynamic inversion to Equation (33), the following control law is obtained:
u= M (&,p")I(p") (v - T (p")(Ma(,p") - w x J(p")) (34)
(LGh)71 th

2. Angular rate INDI

The incremental form of Euler’s rotation equation is obtained following a first-order Taylor expansion of
Equation (33) around the current point in time '0’:

W wy+ 8%(']71(1)) (Ma(va) + MC& (:L',p)u —wX J(p)w)) w=wq w
U=uo Aw
b () (M) + Moy (ol Tp))| o) (59
U=uo Au
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Again assuming w — wy = 0, Equation (35) reduces to:

W~ Wy + JH(P) M, (w0, p)Au (36)

Applying dynamic inversion to Equation (36) and adding the current control surface deflections dp, the
following control law is obtained:

u=MC;1(io,p*)J(p*)(V—go/)+6o (37)
G-1 0

B. Outer loop'®

The outer loop consists of the following components: command module & reference model, sideslip controller,
Turn Compensation (TC), linear controllers and Pseudo Control Hedging (PCH).

1. Command module & reference model

The command module and reference model serve as attitude flight envelope protection and command filter,
respectively. Furthermore, the command module blends two different control methods: rate control attitude
hold (RCAH) and attitude control (AC). RCAH is active between 27° and —27° for roll and between 15° and
—15° for pitch. When these limits are reached the feedforward term is deactivated and the pilot command
signal is directly added to the saturated signal, see Figure 4. This way the attitude angles are directly
governed by the pilot command input. AC is active up to +35° for roll and £20° for pitch, these are the
limit values of the system. Note that for zero pilot input command in AC mode, the system will always
command the aircraft back to the RCAH attitude limits. The purpose of this setup is to reduce violent
behavior when the roll and pitch limits of the system are reached. The gain K5 in the command module
is required to achieve a smooth transition between AC and RACH. The reference model is conventional
second-order system smoothing the command signals to values achievable by the aircraft, see Equation (38).

2

KK, Wi
Hrop(s) = - - o )
s?2+ Kis+ K1 Ko s +2§Tefwnmfs+wnrcf
A
Command module Reference model 9],

Figure 4. Command module & reference model'®

2. Sideslip controller

For manual control, the angle of sideslip is preferred as outer loop control variable. Furthermore, as there is
no means to manually control the yaw axis due to absence of a yaw input device, coordinated flight is only
possible by means of direct sideslip augmentation. The control setup therefore includes a sideslip controller:
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1
Tcom =
Vias

(wp — Ay) — <1Kg1 (Bpit — B) — Kg,B) with w ~ Vigsax (39)

3. Turn Compensation
The control setup includes a turn compensation (TC) module with the following control law:

mg

%poV? SCLQ

cas

Orc = (cos(¢res) — 1)

4. Linear controllers

The linear controllers are defined in Equations (41) to (43). For the pitch and roll channel, the controllers

operate up to the 2" order time derivative.
Ky, . ) .
V¢ = K¢+ s (Qbref7¢)+K¢(¢ref7¢)+Kd;¢ref (41)
B Ko, . . .
Vg = Ko + p (97.ef + 04 — 19) + Kg'(@,.ef — 9) + Ké'@,,.af (42)
Vp = K (Teom — 1) (43)

Kinematic inversion of Equations (41) and (42) immediately results in:

Vp ) . p
vl =Tas |vs| — Tan | g (44)
Uy vy r

5. Pseudo Control Hedging

Pseudo Control Hedging is implemented slightly differently as in Lombaearts and Looye,'® where hedging
was only activated upon saturation of the actuator model. As the PH-LAB actuator model does not include
speed dependent position limiting, activation upon model saturation is not desirable. In this setup, upon
manual activation, compensation will be provided irrespective of actuator saturation.

Consider again Equation (17), substituting the above result obtained for G, the virtual control hedge vy,
is obtained as follows:

v, = Mo, (Z0,p")J ' (p")(u — 0) (45)
G

Kinematic inversion of Equation (45) immediately results in:

) Vp ) p
vi| =Tap |vy| +Tab |g (46)
I/d‘) h Vp h T

The compensation signal is subtracted from the reference signal [q%gre s O, f]T, see Figure 4. The command

module also requires hedging as the commanded attitude [Dcom. QCom]T is obtained via integration of the pilot
rate command [¢pit, Opi] T, leaving the commanded attitude unhedged would lead to undesired overshoot.
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C. State estimation, filtering and synchronisation

Good quality sensor signals are imperative to (I)NDI control. Not all signals provided by the PH-LAB
sensor systems are processed and might contain disturbances that would propagate through the control
laws without filtering. Inertial sensors are sensitive to structural vibrations while air data sensors pick up
atmospheric turbulence. The flexibility of the PH-LAB air data boom also adds a 10 Hz disturbance to the
airflow direction signals. The filtering techniques proposed here are in part taken from Looye and Joos.??

The angular acceleration signals require additional attention as these are obtained via differentiation.
Careful filtering of the angular rates is necessary to reduce sensor noise. The angular rate and control
deflection signals also require synchronization.

1. Inertial data

The angular rates are filtered with a second-order low-pass filter:?

2

Hya(s) = g (47)
fil 2+ 2Cfilwnfil 4 w2

nyil

The natural frequency wy,,, is set equal to 20 rad/s and the damping ratio (y; is unity. The remainder of
the inertial signals are filtered using first-order low-pass filters with a time constant of 50 ms.

2. Air data

All DADC and airflow direction signals are combined with inertial measurements using a first-order comple-
mentary filter:

TfilS

; 48
TfizS-le Tfi18+1xl (48)

(i;:

Where z; is the inertial equivalent of air data signal x. The filter time constant 7¢; is set equal to 1 s. Note
that for some signals the derivative of the inertial signal is used as high-pass signal.

The inertial speed V; is calculated from the linear accelerations:

. cos(a)cos(f) Gy A, —sin(0)
V= [ax ay az} sin(3) with  |a,| =g |Ay| + |cos(f)sin(¢) (49)
sin(a)cos(8) a A, cos(f)cos(¢)

The derivative of the inertial vertical speed h; is also obtained from the linear accelerations:
sin(6)
hi=las 4y ] | —cos(0)sin(9) (50)
—cos(6)cos(¢)

The altitude h is complemented with the complementary filtered vertical speed h. An approximation is used
for the inertial Mach number M;:

VGS
i~ ! (51)
20.05/(288.2 — 0.0065h)
The inertial angle of attack a; is computed as follows:
0 ith h (52)
Q; = U =% WI a ~
! 7 Vis
The derivative of the inertial angle of sideslip B; is obtained as follows:
. A i 0
Bi = yg T gi;n(qﬁ)cos( ) _ rcos(a) + psin(«) (53)
tas
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3. Control deflections

Synchronization between control deflection and angular acceleration feedback is achieved by applying equiv-
alent filtering and artificially adding the surplus of angular rate delay to the control deflection signal:'4 1%

80 = Hyit(s)Hayne(s)0 (54)

Where Hgyp is the frequency-domain equivalent of a pure time delay 7y, corresponding to the surplus
of angular rate delay. To account for variations in delay (e.g. due to sampling or unmodeled delays), a
multiplicative uncertainty is added to 7Tgyn.. Alternatively, the synchronized control deflections may be
estimated using actuator models:

. 2" Haet(s)Hpir(s) Hsyne (s)

) = A 55
Ot = 1 = 2= Hper (8) Hfit (8) Hayne (s) v (55)

Where H,.; represents the actuator dynamics i.e. the frequency-domain equivalent of Equation (30). Note
that 2z~ ! is the increment delay, strictly this term is required as Aw is one incremental time step ahead of

do.

D. Design optimization

For the tuning of the control laws multi-objective optimization is used. The Institute of System Dynam-
ics and Control (SR) of the German Aerospace Institute (DLR) developed the Multi-Objective Parameter
Synthesis (MOPS) tool specifically for this purpose.?’ Robustness is addressed via a multi-model approach
and unspecific robustness criteria.?? The tuning of the lateral and longitudinal controller parameters are
performed separately, the discussion will be limited to the lateral case only.

1. Design criteria

Multi-objective optimization requires a set of computable criteria that can be used for optimization. The
design criteria for the lateral synthesis parameters are defined in Table 4. These are computed from three
nonlinear simulations and a linear analysis of the closed-loop system. Simulations 1 and 2 are used to
evaluate the reference tracking with criteria concerning overshoot, rise time, settling time and control effort.
Simulation 3 is used to assess the disturbance rejection by means of a cross-wind step.

The criteria are formulated as min-max optimization problems and scaled such that a value smaller than
1 is considered satisfactory. The criteria corresponding to the nonlinear simulations are scaled by division of
the corresponding demand value. The criteria corresponding to the linear analysis are scaled using ’good-
bad’ values.?® With this scaling type, it is demanded that the criterion is at least equal to the ’bad-low’
value. The region between 'bad-low’ and ’good-low’ is considered acceptable with linearly decreasing scaling.
Values larger than ’good low’ are considered equally good and are subsequently scaled to 0. Notice that for
some of the criteria in Table 4 an inequality constraint is used such that no further optimization is performed
after the demand value is obtained.

2. Robustness

The robustness of the control law is addressed in two ways. A multi-model approach is used to achieve
robustness to parametric uncertainties. The multi-model setup is created by adding a number of model
cases with worst-case parameter combinations to the nominal case. These worst-cases are defined with
respect to one of the design criteria defined in Table 4. The optimization process addresses the criteria
simultaneously for all model cases allowing for trade-off between criteria under worst-case and nominal
parameter conditions. Note that this approach implicitly assumes that the controller is also robust to model
cases in between those addressed. To this end also local robustness margins are included as optimization
criteria. These are the minimum phase and gain margins at the sensor and actuator positions listed in Table
4. Note that the local robustness criteria are also intended to achieve robustness to unspecified uncertainties
(e.g. unmodeled dynamics and time delays).
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Table 4. Design criteria lateral part

Name Description Calculation Bad-low Good-low Demand Type
Simulation 1: Box-cart: (;.ﬁplt =5°%satt=1tillt=6s

osdphi [-] Overshoot ¢ - - 0.5 c
rtdphi [s] Rise time ¢ 0%—100% - - 0.75 c
stdphi [s] Settling time ¢ 0.1° - - 4 m
osphi [-] Overshoot ¢ - - 0.1 c
rtphi [s] Rise time ¢ 0%—100% - - 5 c
stphi [s] Settling time ¢ 0.1° - - 4 m
maxdda [deg/s] Maximum 4, max|d,| - - 40 m
errbeta [deg] Error S fOT |8|dt/T - - 0.5 m
Simulation 2: Step B =5°att =15

osbeta [-] Overshoot 3 - - 0.01 c
rtbeta [s] Rise time § 10%—90% - - 4 m
stbeta [s] Settling time 5 0.1° - - 5 m
maxddr [deg/s] Maximum 4, max|d, | - - 20 m
errphi [deg] Error ¢ fOT |p|dt/T - - 0.5 m
Simulation 3: Wind step vying = 16 m/sat t =1s

maxphi [deg] Maximum ¢ max|o| - - 6.7 m
maxdr [deg] Maximum 0, max|d, | - - 22 m
Linear analysis:

gmda [dB] Gain margin d, 4 6 - m
pmda [deg] Phase margin d, 30 60 - c
gmdr [dB] Gain margin 6, 4 6 - m
pmdr [deg] Phase margin 4, 30 60 - c
gmp [dB] Gain margin p 4 6 - m
pmp [deg] Phase margin p 30 60 - ¢
gmr [dB] Gain margin r 4 6 - m
pmr [deg] Phase margin r 30 60 - c

m=minimize, c=inequality constraint

3. Parameter synthesis

The parameter synthesis was performed in three successive steps. First the linear controller gains and refer-
ence model parameters were optimized. With the resulting tuning parameter set, a worst-case analyses was
performed. Note that it was assumed that the worst-cases are to be found at the extremities of the param-
eter space. To this end, minimum or maximum values were selected for the parametric model uncertainties.
The criteria were evaluated for all parameter combinations. To limit the number of combinations for NDI,
tolerances on the moment of inertia and less relevant aerodynamic coefficients were left out.

The two criteria that proofed most sensitive to parameter variations were added as separate model cases
to the nominal model to form a multi-model set. An additional parameter synthesis was performed for this
set of model-cases. The results can be found in Table 5. Note that the maximum uncertainty on the lateral
moment coefficients has been slightly relieved to 20%, else a satisfactory design for the NDI controller could
not be realized.

4. Assessment

The best-compromise solution for INDI and NDI will now be compared. Notice in Table 5 that for INDI
a significantly lower integrator gain K, was selected by the optimizer compared to NDI. This behaviour
can be attributed to the incremental nature of INDI as the calculated increment is added to the current
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input, basically acting as an integral term. Further notice that for the worst cases the optimizer pushed the
synchronization uncertainty Atsyne to its minimum value. This behaviour was expected considering that
a surplus of state derivative delay results in relatively fast system instability.?® Steady-state offsets in the
angular rate tracking were effectively regulated by the linear controllers. The steady errors in the sideslip
tracking are the result of measurement bias. The settling time calculation was subsequently relieved to 0.2°.
Note that the noise was deactivated during the optimization as this would cause inconsistencies between the
different evaluations. For the NDI worst cases the criteria corresponding to stdphi, stphi, osbeta and errphi
had to be relieved.

The responses corresponding to the nonlinear simulations can be found in Figures 5 to 7. Note that the
blue lines represent the responses of the nominal case and the grey area contains the responses of the worst
cases. This area should be interpreted as the design uncertainty. As expected, the responses corresponding
to the INDI controller show less sensitivity to parameter variations, with smaller deviations between the
cases. The difference is most prominent in Figure 6. The NDI controller is unable to regulate the roll angle
error under sideslip for uncertain parameter conditions, with errors up to 1.4°. The incremental controller
has superior disturbance rejection compared to NDI, with faster attenuation and lower overshoot in the
attitude response, see Figure 7. This result conforms to observations made by Acquentella et al.'!

Table 5. Synthesis parameters lateral part

Tuning INDI NDI

parameter

Linear controller gains:

Ky 5.51 7.91
Ky, 1.34 7.02
K 4.80 6.48
Ky 1.05 0.941
K, 1.62 3.22
Kjg 1.93 1.55
Kg, 0.977 0.709
Reference model parameters:
Cref 1.00 0.741
Wnyo; 1.35 1.27
Uncertain model parameters:
nominal worst  worst nominal worst  worst
gmda  pmp gmda  gmp
ATsyne 0 -0.3 -0.3 0 0 0
YANY 0 -0.1 -0.1 0 0 0
AJ,. 0 -0.1 -0.1 0 0 0
AJ,, 0 0.3 -0.3 0 0 0
ACy 0 0.3 -0.3 0 0.3 0.3
AC, 0 0 0 0 -0.2 -0.2
ACy,, 0 -0.2 0.2 0 0.2 0.2
ACy;, 0 0.2 0.2 0 0 0
AC, 0 0 0 0 -0.2 0.2
ACY, 0 0 0 0 -0.2 -0.2
AC,, 0 0 0 0 -0.2 -0.2
ACh,, 0 0.2 0.2 0 0.2 0.2
ACy,, 0 0.2 0.2 0 0 0
AC,, 0 0 0 0 -0.2 -0.2
AC, 0 0 0 0 0.2 -0.2
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Figure 7. Simulation 3: tracking response to 16 m/s cross-wind step

V. Control law validation

A. Simulator assessment and clearance

For the assessment and clearance of the experimental con-
troller, use was made of the robotic motion simulator op-
erated by the Institute of System Dynamics and Con-
trol (SR) of the German Aerospace Institute (DLR).3!
The simulator utilizes a serial kinematics industrial robot
arm to generate motion cues to the attached simulator
pod, greatly enlarging the motion capability compared to
conventional hexapod simulators. The simulator pod is
fully modular allowing use of various instrument consoles.
The set-up of the cockpit includes a certified side-stick,
dual throttle control system and rudder pedals. Complete
three-dimensional cockpit visualization is provided via a
virtual reality headset.

Specific attention was paid to the controller be-
havior at initialization and during switching be-
tween different controller modes. These opera-
tions should be free of any transients. The pilot-
in-the-loop allowed a qualitative assessment of the
overall dynamics and handling qualities of the sys-
tem.

Figure 8. Robotic Motion Simulator DLR
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B. Rig testing

Extensive rig testing was performed on the ”iron bird” of the PH-LAB. This system includes the actual
FBW hardware components and is used to validate proper functioning in interaction of the experimental
controller with the system hardware. For software implementation, the Delft University Environment for
Communication and Activation (DUECA)?? is used. This framework allows straightforward implementation
of controllers developed in the MATLAB/Simulink environment.

C. Flight tests

Over the course of five days, three successive flight test were performed to validate the incremental controller.
All flights departed from and terminated at Amsterdam Airport Schiphol (AMS) and the experiments were
executed in designated areas within Dutch airspace, see Figure 9.

Flight test #1 29/01/2017 Flight test #2 30/01/2017 Flight test #3 02/02/2017

Figure 9. Flight track of test flights

1. Ezxperimental setup

The aircraft was configured in a clean setup during the flight tests with gear, flaps and spoilers retracted. The
experiments were repeated for two flight conditions: 200 KIAS FL150 and 240 KIAS FL150. The automatic
elevator trim was deactivated during most of the experiments. Since the PH-LAB is not fitted with an
autothrottle, the safety pilot was tasked to monitor and correct the airspeed manually. The experiments
were performed throughout the whole flight.

The experiments focused on a series of pitch and roll attitude captures of varying magnitude and command
intensity. In addition, a number of simulated engine failures were executed as well. Some turbulent air layers
were encountered during the flight tests hence the controller response to turbulence could be verified. Finally,
the incremental controller was used during an instrument approach and was active down to an altitude of
2000 ft.

For safety reasons, the attitude captures were first executed using a conservative setup with restricted
control authority and a conservative parameter set. Artificial limits on the control signals allow maximum
control deflection changes of £1° around the trim condition. The conservative parameters are obtained by
multiplying the inverse of the control effectiveness by a factor 2.

To enhance safety, situational awareness and efficiency, a strict procedure was maintained during the
execution of the experiments. First the safety pilot would trim the aircraft for the desired airspeed in
horizontal flight. At the same time the flight test engineer would select the desired controller configuration
in the FBW computer. Conformation from both the safety pilot and flight test engineer would trigger
the evaluation pilot to enable the FBW system and start the experiment. Initialization was executed with
”hands-of-stick” to prevent undesirable initial control inputs.

The primary flight display was slightly modified with the addition of a marker displaying the commanded
roll angle ¢¢om. This to enhance the situational awareness of the evaluation pilot.
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2.  Results

Before each flight, extensive ground testing was performed to validate proper functioning in interaction of the
experimental controller with the aircraft systems. The first flight test was mainly used for familiarization due
to limited experience with the test platform. Some issues were experienced due to hysteresis of the sidestick.
Due to initialization problems with the actuator models, it turned out to be more effective to use measured
control deflections. The FBW input-output gain Ky, proofed to be smaller than estimated, resulting in
a slight reduction in control effectiveness with a more conservative response as a result. As expected, the
INDI control signals turned out to be noisier compared to the NDI control signals.

The response at 200 KIAS and 240 KIAS was similar albeit the latter airspeed proofed to be too close to
the never-exceed-speed of the aircraft and some of the experiments had to be aborted prematurely. In the
preceding experiments the airspeed was reduced to 220 KIAS. The conservative setup resulted in an overall
slower response as expected. Deflection limiting did not have a perceivable effect on the pitch response as
the maximum deflection changes were below the 1° limit value.

The authority of the FBW system proofed to be limited in the pitch channel with maximum pitch rates
below 1°/s. No satisfactory pitch tracking could initially be achieved, with moderate pitch rate commands
often resulting in large overshoots and excitation of the phugoid mode of the aircraft. The overshoot tendency
was caused by the large difference between the pitch rate commanded by the pilot eom and subsequent
aircraft response. When the evaluation pilot aimed for a certain pitch attitude, command was withdrawn
as soon as the aircraft reached the desired pitch attitude. However, the commanded pitch attitude Ocom is
obtained via integration of 6.,,, and does not take into account possible offsets between commanded and
actual pitch rate. As a result, the integrated pilot rate command would exceed the desired pitch attitude
causing a perceived overshoot. As no marker for 6., was available on the primary flight display, the pilot
had no knowledge about the commanded pitch attitude making accurate pitch attitude captures difficult
to execute. Due to limited repeatability options, a successful series of pitch attitude captures could not be
realized. The remainder of the discussion will therefore be limited to the lateral tracking task only.

In Figure 10 the lateral tracking response is visualized for a typical part of the flight with various roll
attitude captures. Both controller types displayed favorable tracking behavior and were able to follow the
imposed dynamics with small overshoot values of 1°. Notice the ”jumps” in the roll command signal around
4052 s and 4070 s for the INDI controller, and around 2349 s and 2370 s for the NDI controller. At these
instances the roll angle exceeded +27° and the command module subsequently switches from RCAH to AC.
The reference model ensures a smooth transition between these control laws as seen in the reference signal.
AC is governed up to the roll angle limit of £31°. Despite the higher control authority compared to the
pitch channel, moderate roll commands still resulted in actuator saturation.

In Figure 11 the lateral tracking response for several roll attitude captures is visualized with PCH
activated. The major difference compared to the response of the non-hedging controller is the slower response
of the reference signal and the tight coupling with the aircraft response. The reference signal does not fall
outside the performance envelope of the aircraft. PCH significantly reduces the saturation effect on the
aileron deflections d,. Howhever, more noise is propagated through the control laws. The steady-state
offset between command and reference/response roll angle is the result of a steady difference between the
commanded and actual control deflection due to the mismatch of Ky,,. PCH adapts the reference model to
this difference resulting in a steady error between the command and reference signal. This behavior can be
avoided using actuator models instead of measured deflections.

The simulated engine failures were handled well by both the INDI and NDI controller, see Figure 12.
Some oscillations were observed in the roll channel for NDI, the use of the conservative setup might have
initiated this behavior. A more aggressive engine failure was simulated with the INDI controller in the
loop, with an additional reversing of the differential thrust at 4550 s. The controller compensated for the
asymmetric thrust in a smooth and jolt free manner. The evaluation pilot was able to perform small roll
maneuvers without issues.
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Figure 10. Lateral tracking response roll attitude captures (200 KIAS FL150)
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Figure 11. Lateral tracking response roll attitude captures with PCH activated (200 KIAS FL150)
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Figure 12. Lateral tracking response simulated engine failure (200 KIAS FL150)

VI. Conclusion

This paper presented the design and validation of manual attitude control functions based on Incremental
Nonlinear Dynamic Inversion (INDI) for a Cessna Citation IT experimental aircraft, covering control structure
design, application of INDI, design optimization, robustness analyses, software implementation, ground and
flight testing. For comparison, also control laws based on classical Nonlinear Dynamic Inversion (NDI) were
implemented and flown.

Extensive robustness analysis revealed that INDI provides a highly robust control solution with respect to
model uncertainties compared to classical NDI, even in presence of unsynchronized angular acceleration and
control deflection feedback. Under the combined effect of actuators, sensors, filters, wind disturbance and
model and synchronization mismatches, INDI provided a better compromise between command response,
disturbance rejection and robustness compared to classical NDI.

Qualitative flight test with the INDI and NDI attitude control laws were performed on the Cessna Citation
II PH-LAB, marking the first successful demonstration of INDI on a CS-25 certified aircraft. In presence of
limited authority, uncertain control effectiveness and simulated engine failures, the system dynamics were
canceled well by both controllers. The imposed reference dynamics were accurately tracked with nominal
control effectiveness parameters, validating the simulation results.

Pseudo Control Hedging (PCH) proofed to be a valuable addition to INDI in reducing the effects of
actuator saturation. To limit additional noise and uncertainties in the closed-loop system, activation of PCH
only upon actuator saturation is suggested for future applications. This can for example be achieved via
a simple algorithm that detects an offset between commanded and actual control deflection. For control
deflection feedback, models might be preferred over measurements in certain cases as PCH adapts the
reference model to any bias between commanded and actual control deflection.

A point of attention are the relatively high noise levels in the control signals of INDI. This may cause
excessive wear on the actuators. Fortunately, low-noise angular acceleration measurement or estimation
methods are already available in the form of angular accelerometers, linear accelerometer pairs or compli-
mentary filters.32

The PH-LAB and the experimental on-board infrastructure proofed to be a reliable and efficient platform
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for the testing of advanced flight control laws. For future applications it is advised that the servo motor
position controller is replaced with a control law that uses the control surface deflections as feedback. This
will mitigate issues with varying control effectiveness. Reducing the (electronic) torque limitations on the
servo motors would also be a valuable addition to improve control authority.
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Chapter 2

(DNDI theory

This chapter provides a concise review of the theory of Nonlinear Dynamic Inversion (Section
2-1), Incremental Nonlinear Dynamic Inversion (Section 2-2) and Pseudo Control Hedging
(Section 2-3). Note that the symbolic derivation approach is in part inspired by Looye [43].
For a more detailed review readers are referred to Slotine [60] or Enns et al. [19] for Nonlinear
Dynamic Inversion, Chen and Zhang [14] or Sieberling et al. [58] for Incremental Nonlinear
Dynamic Inversion and Johnson and Calise [30] for Pseudo Control Hedging.

2-1 Nonlinear Dynamic Inversion

The general idea of NDI is to compensate the nonlinear system dynamics by means of feedback
of the inverse model equations such that the closed loop system appears in a linear form. The
desired closed loop response can then be imposed via conventional linear controllers [60, 19].

It is assumed that the model of the nonlinear system has the following control-affine form:

y =h(z,p) (2-2)
Yo = ho($>p) (2—3)

Where x € R" is the state vector, u € R™ the input vector containing only inputs that may
be used by the controller, y € R™ the output vector containing the outputs to be controlled
(i.e. control variables), y, contains any other outputs of the system, f, h and h, are smooth
vector fields, G € R™™™ is a matrix with columns of smooth vector fields and p contains the
model parameters.

Dynamic Inversion Flight Control Law Design for Fixed-Wing Aircraft Fabian Grondman



38 (I)NDI theory

Differentiation of the output equation h results in:

g = PP G ) (f(ep) + Gl p)u) = Lhle.p) + Lehe.plu (24
Where Lyh and Lgh are the first-order Lie derivatives along f and G, respectively. It is
assumed that Lgh is non-singular and that each output has an order of 1 relative to at
minimum one of the inputs (i.e. Lgh # 0). In this case NDI can be applied to Equation
(2-4) |60, 19]. Defining the virtual control input as v = y and inverting Equation (2-4), the
following control law is obtained:

u = (Leh(d,p")) " (v — Lyh(#,p")) (2-5)

The vectors & and p* contain the computed or estimated states from y and vy, and the assumed
values for the model parameters, respectively. Substituting the control law (Equation (2-5))
into Equation (2-4):

§ = Lyh(z,p) + Leh(z, p) ((Lah(#,p7) ' (v — Lsh(@,p7)) ) (2-6)

When @ and p are exactly known (& = « and p* = p), Equation (2-6) reduces to:

y=v < y(t):/o v(r)dr (2-7)

The resulting control law linearises the system dynamics, reducing the input-output response
to a set of integrators. Note that for stability, the relation between y and u has to be minimum
phase [19].

Yeom
Nonlinear system | Y _
Yeom w z=f(z,p)+ G(z.,p)u
Sl T vk oy,
_ Yo=ho(z,p)

z| State estimation
& filtering

Figure 2-1: Closed loop system Nonlinear Dynamic Inversion

2-2 Incremental Nonlinear Dynamic Inversion

The incremental form of NDI computes the control increment with respect to the condition
of the system one incremental time instance in the past. The fundamental difference with
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2-2 Incremental Nonlinear Dynamic Inversion 39

classical NDI is that the control-independent part of the model equations is replaced by state
derivative feedback, resulting in a more robust control solution with respect to model mismatch

(p* # p) [14, 58].

As a first step, the nonlinear system in Equation (2-1) is approximated by a first-order Taylor
series expansion around the current point in time 0’

o 0
Tr=To+ ?(f(map) + G(mvp)u> _ (33 - w[])
€T LT=TL0 e ot
u=uo Ax

ou T=x0
u=ugo A'u,

¢ L(f@p) + Gapu)| _ (u-w) (28)

The variables with subscript '0’ should be interpreted as an incremental time instance before
the equivalent variables without subscript. It assumed that the time-scale separation principle
holds for Equation (2-8). For very small time increments and instantaneous control effectors,
the change in input is much faster than the change in state (i.e. € —xo ~ 0 while w —wug # 0).
Assuming  — ¢ = 0, Equation (2-8) reduces to:

&~ 2o+ G(xo, p)Au (2-9)

It is assumed that G is non-singular and that y = . In this case INDI can be applied to
Equation (2-9) [14, 58]. Defining the virtual control input as ¥ = & and inverting Equation
(2-9), the following control law is obtained:

Au = G (&0,p*) (v — ) (2-10)

The vector @, contains the state derivatives computed or estimated from y or y,, respectively.
Substituting the control law (Equation (2-10)) into Equation (2-9):

&~ &0 + G(x0,p) (G~ (0, p") (v — T0)) (2-11)

In the ideal case (o = xo, &y = o and p* = p), the input-output response approximates to
a set of integrators:

PN x(t)z/ou(T)dT (2-12)

The total input w is obtained by adding the current input wg to the control increment Aw.
Note that the control law should be sampled with a sufficiently high frequency and requires
synchronization between ug and &g [59, 61].
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w(f()”? i INDI
' Nonlinear system i .
Leom 14 i A~ Au u (l}—f((l}p)AG(illp)U
T (D 10 0 G [PE) s
- ! 5 Yo
| yo:hu(wrp)
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To| synchronization

Figure 2-2: Closed loop system Incremental Nonlinear Dynamic Inversion

2-3 Pseudo Control Hedging

(I)NDI inverts the dynamics of the nonlinear system but not of the input. Actuator dynamics
are usually considered time-scale separated from the aircraft dynamics. Saturation caused
by the physical limits on actuator position and rate may howhever result in invertibility and
controllability issues, violating conditions necessary for dynamic inversion.

Pseudo Control Hedging (PCH) aims to compensate for actuator dynamics by means of mod-
ification of the reference model dynamics [30]. PCH scales down (hedges) the reference model
signal by an estimate of the response deficiency of the system vy, effectively hiding the actuator
dynamics from the error dynamics. The virtual control hedge vy, is computed by subtracting
the commanded virtual control v from the actual virtual control &:

vp,=v—"r (2-13)

This concept can be applied to the (I)NDI control laws formulated in Equations (2-5) and
(2-10). Due to actuator limitations, the commanded control deflections w are not identical to
the actual control deflections 8. Rearranging Equations (2-5) and (2-10) for v, ¥ is obtained
by inserting & for w. For NDI the virtual control hedge is then obtained as follows:

v, = Lyh(x,p) + Lah(x,p)u — (Lgh(xz, p) + Lgh(z, p)d) (2-14)

N

vp = Lah(z, p*)(u - 9) (2-15)

A similar result is obtained for INDI [59]:

vy, = &0 + G(z0,p)(u — &) — (20 + G(z0,p) (8 — ) (2-16)

vy = G(&o,p")(u — 9) (2-17)

Note that vy, only depends on the control effectiveness and that & is assumed observable. For
a conventional first-order reference model, the hedged output is obtained as follows:
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Lref = E(Kref(mcom - mref) - Vh) (2—18)

Where K.y is the diagonal gain matrix. Note that if £g # xo, p* # p or 5 # 6, PCH will
introduce additional uncertainties into the closed loop system.

Reference
model

LC

PCH
G(z0,p")
INDI
Nonlinear system |z
- @=fz.p)+ G(x,p)d
. g GJ(w(hp) y=x Y
: yo:hu(w}p)
State estimation,
filtering &

synchronization ||

Figure 2-3: Closed loop system Incremental Nonlinear Dynamic Inversion with Pseudo Control

Hedging
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Chapter 3

(DNDI implementation aspects

The application of (I)NDI is restricted to nonlinear systems under the assumptions made
in Chapter 2. Some of these do however not fully hold in practice and may result in loss
of performance within the control laws. The synthesis model for example will only have a
finite accuracy but also subsystems such as actuators and sensors add dynamics to the overall
system. The successful implementation of (I)NDI control laws depends to a significant degree
on careful modeling and offline assessment of these effects.

This chapter will review the literature on (I)NDI for effects that violate the fundamental as-
sumptions made for (I)NDI and have resulted in significant performance degradation within
the control laws. Due to the practical nature of this research project, strategies proposed in
literature that limit loss of performance due to these effects are of particular interest. In addi-
tion, INDI specific implementation aspects related to obtaining accurate angular accelerations
and synchronous feedback signals will be discussed as well. A novel method based on the
complimentary filtering technique to obtain accurate angular accelerations from angular rate
measurements will be developed and proposed as alternative to conventional washout filters.
Finally, an extensive mathematical analysis will be performed on the influence of actuator and
sensor dynamics on the closed loop response of INDI.

The following effects will be reviewed: model mismatches (Section 3-1), actuator dynamics
and saturation (Section 3-2), sensor deviations (Section 3-3), flight control computer sampling
(Section 3-4) and atmospheric disturbances (Section 3-5). In Section 3-6 techniques are pre-
sented to obtain accurate angular acceleration observations. Section 3-7 discusses the issue of
synchronization of feedback signals. Finally, some conclusions and recommendations will be
provided in Section 3-8

3-1 Model mismatches

The NDI control law derived in Chapter 2 assumes that the model of the nonlinear system is
exactly known. In practice there is always a degree of uncertainty attached to synthesis models.
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44 (I)NDI implementation aspects

Miller [47] remarked that a small model deviation in the pitch control effectiveness resulted
in a perceivable change in the pitch handling qualities during a flight test of a baseline NDI
controller. Robustness to these model uncertainties is typically addressed in the systhesis
of the linear controller parameters using for example p-synthesis, Hy, loop shaping [2]| or
multi-model multi-objective optimization [41].

More serious model mismatches due to for example system failures require however a form of
online control law adaptation. Howhever, flight tests of NDI controllers with adaptive elements
reveal that robustness to larger model mismatch is still not guaranteed. In [10] a simulated
failure resulted in increased Pilot Induced Oscillation (PIO) tendency for a NDI controller
with Neural Networks. Similarly in [9], reduced controller performance was observed when
the vehicle dynamics were artificially destabilized.

Despite the reduced model dependency of INDI, mismatches in the control-dependent part of
the model may still result in performance loss. Smith and Berry [62] observed that increasing
or decreasing control effectiveness caused significant changes in the aircraft behavior during
a flight test of pitch rate controller based on INDI. Smeur et al. [61] demonstrated in a flight
test that INDI with online control effectiveness estimation can successfully reject a change in
mass distribution.

3-2 Actuator dynamics and saturation

The dynamic inversion control laws are derived without any consideration to the input behav-
ior, represented by the actuators. Fundamental to INDI is the assumption of instantanious
control effectors, see Section 3-7 for a mathematical analysis of the effect of actuator dynamics
on the closed loop response of INDI. The dynamic response of actuators is generally very fast
in comparison to the dynamics of the vehicle. Nevertheless, at high speed and for large aircraft
in general, the actuators must provide large hinge moments for control hence cannot be con-
sidered instantaneous [36]. Although NDI has proven to cope with non-instantaneous control
effectors, actuators will in general increase the natural frequency and reduce the damping of
the closed loop response [47]. This behavior is due to lag between the commanded control
deflection and the actual control deflection resulting in overshoot tendencies of the controlled
variables. The input commands are typically tailored by command filters or reference models.
These generate reference signals that can be effectively tracked without exceeding the aircraft
capabilities. By detuning the natural frequencies of these models, the effect of actuator lag
can be effectively accounted for [47].

A secondary issue observed due to assumed ideal actuators is saturation. This is caused
by the physical limits on position and rate of the control effectors. When the system runs
into these limits the affinity in control assumption does no longer hold, violating conditions
necessary for dynamic inversion. Several attempts have been made to limit the effects of
actuator saturation. A seamingly straightforward solution is to scale down the command
inputs to values achievable by the aircraft. This can for example be achieved by including
(rate) limiters in the command path. This approach may howhever result in a conservative
design as the aircraft limit performance varies with flight condition. In [53] a control allocation
algorithm was used in combination with INDI that adaptively penalizes the control effectors
as they approach their saturation limits. Howhever, this method cannot guaruantee that
saturation limits will not be violated and its adaptive nature might limit certifiability [28].
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A solution that has been proven effective is Pseudo Control Hedging (PCH) [30]. This tech-
nique aims to compensate for actuator limitations by means of modification of the reference
model dynamics. PCH scales down (hedges) the reference model signal by an estimate of
the response deficiency of the system, effectively hiding the actuator dynamics from the error
dynamics. This technique has an advantage over other adaptation methods in terms of certi-
fiability, as the adaptation is made in a reference model rather than directly in an adaptive
control law. PCH is effective in reducing the duration and magnitude of actuator saturation
but cannot fully elimanate it [35]. PCH has been succesfully flight tested in combination with
NDI [37, 38] and has been adapted for INDI as well [59, 68]. In [68] PCH was shown effective
in reducing oscillatory tracking behavior in combination with INDI and was also successfully
used as anti-windup technique for the outer linear controllers.

3-3 Sensor deviations

Dynamic inversion relies on full state feedback and assumes ideal sensor measurements. Mod-
ern passenger aircraft are equipped with various inertial and air data sensors allowing straight-
forward calculation of the aircraft states. Sensor accuracy is nevertheless limited due to vari-
ous (physical) processes resulting in systematic or random measurement errors [34, 46]. The
quality of measurement is in particular important for the control variables [49].

Delay and lag

Time delays and phase lags have been responsible for setbacks in many recently developed
flight control systems [49]. A notable example is the Lockheed Martin F-35 Lightning II,
where large time delays in the NDI based control system resulted in Pilot Induces Oscillations
(PIO) [71]. Also Burken et al. [11] reported that even small delays within the control system
can result in significantly degraded closed loop performance. Vlaar [69] noted that differences
in time delay between angular acceleration and control deflection feedback are detrimental to
INDI controller performance. This behaviour was also observed in other research on INDI
[58, 61, 68]. See Section 3-7 for a mathematical analysis of the effect of sensor dynamics on
the closed loop response of INDI.

Noise

Sensor noise within feedback signals will propagate through the control laws without further
processing. In [38] measurement noise in feedback signals was responsible for a serious setback
in the development of an autoflight NDI controller. Flight testing could only be continued
after a partial redesign. Flight test conducted by Smith and Berry [62] already revealed that
INDI is sensitive to measurement noise in the angular acceleration feedback. This issue was
confirmed in simulation based research as well [3, 21, 68]. In general, sensor noise can be
reduced via filtering at the expense of the dynamic behavior of the sensor.

Bias

Systematic biases in sensor measurements may result in performance degradation within
(I)NDI controllers. In [29] it was reported that biases in feedback measurements contributed
to tracking errors within a NDI controller with Neural Networks during flight test. Measure-
ment bias has also been included in various simulation based research on INDI [3, 21, 1, 68].
Bacon et al. [3] already reported that uncertainties in the actuator feedback accumulate and
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could drive the control into saturation. Van 't Veld [68] noted that biased control deflection
measurements result in steady-state tracking errors within INDI controllers. Steady-state er-
rors within the control variables can be compensated for using outer linear controllers with
integral action.

Quantization errors

Quantization errors are the result of discrezitation. All sensor measurements have to be dis-
cretized in order to be used by the digital flight control system. In [42], problems were reported
due to quantized measurements during the development of a NDI autoland controller. These
effects were not included in the simulation model. Similarly, in [29] performance degradation
due to quantized measurements was observed during flight testing of a NDI controller with
Neural Networks. In [37, 38, 39] quantization errors were applied on some of the feedback
signals in the simulation model. Howhever, no further remarks were made about the effect on
the control performance. Note that similar errors arise due to the limited physical resolution
of the sensor. The lower resolution of the two should therefore be included in the simulation
model.

3-4 Flight control computer sampling

For the derivation of the incremental control law, very small time increments are assumed.
This implies that the control law to be implemented on the flight control computer should be
sampled with a sufficiently high frequency. Low sampling frequecies have shown to degrade
the control performance to a significant degree [59, 68, 66]. In [59] performance degradation
was observed below sampling frequencies of 60 Hz. However, no issues where reported by
Vlaar [69] who succesfully flight tested INDI based controllers running at 50 Hz. The effect
of sampling frequency on the closed loop stability of discrete-time INDI was analyzed in
detail in the work of Van 't Veld [68|. Sampling frequencies above 50 Hz provided a large
stable region regarding variation in inherent system stability, linear controller gain, actuator
bandwidth and control effectiveness uncertainty. An additional effect of the discrete nature
of digital flight control systems is that the input response will be under influence of sampling,
transport and computational delays. As already discussed, these can severely degrade closed
loop performance or even cause instability.

3-5 Atmospheric disturbances

Wind and turbulence are two phenomena that can result in significant performance degrada-
tion within (I)NDI controllers. In [29] atmospheric disturbances were reported to negatively
affect controller performance during a flight test of a NDI controller with Neural Networks.
These effects were not included in the simulation model. Schierman et al. [57] commented that
despite rigorous offline analysis, the controller using inner loop NDI was not able to cope with
severe wind and turbulence conditions encountered during the flight test. In [42] performance
degradation was observed due to high levels of turbulence during flight testing of an autoland
NDI controller. Similar observations were made for INDI, Van Ekeren [66] remarked that
increased tracking errors in flight tests compared to simulations could be in part attributed
to turbulence.
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Offline assessment of atmospheric disturbances using appropriate models is an integral part
of successful flight control design [49]. In [37, 38, 39] wind and turbulence effects were of-
fline assessed in the development of various controllers with inner-loop NDI. These proved
to effectively attenuate atmospheric disturbances during flight tests. A point of attention
is the control activity under turbulence [43]. Air data sensors pick up atmospheric turbu-
lences that will propagate through the control laws resulting in high control activity. Air data
measurements therefore need to be complemented with inertial mixing [49, 43].

3-6 Angular acceleration estimation

The incremental control method requires accurate feedback of the derivatives of the states i.e.
the angular accelerations for conventional inner-loop rate control. Angular accelerometers for
use in aerospace applications do exist [46] but are not commonly found in passenger aircraft.
Most research on INDI has relied on some form of estimation. Numerous techniques exist, this
section will be limited to methods that have been successfully applied in combination with
INDI. In addition, a novel method will be developed based on the complementary filtering
technique. Finally, the use of pairs of linear accelerometers are proposed as an alternative to
dedicated angular accelerometers.

Differentiation

A straightforward technique is differentiation of the angular rates, assuming these are available
as measurement. Although this is a fairly common approach in industry [46], the differentation
process amplifies sensor noise which would propagate through the control laws without further
processing. It has been suggested in literature that actuators act as low-pass filters thereby
alleviating noise related issues. Noisy control signals can however cause excessive wear on the
actuators and may increase the likelihood of failure.

Low-pass filtering

To attenuate sensor noise, differentiation is often applied in combination with low-pass filter-
ing. In [62] low-pass filtering was applied before and after differentiation, this setup was flight
tested as well. The washout filter proposed by Bacon et al. [3] was successfully flight tested
in combintion with INDI on fixed and rotary-wing UAVs [69, 61, 66]. Filtering will however
introduce lag in the closed loop system degrading performance and may cause synchronization
issues, see also Section 3-7.

Linear predictive filtering

An alternative approach was proposed by Sieberling et al. [58] who developed a linear predic-
tive filter using feedback of the commanded and obtained angular rates of the system. This
approach avoids the phase lag and noise related issues associated with filtering and differen-
tiation. Nevertheless, this filter requires training and assumes that the error in the predicted
angular accelerations is neglectable small. Furthermore, the results were obtained under cer-
tain assumptions that may not hold for passenger aircraft.

Complementary filtering
A filtering strategy that could potentially reduce the noise, phase shift and prediction er-

rors of above described methods is complementary filtering. This technique is often used in
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flight control industry to combine measurements with complementary frequency characteris-
tics [46]. In its broadest sense, a complementary filter combines two or more filters that are
the mathematical complement of one other (i.e. they sum to identity). For this application,
a second-order complementary filter is suggested, see Figure 3-1

K

e

Dest

Figure 3-1: Second-order complementary filter structure

Where w are the measured angular rates acting as the low-pass signal. An estimation of the
angular jerk . is used as high-pass signal. The latter is obtained from the incremental form
of the Euler rotation equation, see Equation (7-6). Rearranging for w — wy, the following
relation is obtained:

W — wp ~ Jfl(p)Mcs(:co,p) (6 —do) (3-1)
Aw Ad

Under the assumptions made for Equation (7-6), the angular jerk is obtained by dividing
Equation (3-1) by the incremental time At:

&~ JH(p)M_;(z0,p)d (3-2)

Simulations were performed to assess the performance of the proposed complimentary filter us-
ing the high fidelity simulation setup developed in this thesis (see Chapters 6 and 7). The setup
includes extensive actuator, sensor and filter models. The actuator rates § are acquired via
differentiation of the measured control deflections. Alternatively, these can also be estimated
using actuator models. It should be stressed that w and &g need to be time-synchronous.
The outer loop of the closed loop setup (Figure 7-1) is slightly simplified, consisting of a
first-order command filter (7 = 0.5) and Pl-controller with feedforward (Kp = 7, K; = 1).
To account for model mismatches a 10% error on the model parameters in p is selected. A
conventional second-order washout filter (wy,, = 20 rad/s, (yy = 1) is used for comparison.
Good results were obtained with filtering gains K7 = 100 and Ky = 20, see Figure 3-2. The
complimentary filter reduces phase lag for approximately similar noise attenuation. The errors
in the estimated pitch jerk were effectively regulated, see Figure 3-2b. Note that this error is in
fact the second term on the right hand side of Equation (7-5) plus any high order terms, both
normalized for the incremental time. As these terms are relatively low in frequency, their con-
tribution can be included in the complimentary filtered response by selecting a filter crossover
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frequency well above the frequency content of these terms. For visualization purposes, the
pitch jerk obtained from the complimentary and washout filter were low-pass filtered due to
noise.
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Figure 3-2: Closed loop response NDI to 5°/s box-cart input on pitch rate (Viqs = 129 m/s)

A second set of simulations was performed to assess the filter in the loop performance, see
Figure 3-3. As expected, the reduced phase lag results in less oscillatory tracking response.
The simulations demonstrate that the proposed complementary filter could be beneficial for
improving INDI control performance in absence of dedicated angular accelerometers, requiring
no additional modeling/sensors.

6 T T T T 0
Comp. filter
Washout filter

Comp. filter
Washout filter |]

q [deg/s|
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(a) Pitch rate (b) Elevator input signal

Figure 3-3: Closed loop response INDI filter-in-the-loop (Viqs = 129 m/s)

Linear accelerometers

The angular accelerations can be obtained from two pairs of strategically placed linear ac-
celerometers. These are found in all modern passenger aircraft and rely on proven and well
developed technologies in contrast to angular accelerometers [46]. The sensor pairs require
placement parallel to the body axis of the aircraft with two axis coinciding and sufficient dis-
tance between the individual sensors along the non-coinciding axis. If these criteria are met
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the angular accelerations can be obtained requiring only additional knowledge of the angular
rates and the relative distance between the sensors. The PH-LAB is fitted with two side-
by-side positioned linear accelerometers, see Table 5-3, allowing computation of the lateral
angular accelerations:

A —A
p _ zah'rs2 Zah'rsl g o ’rq (3_3)
Yahrsy — Yahrsa

A —A
7:. _ {L'a,h,'rSQ xahv‘sl g +pq (3_4)
Yahrso — Yahrs,

To assess the performance of this technique, simulations were performed using the setup
described previously. To account for sensor misalignments, kinematic position errors were
included (5 c¢m in all three axis). In Figure 3-4 the open-loop aircraft response to a doublet
input command is visualized. This command is simultaneously applied on aileron, elevator
and rudder to excitate the errors induced by the misalignments.

T T
Lin. accelerometers

Lin. accelerometers 10 ¢

Washout filter Washout filter

7 [deg/s?]

Time [

(a) Roll acceleration (b) Yaw acceleration

Figure 3-4: Open-loop response to 1° doublet input on elevator, aileron and rudder (Vi,s = 129

m/s)

The kinematic position errors proofed to have a minor effect, a slight scaling of the response
is observed. A significant improvement is obtained in terms of phase lag and noise compared
to washout filters. A second set of simulations was performed with the filters in the loop, see
Figure 3-5.

The reduced phase lag and noise result in less oscillatory tracking response and lower noise
levels in the control signals. As expected, the sensitivity to relative position misalignment
decreases with increased spacing between the sensors. However, maximizing this distance is
not advisable as it will be more difficult to properly align the sensors relative to each other
and alignment might be compromised under maneuvering due to fuselage bending. In case of
the PH-LAB, with a spacing of 0.76 m, a sensor misalignment error of at least 5 cm does not
compromise performance to a significant degree. The simulations demonstrate that pairs of
linear accelerometers provide a high-performance and more implementation-ready alternative
to dedicated angular accelerometers.
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Figure 3-5: Closed loop response INDI filter in the loop (Vies = 129 m/s)

3-7 Signal synchronization

The incremental control method is based on a linearization around a specific point in time
therefore requiring synchronous state derivative and control deflection feedback. In practice,
these quantities are not always time-synchronous (e.g. due to filtering). Consider the general
INDI control law in presence of actuator and sensor dynamics, see Figure 3-6.
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Figure 3-6: General INDI control law in presence of actuator and sensor dynamics

Where H, are the actuator dynamics and Hs and H}; the sensor dynamics of control deflec-
tion and state derivative, respectively. Note the inclusion of f,, this is the partial derivative of
f with respect to @ i.e. the second term on the right hand side of Equation (2-8) normalized
for the state increment Azxz. The state increment is assumed zero in the derivation of INDI
under the assumption of small time increments and instantaneous control deflections. These
assumptions do not fully hold for the platform under consideration in this thesis. Note that
fzAx is also reffered to as the system dynamics increment [66]. The closed loop response of
the system in Figure 3-6 is defined as follows:
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Hact(z)
(I — Hyet(2)Hs(2)2™ Y (I — 25 fz) + Hoet(2)Hg(2) 271

z—1

Hu—m'(z) =

(3-5)

It was already noted by Vlaar [69] that time differences between state derivative and control
deflection feedback could lead to performance loss within INDI controllers. This effect has
been more thoroughly inverstigated by Van 't Veld [68]. A surplus of state derivative feedback
delay resulted in relatively fast system instability compared to a surplus of control deflection
feedback delay. This effect was attributed to the difference in feedback sign (i.e. negative vs.
positive).

Notice the presence of the actuator dynamics in the denominator of Equation (3-6). In the
results obtained by Van 't Veld [68] it is observed that faster actuators may reduce closed loop
stability in presence of unsynchronized signal feedback. This effect was however not explicitly
discussed. For now, assume that frAxz = 0 as it is more illuminating in revealing this effect
mathematically. Equation (3-6) subsequently reduces to:

Hact(z)
H,_,; = 3-6
va(2) I—-H,(2)Hs(z)z2=1 + Hyet(2)Hy(2)27 1 (3-6)
The output @ is then obtained as follows:
T = HactV + Hact(HJ:tO - H:ch) (3'7)

Observe that if Hj is faster than Hg, the dynamic response of the second term on the right
hand side of Equation 3-7 is in opposite direction of the virtual input v, resulting in a relatively
over-damped output response. In the reverse condition, the dynamic response of this term
will be in the same direction as the virtual input, resulting in a relatively under-damped
output response. The latter condition subsequently results in much faster system instability.
If the actuators act as lag components, they will reduce the magnitude of the second term
on the right hand side of Equation 3-7, increasing system stability. Note that filtering has a
similar effect as actuators if applied in equal manner on state derivative and control deflection
feedback.

To confirm the mathematical results, a stability analysis was performed on the system de-
scribed in Figure 3-6, albeit in single-input single output form. To replicate a more realistic
control setup, an outer proportional controller (Kp = 2) was added. The sampling frequency
was set at 100 Hz and a value of 2 was chosen for f;. The sensors were modeled as pure
time delays with a baseline value of 100 ms. The actuator was modeled as a first-order lag.
The system stability was assessed over a typical range of actuator bandwidth and sensor delay
mismatch, see Figure 3-7. Note that the surplus of sensor delay is added to the baseline value.

Observe that a surplus of control deflection feedback delay results in a much larger stable
region compared to a surplus of state derivative feedback delay. Further observe that above a
certain minimum actuator bandwidth, faster actuators result in lower stability margins. The
instable region for the lower actuator bandwidth range is an effect of the inclusion of fy.
Note that the closed loop stability is also a function of the linear controller gain, size of the
Sfa-matrix, G-matrix uncertainty, sampling time and sensor delays [68]. Robustness analysis
against synchronization mismatches should therefore be performed on a case-by-case basis.
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Figure 3-7: Closed loop stability INDI in presences of actuators and unsynchronized signal
feedback

Considering that small mismatches may already result in performance degradation, this is an
important element in the design of INDI control laws.

In [61] it was shown that the closed loop response reduces to the actuator dynamics in case
H; = Hgs and fpAx = 0. This makes the closed loop response completely independent of
the sensor dynamics and size of the incremental time step, see Equation 3-7. This clearly does
not hold for real systems. Now assume that Hy = Hs = Hgsr and frAx # 0. The closed
loop response in Equation (3-6) subsequently reduces to:

Hact(z)
H, . ;(z)= 3-8
u—>m( ) I- Zilfm(-[ - Hact(Z)Hsnsr(z)Zil) ( )
Assuming that f is linear in @, the output & is then obtained as follows:
T = Hyv + fm(w - HactHsnser) (3'9)

Observe that the second term on the right hand side of Equation (3-9) (i.e. the inversion
error) increases with slower actuator and sensor dynamics and lower sampling frequencies.
This exact effect was observed by Van Ekeren [66] in simulations performed on a fixed-wing
sub-scale UAV model. Tracking errors due to neglecting the system dynamics increment scaled
proportionally with the size of the combined delay of actuators, sensors and sampling. Now
returning to the ideal case i.e. Hg,sr = Hyer = I, Equation (3-9) reduces to the familiar form:

T =v+ foAx (3-10)

3-8 Conclusions and recommendations
This chapter reviewed the literature on effects that violate the fundamental assumptions made
for (I)NDI and result in significant performance loss within the control laws. Based upon this

review, the following conclusions and recommendations can be made:
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e NDI displays high sensitivity to model mismatches. Severe model mismatch due to sys-
tem failures requires adaptive elements but may still not guarantee robustness. Although
the adaptation of control laws is not considered in this thesis, model uncertainties may
still result in considerable performance loss. Robustness to these uncertainties should
be addressed using for example u-synthesis, Ho, loop shaping or via multi-model multi-
objective optimization. INDI reduces the model sensitivity to the control effectiveness
matrix. Robustness to uncertainties in this part of the model can be addressed in a
similar manner as for NDI.

e Actuator dynamics and saturation effects violate some of the fundamental assumptions
made for (I)NDI. Actuator lag can be addressed by careful tuning of the natural fre-
quency of the reference model. Pseudo Control Hedging (PCH) is currently the most
promising solution to actuator saturation effects. PCH aims to compensate for actuator
limitations by means of modification of the reference model dynamics

e The following sensor deviations were found to result in performance loss within (I)NDI
control laws: delay and lag, noise, bias and quantization errors. Especially delays have
a detrimental effect on the controller performance and require careful offline analysis.
Noise in sensor measurements can in general be reduced via filtering at the cost of the
dynamic behavior of the sensor. Steady errors in the control variables due to biased
measurements can be addressed via outer linear controllers with integral action.

e Low sampling frequencies violate the very small time increments assumption made for
INDI, reducing controller performance. For the current application, the flight control
computer samples the control laws with 100 Hz. This should be sufficient according to
the currently available literature.

e Atmospheric disturbances may result in performance loss within (I)NDI. Careful offline
assessment of wind and turbulence effects is key in addressing this issue. Note that the
air data sensors pick up atmospheric turbulence that may propagate through the control
laws. Air data measurements therefore need to be complemented with inertial mixing.

The following conclusions and recommendations are made with respect to the specific imple-
mentation aspects of INDI:

e A novel method based on the complimentary filtering technique has been proposed
as a means to obtain more accurate angular acceleration estimates from angular rate
measurements. The method has no additional dependencies other than the control
surface deflection and control effectiveness, both already required for INDI. Closed loop
simulations demonstrated that this filter performs well in comparison to conventional
washout filters.

e INDI displays high sensitivity to time differences between state derivative and control
deflection feedback. A surplus of state derivative delay results relatively fast in oscil-
lations and system instability. For practical applications this sensitivity is somewhat
reduced due to actuator and filter lag. It was shown mathematically and in a stability
analysis that faster actuators may reduce stability under certain conditions in presence
of unsynchronized signal feedback. This stresses the importance of synchronization for
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systems with fast actuators. Robustness analysis against synchronization mismatches
should be an integral part of INDI control law design.

e It has been shown mathematically that the size of the inversion error of INDI due to
neglecting the so-called system dynamics increment scales with the combined delay of
actuators, sensor, and sampling. This result conforms to observations made in simula-
tions in previous research and stresses the importance of minimizing actuator, sensor
and sampling delay.
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Chapter 4

PH-LAB Fly-By-Wire system

Modern flight control systems use Fly-By-Wire (FBW) to operate the aircraft actuators via
computer-generated commands. The full-authority FBW systems of modern passenger aircraft
allow the aircraft dynamics to be tailored to a wide range of desired performance characteristics
and handling qualities [49].

In recent years, the conventional mechanical flight control system of the PH-LAB has been
supplemented with an electric FBW system [73, 45]. To reduce certification complexity and
cost, the FBW system was designed with minimal impact on the original flight controls.
By making use of the analog autopilot of the aircraft, only minor modifications to the control
system were required. Nevertheless, this means that all limitations associated with the original
autopilot are inherited by the FBW system as well. In Chapter 3, the physical limitations of
actuators were identified as an important constraint to the design of dynamic inversion control
laws. The focus of this chapter will therefore be on quantifying the limitations imposed on
the input response by the FBW system, from which actuator models can be developed.

This chapter is structured as follows. In Section 4-1 a brief description of the original manual
and automatic control system of the Cessna Citation II is provided. Section 4-2 discusses the
design of the FBW system. In Section 4-3 the performance limitations of the FBW system
will be assessed. Finally, in Section 4-4 some conclusions and recommendations are provided.

4-1 Manual and automatic control system [73, 45]

The flight control system of the PH-LAB is of a conventional reversible type meaning control
column and rudder pedals are mechanically connected to ailerons, elevator and rudder via
cables and bellcranks. The aircraft features a mechanical trim system in all three axis actuated
from the cockpit, eliminating sustained control forces. The rudder trim tab also acts as a
balancing tab deflecting in opposite direction at half the rate of the rudder when actuated.
The elevator and rudder are of a horn-balanced design reducing the required control forces
during actuation. High-lift devices in the form of electric Fowler flaps provide increased lift
when extended (up to 40°). The aircraft is also fitted with hydraulic speedbrakes in the form
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of slotted panels on top and bottom wing, these provide lift destruction and increased drag
when activated.

The PH-LAB is fitted with a Honeywell SPZ-500c Integrated Flight Control System provid-
ing three axis automatic control. Important functionalities include the yaw damper which
automatically applies rudder against transient motion in the yaw channel and the automatic
elevator trim. The main components of the system are a flight director, autopilot computer
and electric servo motors for ailerons, elevator, rudder and elevator trim tab. The servos are
mechanically linked to the cable system via a drum and friction clutch. The latter disconnects
the servo motors from the drum when the autopilot is disengaged allowing the drum to spin
freely while the servo motors return to a zero position. The friction clutch also serves as a
torque limiter allowing manual override of the autopilot via the control column, an important
safety feature of the system. The autopilot computer is located in the nose compartment of
the aircraft forming the control laws and the servo amplifiers. The servo amplifiers employ
a current limiter restricting the amount of power that can be delivered to the servo motors.
Data from the flight director and the aircraft sensor systems serve as input to the autopilot
computer. The automatic elevator trim is activated when the servo torque is above a certain
threshold for 1 or 2.5 seconds for upward or downward torque, respectively. The elevator trim
tab is automatically adjusted such that excessive torque is removed above this threshold.

4-2 Fly-By-Wire system [73, 45]

The FBW system of the PH-LAB uses a modified autopilot computer allowing the system
to accept control signals from an experimental FBW computer. Analog switches inserted
between the autopilot control laws and servo amplifiers allow switching between the signals
of the autopilot and the FBW computer, this way the functionality of the original autopilot
is retained. The automatic elevator trim remains however always under the control of the
autopilot. A useful property of this setup is that each control channel can be separately con-
trolled by either the autopilot or the FBW computer. A dedicated cockpit control panel allows
individual selection of the channels to be controlled by the FBW system. As a safety feature,
the FBW system is only engaged if a match exists between the control channels selected on the
control panel and in the experimental software. Furthermore, the autopilot computer requires
a watchdog signal from the experimental software, in case of an interruption of this signal due
to for example a software crash, the autopilot will be automatically disengaged.

Servo position controller

The FBW system employs a proportional controller that allows direct control over the de-
flection angle of the control surfaces 9, see Figure 4-1. The servo motor position s is used
as feedback signal. The input signal us consists of a constant part for trimming the aircraft
05, and a varying part for maneuvering Au. The latter is the control signal computed by
the FBW computer. Note that the dynamic inversion control laws compute the total control
deflections. For implementation it is thus required to subtract the static part from the control
inputs. The former are obtained by setting the virtual control input equal to zero at the initial
computation [41]. By subtracting this value from the control inputs, only the deflections with
respect to the trim condition are obtained. This implementation also prevents transient be-
havior at initialization of the experimental controller as the computed static part is typically
slightly incorrect due to model uncertainties.
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Figure 4-1: FBW system control laws [73]

Flight Test Instrumentation System

The PH-LAB is equipped with a custom-build Flight Test Instrumentation System (FTIS)
[64, 52]. The FTIS acts as the communication hub between the various components of the
FBW system and provides real-time monitoring, recording and processing capabilities. The
main components of the FTIS include a real-time dSPACE computer and multiple analog and
digital data acquisition boards interfacing to the available sensor systems. The FTIS is located
in an instrumentation rack in the aft most position of the aircraft cabin. Data logging is either
performed by the dSPACE computer or via an external computer connected to the system.
The FBW computer is connected to the FTIS allowing access to all sensory data which can
be used to compute a control signal. Synchronisation and communication between FTIS and
the various software is obtained via the Delft University Environment for Communication and
Activation (DUECA) [67].

Sidestick

A force-sensing sidestick positioned in the experimental pilot station allows manual control
over the FBW system, see Figure 4-2. This manipulator is limited to 2-axis control i.e. pitch
and roll for conventional control tasks. The sidestick output signal is proportional to the
amount of force applied on the manipulator and is made available to the FBW computer via
the FTIS. The sidestick features an autopilot disengage switch similar as found on the control
column. Currently there is no manipulator available to manually augment the third control
axis via the FBW system.

Experimental display

The experimental pilot station is equipped with a programmable display providing visualiza-
tion of the primary flight instruments and task specific information. The display is connected
to the FBW computer from which the visuals of the display are available as well.

4-3 Performance limitations [73]

The FBW system of the PH-LAB is a limited-authority system, meaning that the servo motors
can only deflect the control surfaces to a limited degree. The components associated with the
FBW system also have dynamic limitations. A specific point of attention is the stretch in
the actuator cables due to aerodynamic loading of the control surfaces. This may reduce
control effectiveness if not properly taken into account. This section will quantify the above
limitations and proposes strategies to minimize performance loss.
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Figure 4-2: Experimental pilot station PH-LAB

4-3-1 Actuator position

As mentioned in previous section, the FBW system employs two devices that limit the servo
motor torque and subsequent force that can be applied to the cable system. With increasing
deflection angle, aerodynamic forces on the control surfaces will increase accordingly. The
limit torque of the servo motor therefore implies a limit control deflection, see Table 4-1. The
values provided here are not "hard" limits as the aerodynamic forces on the control surfaces
are a function of the flight and trim condition. Nevertheless, the corresponding limit values for
the angular rates are indicative of the performance under typical flight conditions. Notice that
the pitch authority is especially limited considering that typical short term steering tasks for
passenger aircraft are executed with sustained pitch and roll rates of approximately 2.5° /s and
5° /s, respectively. The reduced deflection limits result in relatively fast actuator saturation,
see Figure 4-3. Notice the current limiter being activated around 5288 s and 5290 s.

Table 4-1: Maximum change in control deflection and maximum sustained angular rates PH-LAB

Adg [deg]  Ade [deg]  Ad, [deg] p[deg/s| g [deg/s]
160 KIAS FL170 [73] | +2.0  +1.0/—05 +25/-3.0  +10 +1.5/-1.0
175 KIAS FL90 +£35  420/-1.0 - +14 -

The current limiter of the servo amplifier employs a switching mechanism that lowers the
current limit above barometric pressure altitudes of 13,400 4+ 1,100 ft. To maximize perfor-
mance, flight tests should ideally be executed below this altitude. The pitch authority of the
FBW sgystem can be increased by using the automatic elevator trim. The usefulness of this
functionality is however limited for closed loop control due to the significant delay, effectively
acting as an additional actuator system delay. To reduce the likelihood and severity of ac-
tuator saturation several measures can be taken. The sensitivity of the control manipulators
should be relatively low such that maximum control input does not far exceed the capabilities
of the FBW system. This also minimizes the signal noise of the manipulator and allows for
more precise control within the limited control envelope. Furthermore, the pilots have to be
made well aware of the limited authority and should modify their input behavior accordingly.
Performance degradation due to actuator saturation can be prevented using adaptive control
techniques.
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Figure 4-3: FBW system actuator saturation aileron

4-3-2 Actuator rate

The rate of deflection of the control surfaces are limited by the supplied voltage to the servo
motors from the autopilot. This voltage is proportional to the rate of deflection of the control
surfaces. The autopilot voltage is limited by the supplied input voltage of the FTIS and
sidestick. These are 10 V and £2.5 V respectively hence the sidestick dictates the maximum
supplied voltage to the servo motors, see Figure 4-3. The maximum rate of deflection of the
actuators is estimated at 20°/s, see Section 6-5.

4-3-3 Actuator dynamics

The intput-output response of the FBW system (us; — &) has been modelled by Zaal et al.
[73] as a time delay and a small gain. The corresponding delay and gain values are 100 ms
and 0.075 for the aileron channel and 60 ms and 0.045 for the elevator channel, respectively.

4-3-4 Actuator cable stretch

The transmission ratio between servo motor position and control surface deflection is not static
due to the actuator cable system. Aerodynamic loading of the control surfaces and subsequent
forces on the actuator cables may result in cable stretch [45]. It was however shown by Zaal
et al. [73] that the transmission ratio (i.e. FBW input-output gain) could be modeled as a
constant. The modeling data was however limited to a single airspeed and altitude.

The flight experiments in this research will be primarily limited to attitude tracking tasks
with limited variations in airspeed and altitude. To this end, the FBW input-output gain is
assumed constant during the individual experiments. Variations might nevertheless occur if
the experiments are repeated for different flight conditions. A small error in the estimated
FBW input-output gain is not considered critical at this stage of the development, this will
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result in a minor increase/decrease in control effectiveness. For future applications it may be
beneficial to include the cable system dynamics into the FBW control law by means of control
surface deflection feedback. This will not only mitigate the issue of actuator cable stretch, the
control law will regulate any other offsets between input and control surface deflection as well.

As the rudder channel was not modeled in 73|, the FBW input-output gain Fpp, was de-
termined from recent flight test data, see Figure 4-4 and Table 4-2. The flight data includes
responses to a series of 3211 and doublet autopilot commands applied on the elevator and
aileron. To remove any steady-state effects due to initial offsets between servo motor position
and control surface deflection, the time derivatives of the control surface deflections were used.
Observe that a constant gain provides a fairly good fit. Note that the values obtained by Zaal
et al. [73] are significantly smaller. The reason for this large difference is unclear but might be
attributed to different gain settings for K, and K or improper conversion of the raw synchro
measurements.

Table 4-2: FBW system input-output gain (175 KIAS FL90)

Aileron Eevator Rudder
Ky 0.70 0.60 0.55

4-4 Conclusions and recommendations

In this chapter the performance limitations of the PH-LAB FBW system have been quantified.
The FBW system is not full-authority as typically found in modern passenger aircraft. This
imposes several limitations on the input response and limits the control envelope in which the
experimental controller has to operate. The control authority proofed to be especially limiting
in the pitch axis, with maximum pitch rates below values typically used for maneuvering.

Several measures can be taken to maximize performance of the FBW system. First, flight tests
should preferably be conducted below barometric altitudes of 13,400 ft. Above this altitude,
the servo motors operate in a lower torque regime. Usage of the automatic elevator trim to
improve authority is not considered beneficial for closed-loop control due to substantial time
delays in this system. Low manipulator gains and proper pilot instruction could limit the
likelihood and severity of actuator saturation. Control law adaptation to reduce performance
degradation in presence of actuator saturation is considered specifically appropriate to include
in the control setup.

The control laws currently implemented in the PH-LAB FBW system use the servo motor
positions as feedback signal. The transmission ratio between servo motor position and control
surface deflection varies due to actuator cable stretch. For quasi-steady airspeed and altitude
conditions, this ratio can be assumed constant. A small estimation error of the transmission
ratio is not considered critical, acting as a minor increase/decrease in control effectiveness.
For future applications it is nevertheless advisable to change the feedback signal to the control
surface deflections.
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Figure 4-4: FBW input-output response (175 KIAS FL90)
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Chapter 5

PH-LAB sensors

Augmented aircraft rely to a high degree on sensor measurements for stability and controllabil-
ity [49]. The quality and accuracy of these sensors have a significant effect on the performance
of the flight control system. Insufficient knowledge of the sensor deviations may result in
serious setbacks [62, 40].

The PH-LAB is equipped with various sensors providing amongst others inertial and air data
measurements [45]. Accurate airflow direction measurements can be obtained from the op-
tional air data boom. Of particular interest to this research are the control surface deflection
sensors, consdidering the control deflection feedback requirement for INDI. All sensors are
connected to the Flight Test Instrumentation System (FTIS) |64, 52| allowing in-flight pro-
cessing. In Chapter 3 the sensor deviations detrimental to (I)NDI were identified. The focus
of this chapter is to quantify the relevant measurement errors of the PH-LAB sensors, from
which sensor models can be developed.

The following sensor systems will be analyzed: Attitude and Heading Reference System (Sec-
tion 5-1), Digital Air Data Computer (Section 5-2), airflow direction sensors (Section 5-3)
and control deflection sensors (Section 5-4). Section 5-5 will provide some conclusions and
recommendations. An overview of the sensor characteristics and relevant sensor positions can
be found in Tables 5-2 and 5-3, respectively.

5-1 Attitude and Heading Reference System

The PH-LAB is equipped with two Rockwell Collins AHS-3000 Attitude and Heading Refer-
ence Systems (AHRS), providing processed inertial observations over the ARINC 429 data bus
[55]. The system features solid-state digital quartz microelectromechanical systems (MEMS)
sensors. Both AHRS are located side-by-side in the nose compartment of the aircraft.

Delay and lag

The AHRS signals are filtered in both the Attitude and Heading Computer and the ARINC
data bus (8 Hz cut-off frequency). The nominal delay is specified at 117 ms and 110 ms for
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the specific force and the attitude/angular rate signals, respectively. The angular rate delay
has also been determined in flight data anlysis [68]. The time difference between autopilot
input command and subsequent response of the angular rate signal served as estimate for the
measurement delay. The validity of this approach is however uncertain considering that time
delays in the actuator system were implicitly assumed zero, see also Section 5-4

Noise and Bias

The noise and bias characteristics of the AHRS signals have also been determined in [68].
The AHRS flight data was processed using a weighted two-sided moving average filter and
subtracted from the equivalent pre-filtered data. The variance of the remaining data served
as an estimate for the noise variance. An estimate for the bias was obtained by subtracting
the averaged flight data of the first AHRS, from the equivalent data of the second AHRS.
The analysis was performed over two relatively stationary parts of the flight and the worst
case values were selected as final estimates. Note that the angular rate signals will require
additional low-pass filtering to reduce sensor noise before the differentiation operation.

Position errors

During maneuvering flight, the measured specific forces might not correspond to the specific
forces at the center of gravity of the aircraft [34]. Kinematic position errors arise due to
position differences between sensors and aircraft center of gravity. These can be compensated
for by applying the following correction:

A —A + (wcg - xahrs)(qQ + 72) — (ycg - yahrs)(pq - 7'”) — (ch - Zahrs)(pr + Q)
Tcg — Tahrs
g
A — A + (ycg - yahrs)(T2 +p2) - (ch - Zahrs)(qr - P) - (xcg - xahrs)(qp + 7:) (5_1)
Yeg — Yahrs
g
A — A + (ch - Zahrs)(p2 + q2) - <$Cg - xahrs)(rp - Q) — (ycg - yahrs)(rq +p)
Zeg T Zahrs
g

Note that this correction will in general reduce the accuracy of the observation. Errors as-
sociated with the additional required measurements will propagate through the observation
of interest as well. Considering the flexible layout of the PH-LAB, it might be beneficial
to relocate the AHRS to the instrumentation rack positioned close to the aircraft center of
gravity.

5-2 Digital Air Data Computer

Air data observations are obtained via two Digital Air Data Computers (DADC) of differ-
ent type. These are located in the nose compartment as well. The air data system uses a
conventional pitot-static arrangement with a mirrored pair of pressure probes.

Delay and lag

Pitot-static systems are under influence of pneumatic lag due to tubing used to carry the sensed
pressure at the pressure probes to the pressure transducers [34]. No technical specifications
are available for the DADC, the dynamic response of the air data sensors is therefore assumed
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equal to a first order lag with a time constant of 0.3 s. Note that this value is obtained from
the ATTAS model [54], a similar twin-jet aircraft adapted for research.

Noise and bias

The noise and bias characteristics of the air data measurements of interest were determined
following similar procedure as described in Section 5-1. Notice the particularly large bias of
Vias in Table 5-2, indicating erroneous calculation of Vi, in one of the DADC.

Position errors

Position errors can arise due to misalignment of the pitot tube relative to the local airflow but
also due to aircraft induced flow perturbations [34]. The former tend to be insignificant below
10° angle of attack [72]. Errors due to aircraft induced flow perturbations are significant but
cannot be easily compensated for. Similar as for the specific force measurements, position
differences between sensor and aircraft center of gravity induce kinematic position errors. The
PH-LAB pressure probes are located relatively close to the aircraft center of gravity (in lateral
and vertical axis), errors induced by this small position offset were found to be insignificant,
see Figure 5-1. In addition, the errors induced by the lateral offset could be accounted for by
averaging the measurement of the first and second DADC, as these are individually connected
to port and starboard pressure probes.

IS X
= 0.5 =
z 2
£a) £a)
0 .
30 0

50

10 0 150 100
q [deg/s] Vias [m/s] r [deg/s]

(a) Errors due to vertical sensor offset (b) Errors due to lateral sensor offset

0 150

Vias [m/s]

Figure 5-1: Kinematic position error airspeed (for a = 8 = 0)

5-3 Airflow direction sensors

The angle of attack and angle of sidelip are comparatively difficult to measure accurately [34].
Current generation passenger aircraft are equipped with dedicated angle of attack sensors
but sideslip sensors are less common. The PH-LAB only features an angle of attack sensor
of limited accuracy, used by the stall warning device [7]. As the angle of attack and angle
of sideslip are important quantities in the aerodynamic model, use will be made of the PH-
LAB air data boom. This option allows measurements relatively free of aircraft induced flow
perturbations.
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The PH-LAB air data boom is fitted with vane-type airflow direction sensors directly mounted
on synchro transducers, see Figure 5-2. No internal signal filtering is applied. The body-
mounted angle of attack sensor is of a similar vane-type but paired with a potentiometer. The
device is positioned on the starboard side of the fuselage near the leading edge of the wing.
The signal is internally filtered, filter type and bandwidth are however unknown.

Figure 5-2: PH-LAB air data boom sensors

Delay and lag

The vanes are of a mass-balanced design, reducing the effect of accelerations and biases on the
airflow direction measurements [34]. Due to the finite inertial characteristics of this design,
the response cannot be considered instantaneous. The dynamic response is assumed equal to
a first-order lag with a time constant of 0.1 s. Note that this value is taken from the ATTAS
model [54]. From flight data analysis, a time difference was observed between the body angle
of attack measurement and the equivalent boom measurement. A value for this difference was
obtained via the argument maximum of the normalized cross-correlation function of the two
signals (see Equation 5-2). The corresponding time difference equates to 0.18 s.

1 *
T = argmax </ (aboom(t) - 'U'abgom) : (abody(t + 7_) - /"abody)dt> (5_2)

t Uaboom Jabody

Noise and Bias

The noise characteristics of the airflow direction signals were obtained in similar manner as
described in Section 5-1. As expected, the body angle of attack measurement is considerably
less noisy compared to the equivalent boom measurement due to internal filtering of the
former, see Table 5-2. The boom airflow sensors are calibrated relative to the nose boom. The
boom points approximately 0.1° upwards compared to the waterline of the aircraft inducing
a steady-state offset. It is advisable to compensate for this offset within the FTIS, for now
this value is taken as a bias. Note that is not uncommon that steady-state offsets in the angle
of sideslip measurement arise due to a non-straight fuselage [42]. The body mounted angle of
attack sensor is calibrated using flight data of the AHRS, hence any bias associated with the
AHRS is propagated through the angle of attack measurement as well.

Position errors

The airflow direction measurements are strongly effected by aircraft induced flow pertubations
[34]. These can be significantly reduced by measuring the flow angles at a sufficient distance
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in front of the aircraft. To get an idea of the magnitude of this effect, Figure 8-7a provides
the response of the boom and body angle of attack measurement near the stall region. The
difference between the two signals equates to more than 1.5° at high angles of attack. The
effect is less pronounced in the normal flight regime but remains significant deeming the body
angle of attack measurements unsuited for use without error correction. Kinematic position
errors can be compensated for by using the following correction:

LTyane — Lcg
Qg = Qyagne — qvi (5‘3)
tas

Lyane — Lcg Zvane — “cg
Bcg = ﬁfuane +7r —p (5'4)
Vias Vias

Note that during maneuvering elastic deformation of fuselage and air data boom may also
result in position errors [34]. This does not only result in static errors, disturbances due to
excitation of the boom structural eigenmodes will propagate through the airflow measurements
as well. Analysis of flight data reveals that the PH-LAB boom also suffers from this problem,
as visualized in Figure 5-3. For visualization purposes the response near the stall is provided
where the boom is excitated by the buffet. The eigenmodes center around 10 Hz and a
clear sinusoidal disturbance is visible in the time response of the angle of attack. In normal
flight regimes the disturbances remain visible in the periodagram albeit with lower intensity.
These disturbances can be reduced by complementing the airflow direction measurements with
inertial mixing [43].
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Figure 5-3: Angle of attack measurement near stall

5-4 Control surface deflection sensors

The PH-LAB is equipped with sensors that measure the deflection angle of the control sur-
faces. The control surfaces are indirectly connected to synchro-type transducers via multiple
linkage rods, resulting in a trigonometric relationship between measured and actual deflection.
Conversion between the two is performed within FTIS by means of a polynomial regressor,
which coefficients were determined via calibration. No internal signal filtering is applied.
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The measurement of the aileron deflection follows from a single, starboard aileron synchro only.
The control laws developed in this thesis require however observations of the total aileron de-
flection i.e. port plus starboard aileron deflection in the case of the PH-LAB. Furthermore,
the relationship between port and starboard aileron deflection is nonlinear, a conversion poly-
nomial has been determined via calibration as well. The relationship between total (dg,,,) and
starboard (d,,,,,) aileron deflection can subsequently be derived, see Equation (5-5) and Table
5-1.

2
Astbd

+ ¢363 (5-5)

Astbd

6atot = Co + Cléastbd + 625

Table 5-1: Coefficients conversion polynomial (for deflections in degrees)

Co C1 Co C3
—1.366792 - 10~1  2.025277 1.146134-10~2 1.257941-10*

Delay and lag

The measurement delay of the control deflection signals was determined in [68]. The time
difference between autopilot input command and the subsequent signal response of the control
deflections served as a measure for the delay. This approach does however not account for
possible delays in the actuator system nor does it allow to differentiate between actuator
and sensor delay. This approach is therefore only valid for determining the relative time
delay between angular rate and control deflection measurement (corresponding to 90 ms).
Considering the absence of signal filtering, high sampling frequency and minimal delay inherent
to synchro-type transducers [34], the control deflection measurement delay is assumed zero.
For synchronization, the surplus of delay of the angular rate signals should be artificially added
to the control deflection signals.

Noise and bias

The noise characteristics of the control deflection signals were determined in [68] as well.
Notice in Equation (5-5) that for zero starboard aileron deflection the total (i.e. port) aileron
deflection is non-zero, the subsequent offset ¢y is taken as a value for the bias.

5-5 Conclusion and recommendations

In this chapter the measurement deviations of the PH-LAB sensors have been quantified (see
Table 5-2). The following measures are proposed to minimize performance degradation within
(I)NDI controllers:

e Significant differences in time delay exist between angular rate and control surface de-
flection measurement. The incremental control method requires synchronous feedback
of these two quantities. To this end, the surplus of angular rate delay needs to be
artificially added to the control surface deflection measurement.

e Low-pass filtering is required to remove sensor glitches and minimize the amount of
noise being propagated through the control laws. This is in particular important for the
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unprocessed measurement signals (i.e. synchros) and the angular rates, the latter being
differentiated to obtain angular accelerations.

e The PH-LAB sensors are not located in the vicinity of the aircraft center of gravity. Kine-
matic position errors in the specific force and airflow direction measurements therefore
need to be compensated for. Errors in the airspeed measurement due to maneuvering
proofed to be minor.

e The structural eigenmodes of the PH-LAB air data boom are excitated in flight. This
results in a 10 Hz disturbance signal in the airflow direction measurements. These distur-
bances can be effectively reduced by complementing the airflow direction measurements
with inertial mixing.

e The body angle of attack sensor was found to be of insufficient accuracy. The offset
induced by aircraft induced flow perturbations has to be modeled if the body angle of
attack sensor is to be used in future applications.

e The PH-LAB only features a starboard aileron deflection sensor. The incremental control
method requires however feedback of the total aileron deflection. The nonlinear relation
between port and starboard aileron deflection has been determined in calibration. From
this relation the total aileron deflection could be derived.
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Table 5-2: Sensor characteristics PH-LAB [68, 55]

Source Signal Noise (o2) Bias Resolution Delay [ms|] Lag [ms| Sampling freq. [Hz|
p,q,7,0,0,% [rad/s] 4.0-1077 3.0-107° 6.8-107" 90 - 52
AHRS 0, ¢ [rad] 1.0-107% 4.0-107* 9.6-107"7 90 - 52
A Ay A, g 1.5-107% 2.5-107% 1.2-1074 117 - 52
Viass Veas [m/s] 8.5-10~4 2.5 3.2-1072 - 300 8, 167
DADC h m] 4.5 10:3 8.0 10:3 3.0 10:1 - 300 16
h [m/s] 55-107% 4.5-1072 8.1-1072 - 300 16
M [-] 1.0-107% 7.0-1077 6.3-107° - 300 8
Vround [m/s] 7.0-107% 2.0-1071 - - - 2
FMS v [rad] 55-1078 7.0-107* - - - 10
X [rad] 7.0-107% 6.0-107% - - - 2
synchro a0, O [rad] 5.5-1077 2.4- 10—? - ~0 - 100
Qpoorns Broom [rad]  7.5-107%  1.8-107% 9.6-107° - 100 100
analog Qbody [rad] 4.0-10710 - 1.0-107° 180 100 1000
T DADC No. 1 (Vigs only)
Table 5-3: Location relevant sensors in Fy [12]
‘ Ay, Ay, A, Aboom Broom Cpody Ptot
x[m] [ 1.6256  -0.6985 -0.4140 4.4069 -
y [m] | +0.3810 - - - +0.2972
z[m] | 2.6670 - 3.2639 - 2.3114

cL

saI0suds gVT-Hd



Chapter 6

Aircraft model

The availability of mathematical models describing the aircraft and its subsystems is the
prerequisite for the analysis and synthesis of flight control laws [49]. The accuracy and quality
of these models have a considerable impact on the overall controller performance. This chapter
covers the modeling of the aircraft and relevant subsystems and prepares the models for the
assessment of the numerical design criteria (defined in Chapter 8).

The aircraft model is a high fidelity 6-DOF nonlinear model of the Cessna Citation 1. The
model was developed in the Delft University Aircraft Simulation Model and Analysis Tool
(DASMAT) [36]. Note that the Citation II is a more recent iteration of the Citation I with
increased seating capacity and improved flight performance [20]. The Citation II features more
powerful engines, a longer fuselage and longer wings. Despite these differences, the Citation
I model fits reasonably well to flight data of the Citation II [65]. The Relative Root Mean
Square Error (RRMSE) for the longitudinal force and moment coefficients equate to 9% and
13% respectively. For the lateral force and moment coefficients the RRMSE equals 7% and
9% respectively.

The chapter is structured as follows. In Section 6-1 the reference frames used for the derivation
of the model equations will be briefly discussed. The model equations will be derived in
Section 6-2. In Sections 6-3 and 6-4 the aerodynamic and mass model will be discussed,
respectively. Following the results obtained in Chapters 4 and 5, actuator and sensor models
will be developed in Sections 6-5 and 6-6, respectively.

6-1 Reference frames [306]

Multiple reference frames are used to describe the aircraft motion and the forces and moments
on the aircraft. In addition, a separate reference frame is used to describe the locations of
the aircraft components.
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Table 6-1: PH-LAB operating limitations [13]

Symbol Minimum Nominal Maximum Unit
m 3765 (BEW) - 6622 (MTOW) kg
Teg 7.013 (0.18¢) - 7.259 (0.3¢) m
T 208.15 219.15 339.15 K
h —304.8 10670 13106 m
Veas 39 121 142 m/s
n —1.32 - 3.3 g
S —19, —34f - 15, 341 deg
Je —17 - 15 deg
Op —22 - 22 deg

T Total aileron deflection

Earth-fixed reference frame Fg

The earth-fixed reference frame or North-East-Down (NED) reference frame is a right-handed,
rectangular Cartesian reference frame with the origin located in the aircraft center of gravity.
The x-axis points towards North, the y-axis towards East and the z-axis points downwards
parallel to the local direction of the gravitation. The NED reference frame is used as an
inertial reference frame.

Body reference frame F;

The body reference frame is a right-handed, rectangular Cartesian reference frame with the
origin located in the aircraft center of gravity. The orientation is fixed relative to the aircraft
body with the xy-plane coinciding with the aircraft’s plane of symmetry. The x-axis points
forward in the direction of flight, the y-axis points starboard and the z-axis points downward
under normal flight. The body reference frame is used for the derivation of the force and
momnient equations of motion. The transformation from F, to Fg requires three consecutive
Euler angle rotations: ¢ — 6 — 1. The resulting transformation matrix is defined as:

S

)c
)

W) (s
sin( (<)¢>> < ety )(())) sin(@)eos®) | 6.1
() > ( sin(g)cos(1)) ) cos(¢)cos(6)

cos(f)co
(

Typ = Esm EC();SI(%
)

sin(¢

co
0
sin

Stability reference frame F;

The stability reference frame is a right-handed, rectangular Cartesian reference frame with
the origin located in the aircraft center of gravity. The y-axis coincides with the equivalent
axis of the body fixed reference frame. The x- and z-axis are defined by performing a plane
rotation about the negative body y-axis over the angle of attack. The x-axis is parallel to the
projection of the air-mass referenced velocity vector on the aircraft plane of symmetry. The
stability reference frame is used to express the aerodynamic force and moment coefficients.
The transformation matrix from Fp to Fy is defined as:
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cos(a) 0 sin(«)
To=| 0 1 0 (6-2)
—sin(a) 0 cos(a)

Aerodynamic reference frame F,

The aerodynamic reference frame is a right-handed, rectangular Cartesian reference frame
with the origin located in the aircraft center of gravity. The x-axis is directed along the air-
mass referenced velocity vector. The z-axis coincides with the equivalent axis of the stability
fixed reference frame. The x- and y-axis are defined by performing a plane rotation about the
positive stability z-axis over the angle of sideslip. The transformation matrix from Fs to F,
is defined as:

cos(B) sin(B) O
Tas = | —sin(8) cos(B) 0 (6-3)
0 0 1

Datum reference frame Fy

The datum reference frame is a left-handed, rectangular Cartesian reference frame. The origin
is located in the aircraft plane of symmetry, 2.39 m (94.0 in) forward and 0.381 m (15.0 in)
below the front face of the forward pressure bulkhead [12|. The x-axis is in the plane of
symmetry, the y-axis is perpendicular to this plane of symmetry and points to port, the z-axis
points upwards under normal flight. The datum axis are anti-parallel to the body axes. This
reference frame is used to define locations of characteristic points relative to the aircraft such
as the center of gravity and the sensor positions.

6-2 Model equations

The combined translational and rotational dynamics of a rigid-body aircraft over a flat non-
rotating earth are described by the Newton-Euler equations:
]T

V = m_l(FA(w,u,p) + FT(m,uo,p)) —wxV+Tyg [O 0 g (6-4)

w = J(p)(MA(a:7u,p) + Myp(x,up,p) — w X J(p)w) (6-5)

Where V' = [u,v,w]T are the inertial translational velocities and w = [p, ¢, 7] the angular
rates, both in body axis. F4 and M4 are the aerodynamic forces and moments respectively,
Fr and My are the forces and moments induced by the thrust. The vectors u, u,, « and p are
the aerodynamic controls, the throttle settings, the air-mass referenced aircraft states and the
model parameters, respectively. Tyg is the transformation matrix from the NED frame to the
body frame. The aircraft mass is denoted by m and assumed constant, g is the gravitational
constant and J the inertia tensor:
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Jxx 0 *sz
J(p) = 0 Jyy 0 (6-6)
_J:cz 0 Jzz

Note that it is assumed that the aircraft is symmetrical in the xy-plane i.e. Jyy = Jy. = 0.
The rotational kinematic motion can be expressed in terms of the Euler angular rates following
transformation of the body angular rates:

¢ p
0| =Tas |q (6-7)
P T

Where Tgy is the corresponding transformation matrix:

1 sin(¢)tan(f) cos(¢)tan(6)
Tep = |0 cos(¢) —sin(¢) (6-8)
0 sin(¢)sec(f) cos(¢)sec(h)

The aerodynamic forces and moments are defined in terms of their respective coefficients in
the stability reference frame:

$,CGre 1 B
FA Ired (m,u,p) = Ep‘/t?zss Cy (6_9)

s,c : 1
M (x,u, p) = 5,0‘/,%85 cCy, (6-10)
bC,,

Where p is the air density, Viqs the true airspeed, b the wing span, ¢ the mean aerodynamic
chord and S the wing surface area. Cp, Cy and Cp are the non-dimensional drag, side
force and lift coefficients respectively and Cj, Cy, and C), are the non-dimensional moment
coefficients. The aerodynamic coefficients are defined in the stability reference frame with
Cgref as origin, the aft limit of the aircraft center of gravity. The force and moment equations
in body axis with the center of gravity cg as origin are defined as follows:

Fy9(x,u,p) = T FY7 (@, u, p) (6-11)

Mgcg(w, u,p) = T;}le’cg”f(:c, U, P) + (Tegoep — Teg) X Fz’cg(w, u,p) (6-12)

Where Ty, is the rotation matrix from the body to the stability reference frame, r¢,, . and
Ty are the reference and actual position of the center of gravity, respectively.
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6-3 Aerodynamic model

The non-dimensional aerodynamic force and moment coefficients are modeled as ordinary
polynomials. The force coefficients are parametrized as follows:

Cp = Cp, + Cp, 6. + Cp,,62 + Cp, ‘fc (6-13)
r tas
rb
CY = Cyﬂﬁ + CYzSa 5(1 + CY(;T (57‘ + CYTF (6-14)
tas
qgc
CL:CL0+CL5956+CLQV7 (6-15)
. tas
The moment coeflicients are parametrized in similar fashion:
CL=C1.B+Ch datCh byt Cr Gy +Co L0 4 1 1
1 = Ci,f + Ci5, b0 + Ci5 6 + Ciy, 01, +C, oy, T Crgy (6-16)
qc
Cm = Cg + Cs 0 + Cpy, 0t, + Cmqv— (6-17)
€ tas
Cp = o Ga+ Coy G0+ Cry 61+ O P2 1
n = Cngf + Cns,0a + Cns, 6 + Chy, 61, + oy + Ch, Vi (6-18)

Note that due to space restrictions, less important coefficients (e.g. ground effect) have been
left out. Terms like Cy, may in turn depend on the angle of attack, Mach number, altitude
etc. Note that for the inverse model, terms associated with the trim deflections are assumed
zero as are higher order control effector terms.

Multiplicative uncertainties are added to the aerodynamic coefficients and the rotational in-
ertia. As an example, the perturbed side force coefficient Cy is defined as follows:

Cy = Cy (1 + ACy) (6-19)

Where Cy is the nominal value of the side force coefficient and ACYy the corresponding
tolerance parameter. These are up to 10% for the longitudinal coefficients and up to 30% for
the lateral coefficients following standard practice, see Table 6-2.

6-4 Mass model

The aircraft mass, rotational inertia and center of gravity differ to a significant degree between
the Citation I and the Citation II [20]. To this end, a highly accurate mass model of the
Citation IT was adopted from De Visser [17]. The model is based on the weight and balance
calculation procedure of the Citation II and takes into account the mass and position of
passengers, payload and fuel. The contribution of the fuel mass is updated by means of
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Table 6-2: PH-LAB parameter uncertainty ranges

Symbol Minimum Nominal Maximum
ATsyne —0.3 0 0.3
Adys -0.1 0 0.1
Adyy —-0.1 0 0.1
Adyy —0.1 0 0.1
Ady, —0.3 0 0.3
ACp —0.1 0 0.1
ACT, —0.3 0 0.3
ACy —0.1 0 0.1
AC, -0.3 0 0.3
AChH, —0.1 0 0.1
AC, —0.3 0 0.3
AC, -0.3 0 0.3
AC, —0.3 0 0.3
ACp, —-0.1 0 0.1
AC,, —0.3 0 0.3
AC,, —0.3 0 0.3
ACy, —0.3 0 0.3
ACy, —0.3 0 0.3
ACh; —-0.1 0 0.1
ACy,, —0.3 0 0.3
ACy;, —0.3 0 0.3

feedback of the used fuel and a model of the geometry of the fuel tanks. The model requires
initial values for the usable fuel mass, the mass and position of passengers and payload, and
the aircraft Basic Empty Weight (BEW) and corresponding rotational inertia (see Table 6-3).
The output of the model consists of the current aircraft mass, center of gravity position and

the rotational inertia.

Table 6-3: PH-LAB geometry, rotational inertia and center of gravity position [13, 17]

Fabian Grondman

Symbol Quantity  Unit
S 30 m?
b 13.35 m
¢ 2.0569 m
Jee (BEW)  12392.2  kg-m?
Jyy (BEW)  31501.1  kg-m?
J.. (BEW) 41908.4 kg-m?
Je» (BEW) 22522  kgm?
Teg, s 7.259 m
Yeg,ep 0 m
Zeg,or 3 m
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6-5 Actuator model

To assess the effect of actuators on the closed loop performance, actuator models are included
in the simulation environment. Furthermore, INDI requires feedback of the deflection angle
of the control surfaces. In case these are not available as measurement or model dependency
is preferred over sensor dependency, accurate actuator models are required for estimation.

Actuator dynamics are typically modeled as first or second order systems [36]. The original
Citation I actuator model is first-order. The flight control system of the Citation II is similar
to the Citation I nevertheless, differences still exist [50]. Furthermore, the dynamics and
limitations associated with the FBW system are not included in this model. The input-output
response of the FBW system has been previously modeled as an equivalent time delay and
gain [73]|. This model does however not include actuator position or rate limits. A component-
level model of the FBW system has been developed by Lubbers [45]. The rudder channel was
however not included in this model. Use of an actuator model with this degree of complexity
would also not fare conceptually with the model-independent nature of INDI.

Considering the above, it was chosen to develop a first-order model of the PH-LAB actuator
system using available flight test data. The flight test data used in the modeling process
contains responses to a series of open loop 3211 and doublet commands applied by the autopilot
on elevator and aileron, this way any dynamics of the FBW system are included as well. This
approach also allows to make a clear distinction between lag and delay components. Besides a
first-order lag component, the model includes actuator position and rate limits, and a transport
delay:

5(t) = S; (bewwactu(t — Tuet) — WaetSs (6(t))> (6-20)
Omaz if x> dmaz
Ss(z) = r if Spin < T < dpmas (6-21)

Smax if x> Smam
Si(x) = T if  |z| < dmax (6-22)
—Omaz 1 < —=0maz

Where Ky, is the FBW input-output gain, ¢ is the deflection angle of the control effector, u
the input, wee the actuator bandwidth and 7, the transport delay. The saturation functions
for actuator position and rate are S5 and S;, respectively.

The actuator bandwidth is determined by fitting the measured deflection angle to the general
step input time response of a first-order system:

5(t + 7—act) =dp + ](fbufustep(1 - e_twad) (6'23)
Where ugep, is the step input size and g is the initial deflection angle. A nonlinear least
square curve-fitting method is selected to find the optimum fit for w,. for each step input

command. The average value is taken as final estimate. Note that not all data proofed to be
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usefull for modeling as during some maneuvers the actuators were saturated. The actuator
bandwidth proofed to be very similar to the actuator model of the Citation I. The transport
delay has been determined in previous research [68] although misidentified as sensor delay, see
also Section 5-4.

For each step input command the maximum rate of deflection Smax is determined as well, the
average is taken as a final estimate. Note that the actuator model does not include speed
dependent position limiting.

0, [deg]
o

Measurement
— — — - Model

1127 1128 1129 1130 1131 1132 1133 1134 1135
Time 3]

Figure 6-1: Response aileron deflection to 3211 input command (175 KIAS FL90)

Table 6-4: Actuator model parameters

Omaz [deg]  Omin [deg] Kiow -] Omax [deg/s|  Taet [ms|]  waer [rad/s]
Aileron 15 -19 0.70 124

19.7 39.8
Elevator 15 17 0.60
Rudder 22 -22 0.55 (c=4381) (0=791) (0=2.30)

6-6 Sensor models

The following sensor characteristics are modeled: noise, bias, delay, lag and quantization
effects (see Table 5-2). The noise is modeled as a zero-mean Gaussian process. In addition,
kinematic position errors are applied on the specific force and airflow direction signals. The
disturbances induced by the flexibility of the air data boom are modeled as a 10 Hz sinusoidal

signal.
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Chapter 7

Control law design

This chapter covers the design and integration of the individual controller functions. This in-
cludes the construction of the actual synthesis of the controller components and signal process-
ing algorithms. The individual functions are integrated in a standard controller architecture.
These have been developed over the years at the institute of System Dynamics and Control
(SR) of the German Aerospace Institute (DLR). For implementation the MATLAB/Simulink
environment is used.

The controller is designed as a manual control system proving command augmentation and
stabilization. The design is based upon earlier manual control functions developed for the
VFW-614 ATTTAS [37] but uses Incremental Nonlinear Dynamic Inversion for the inner
rate-loop. The objective of the controller is two-fold: Rate Control Attitude Hold (RCAH)
and Attitude Control (AC). RCAH is governed between +27° and +15° for roll and pitch,
respectively. AC is governed outside this range up to £35° and +20° for roll and pitch,
respectively. The lateral tracking task includes the angle of sideslip as well. An important
functionality of this controller is Pseudo Control Hedging (PCH), used for adaptation of the
reference model output in case of actuator saturation

The chapter is structured as follows. Section 7-1 presents the design of the dynamic inversion
inner rate-loop. The design of the outer loop is presented in Section 7-2. Finally in Section
7-3, the signal processing design will be presented.

7-1 Inner loop

This section will discuss the design of the inner loop, see Figure 7-1. (I)NDI is applied to
the rotational dynamics of the aircraft. The control variables y are set equal to the body
angular rates w = [p, ¢, r]T. The aileron, elevator and rudder deflection are selected as input,
i.e. u=[04,0 6"
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Outer loop

,,,,,,,,,,,,,,,,,,,,, Innerloop
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controller
”] State estimation, ]
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Zy| synchronisation

Figure 7-1: General controller structure

7-1-1 Angular rate NDI

The analytic relationship between the body angular rates and control surface deflections arises
directly from Euler’s rotation equations, see Equation (6-5). Neglecting the moment induced
by the thrust My, the aerodynamic moment M 4 can be split into into an airframe dependent
part M, and a part dependent on the control effectors M.. These are assumed to be of the
following form:

bCY
1 a
M, (z,p) = §PVtzasS cCrn, (7-1)

) bCy,, 0 bC;;,
= M, (x,p) = 5pvt?lss 0 Cpy, 0 (7-2)
bCh,, 0 bCh,

OM.(x,p,u)
ou

Where p is the air density, Vi,s the true airspeed, S the wing surface area, b the wing span, ¢
the mean aerodynamic chord, @ the aircraft states and p the model parameters. Note that it
is assumed that M, is linear in u. Equation (6-5) can be rewritten as follows:

w = J ! (p)(Ma(x,p) + Me,(2,p)u — w x J(p)w) (7-3)

Applying dynamic inversion to Equation (7-3), the following control law is obtained:

w= M@ p)J(p") (v - T (") (Ma(,p") - w x J(p")w) ) (7-4)

(Lgh)~! Lsh
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7-1-2  Angular rate INDI

The incremental form of Euler’s rotation equation is obtained following a first-order Taylor
expansion of Equation (7-3) around the current point in time '0’:

w A W+ %(J‘l(p) (My(z,p) + Mey(x, p)u — w x J(p)w)) oo (w — wp)
u=uo Aw
b (T ) (Mo, p) + Moy ()~ < J(p)) )| (u—uo) (75)

u=uo Au
Again assuming w — wo = 0, Equation (7-5) reduces to:

@ = &+ J 7 (p) Mey (w0, p) Au (7-6)

Applying dynamic inversion to Equation (7-6) and adding the current control surface deflec-
tions dg, the following control law is obtained:

u = M, (d&,p")J (p") (v — @0 ) + d (7-7)
G-1 d:o

7-2  Outer loop [37]

This section will discuss the design of the outer loop, see Figure 7-1. The outer loop consists
of the following components: command module & reference model, sideslip controller, Turn
Compensation (TC), linear controllers and Pseudo Control Hedging (PCH).

7-2-1 Command module & reference model

The command module and reference model serve as attitude flight envelope protection and
command filter, respectively. Furthermore, the command module blends two different control
methods: rate control attitude hold (RCAH) and attitude control (AC). RCAH is active
between 27° and —27° for roll and between 15° and —15° for pitch. When these limits are
reached the feedforward term is deactivated and the pilot command signal is directly added to
the saturated signal, see Figure 7-2. This way the attitude angles are directly governed by the
pilot command input. AC is active up to +35° for roll and +20° for pitch, these are the limit
values of the system. Note that for zero pilot input command in AC mode, the system will
always command the aircraft back to the RCAH attitude limits. The purpose of this setup
is to reduce violent behavior when the roll and pitch limits of the system are reached. The
gain K in the command module is required to achieve a smooth transition between AC and
RACH. The reference model is a conventional second-order system smoothing the command
signals to values achievable by the aircraft, see Equation (7-8).
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2
Hop(s) = 5—mif2 Cnres (7-8)
re - -
s2 4+ Kis+ K1 K> 32+2C’f’€fwnrefs+w72lref
Command module Reference model

)
¢ bpit

K,

Figure 7-2: Command module & reference model [37]

7-2-2 Sideslip controller

For manual control, the angle of sideslip is preferred as outer loop control variable. Further-
more, as there is no means to manually control the yaw axis due to absence of a yaw input
device, coordinated flight is only possible by means of direct sideslip augmentation. The
control setup therefore includes a sideslip controller:

Tcom = Vi(wp - Ay) - <1Kﬁ1 (Bplt - B) - Kﬁﬁ) (7'9)
tas S

The following approximation for w is used in absence of a direct measurement:
w = Vigssin(a) = Vigsav (7-10)
7-2-3 Turn Compensation

The control setup includes a turn compensation (T'C) module with the following control law:

mg

etc = (COS(D(QSTef)) - ].) m (7—11)
Where D is the deadband function:
_ ¢ref if |‘T| > %
D(z) = { 0 i |rl<.x (7-12)
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7-2-4 Linear controllers

The linear controllers are defined in Equations (7-13) to (7-15). For the pitch and roll channel,
the controllers operate up to the 2°d order time derivative.

Vi = (K¢ + 8¢I> (¢ref - ¢) + Kd;(gbref - Qb) + K(és'ﬁbref (7'13)
Ko, . . .

Vg = Ky + s (97‘ef + Ope — 9) + Ké(eref - 0) + Kéeref (7'14)

Vp = Kr(rcom - T) (7—15)

Kinematic inversion of Equations (7-13) and (7-14) immediately results in:

Vp o P
Vgl = T;b 1/9' - Tq;b q (7—16)
Vp Vi T

7-2-5 Pseudo Control Hedging

Pseudo Control Hedging is implemented slightly differently as in [37], where hedging was only
activated upon saturation of the actuator model. As the PH-LAB actuator model does not
include speed dependent position limiting, activation upon model saturation is not desirable.
In this setup, upon manual activation, compensation will be provided irrespective of actuator
saturation.

Consider again Equation (2-17), substituting the results obtained in Section 7-1 for G, the
virtual control hedge vy, is obtained as follows:

vy, = M, (&0, p")J L(p*)(u — 0) (7-17)
G

Kinematic inversion of Equation (7-17) immediately results in:

o Vp . |P
Vg = Tgyp Vg + Tap | q (7—18)
1/1/1 h Vp h T

The compensation signal is subtracted from the reference signal [g.z5,n€ f,éref]T, see Figure 7-
2. The command module also requires hedging as the commanded attitude [qﬁcom,ﬁcom]T
is obtained via integration of the pilot rate command [éplt,éplt]T, leaving the commanded
attitude unhedged would lead to undesired overshoot.
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7-3 State estimation, filtering and synchronization

Good quality sensor signals are imperative to (I)NDI control. Not all signals provided by the
PH-LAB sensor systems are processed and might contain disturbances that would propagate
through the control laws without filtering. Inertial sensors are sensitive to structural vibrations
while air data sensors pick up atmospheric turbulence. The flexibility of the PH-LAB air data
boom also adds a 10 Hz disturbance to the airflow direction signals. The filtering techniques
proposed here are in part taken from Looye and Joos [41].

The angular acceleration signals require additional attention as these are obtained via dif-
ferentiation. Careful filtering of the angular rates is necessary to reduce sensor noise. The
angular rate and control deflection signals also require synchronization.

7-3-1 Inertial data

The angular rates are filtered with a second-order low-pass filter [3]:

2

Hyu(s) = g (7-19)
82 + 2Cfuwn,y + W3

nfil

The natural frequency wy,, is set equal to 20 rad/s and the damping ratio (y; is unity.
The remainder of the inertial signals are filtered using first-order low-pass filters with a time
constant of 50 ms.

7-3-2 Air data

All DADC and airflow direction signals (see Table 5-2) are combined with inertial measure-
ments using a first-order complementary filter:

1 TFilS
T €Ty
Tfils-f-l Tfils—l-l

(7-20)

T =

Where x; is the inertial equivalent of air data signal x. The filter time constant 7y; is set
equal to 1 s. Note that for some signals the derivative of the inertial signal is used as high-pass
signal (i.e. substitute ; for sx; in Equation 7-20).

The inertial speed V; is calculated from the linear accelerations (Fp — Fa):

. cos(a)cos(B)
Vi = [am ay az} sin(p) (7-21)
sin(a)cos(f)

The linear accelerations are obtained from the specific force measurements by addition of the
gravitational component (Fp — Fp):
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ay Ay —sin(0)
ay| =g | |Ay| + | cos(f)sin(¢) (7-22)
a A, cos(6)cos(¢)

The derivative of the inertial vertical speed hl is obtained from the linear accelerations (Fp —
FE):

) sin(0)
hi = [az ay as] | —cos(#)sin(¢) (7-23)
—cos(#)cos(¢)

The altitude h is complemented with the complementary filtered vertical speed h. An approx-
imation is used for the inertial Mach number M;:

‘/tas

M; ~ 7-24
20.05+/(288.2 — 0.0065h) (7-24)

The inertial angle of attack oy is computed as follows:
a; =0 —", (7-25)

Where v, is the air-mass referenced flight path angle:

h h
Yo = sin ( ) ~ (7-26)

‘/vt(lS V;fas
The derivative of the inertial angle of sideslip f3; is obtained as follows:

Ay g + gsin(¢)cos(0)

B; = — rcos(a) + psin(«) (7-27)
‘/tas

For comparative reasons the angle of sideslip is estimated as well. The estimated angle of
sideslip (es: is obtained as follows:

ﬁest = ! < Aymgs - CYrest> (7-28)

1 2
CYB 5P0 ‘/cas

Where Cy,,,, and Cy, are determined by rearranging the side force equation of the aerody-
namic model into the following form:

Cy :Cyﬁ(M,a,...)5+Cyrest(M,a,ér,...) (7—29)

A second-order complementary filter is used to prevent bias in case of long duration cross
wind shear:
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Kis+ Ko S

Best = mﬁest + mﬁz

(7-30)

The filtering gains K7 and K» are set equal to 1 and 0.2, respectively.

7-3-3 Control deflection

Synchronization between control deflection and angular acceleration feedback is achieved by
applying equivalent filtering and artificially adding the surplus of angular rate delay to the
control deflection signal [61, 69]:

80 = Hyir(s)Hsyne(5)0 (7-31)

Where Hgype is the frequency-domain equivalent of a pure time delay 7gyn. corresponding
to the surplus of angular rate delay. To account for variations in delay (e.g. due to sam-
pling or unmodeled delays), a multiplicative uncertainty is added to Teyne. Alternatively, the
synchronized control deflections may be estimated using actuator models:

Z_lHact(S)Hfil(S)Hsym(s)
1 — 27 Hye(8)H pit(8) Hyne(s)

Soest = A’u’ (7_32)

Where H, represents the actuator dynamics i.e. the frequency-domain equivalent of Equation
(6-20). Note that 27! is the increment delay, strictly this term is required as Aw is one
incremental time step ahead of dy.
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Chapter 8

Design optimization

This chapter covers the formulation of the design specifications and overall optimization of
the integrated control system developed in Chapter 7. For the tuning of the control laws
multi-objective optimization is used. The Institute of System Dynamics and Control (SR) of
the German Aerospace Institute (DLR) developed the Multi-Objective Parameter Synthesis
(MOPS) tool specifically for this purpose [32].

Multi-objective optimization allows a large set of criteria to be simultaneously addressed and
aims to locate the best-compromise solution [43]. Scaling functions are used to assign relative
importance to the criteria. Looye and Joos [41] developed a structured approach to multi-
objective control law design whereby robustness is addressed using a multi-model approach
in combination with local robustness criteria. The former is used to achieve robustness to
parametric uncertainties in the synthesis model, the latter to unspecified uncertainties. This
approach will be closely followed and adapted to the needs of the current project. Note that
the optimization is performed separately for the longitudinal and lateral aircraft dynamics.

This chapter is structured as follows. In Section 8-1 the design specifications will be formulated
and translated to numerical evaluable criteria. In Sections 8-2 and 8-3 the robustness and
handling quality criteria will be further elaborated on. The tuning of the synthesis parameters
is performed in Section 8-4. The resulting NDI and INDI design will be compered in Section
8-5. Finally in Section 8-6 some conclusions and recommendations are provided.

8-1 Design criteria [41]

Multi-objective optimization requires a set of computable criteria that can be used for opti-
mization. The design criteria for the longitudinal and lateral synthesis parameters are defined
in Tables 8-1 and 8-2, respectively. These are computed from nonlinear simulations and a
linear analysis of the closed-loop system. The former are used to evaluate the reference track-
ing with criteria concerning overshoot, rise time, settling time and control effort. A second
simulation is used to assess the disturbance rejection by means of a (cross)-wind step.
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The criteria are formulated as min-max optimization problems and scaled such that a value
smaller than 1 is considered satisfactory. The criteria corresponding to the nonlinear simula-
tions are scaled by division of the corresponding demand value:

o u(m) = D (8-1)
J

Where c¢; . is the computed value of criterion j and model case k, and d; the corresponding
demand value. The tuning parameters are contained in T, these are the linear controller
gains and reference model parameters, see Equations (7-13) to (7-15) and Equation (7-8),
respectively. The criteria corresponding to the linear analysis are scaled using ’good-bad’
values [32]. With this scaling type, it is demanded that the criterion is at least equal to the
'bad-low’ ('bad-high’) value. The region between 'bad-low’ (’good-high’) and ’good-low’ ("bad-
high’) is considered acceptable with linearly decreasing (increasing) scaling. Values larger
(smaller) than ’good low’ (’good high’) are considered equally good and are subsequently
scaled to 0. Notice that for some of the criteria in Tables 8-1 and 8-2 an inequality constraint
is used such that no further optimization is performed after the demand value is obtained.

Table 8-1: Design criteria MOPS, longitudinal part. All simulations: symmetrical horizontal
flight; Vies = 123 m/s

Bad-low/ Good-low/

Name Description Calculation good-high  bad-high

Demand Type

Simulation 1: Box-cart: 6, =2.5°/satt=1tillt =65

osdthe [-] Overshoot 6 - - 0.5 c
rtdthe [s] Rise time 0%—100% - - 0.75 c
stdthe [s] Settling time §  0.1° - - 4 m
osthe [-] Overshoot 6 - - 0.1 c
dbratio [s] Dropb. r. %SB 0/0 0/0.1 - m
stthe [s] Settling time 0.1° - - 4 m
maxdde [deg/s] Maximum §, max|d| - - 20 m
Simulation 2: Wind step wying = 16 m/sat t =1s

maxthe [deg] Maximum 6 max|0 — 0| - - 3.35 m
maxde [deg] Maximum &, max|de| - - 15 m
Linear analysis:

gmde |dB] Gain margin d, 4/- 6/- - m
pmde |deg] Phase margin d, 40/- 60/- - c
gmq [dB] Gain margin ¢ 4/- 6/- - m
pmq [deg] Phase margin ¢ 40/- 60/- - c

m=mminimize, c=inequality constraint

8-2 Robustness [41]

The robustness of the control law is addressed in two ways. A multi-model approach is used to
achieve robustness to parametric uncertainties. The multi-model setup is created by adding
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Table 8-2: Design criteria MOPS, lateral part. All simulations: symmetrical horizontal flight;
Vias = 123 m/s

Name Description Calculation Bad-low Good-low Demand Type
Simulation 1: Box-cart: ¢p =5 °/satt=1tillt=6s

osdphi [-] Overshoot ¢ - - 0.5 c
rtdphi [s] Rise time ¢ 0%—100% - - 0.75 ¢
stdphi [s] Settling time ¢ 0.1° - - 4 m
osphi [-] Overshoot ¢ - - 0.1 c
rtphi [s] Rise time ¢ 0%—100% - - 5 c
stphi [s] Settling time ¢ 0.1° - - 4 m
maxdda [deg/s] Maximum 0, max|dy| - - 40 m
errbeta [deg] Error fOT |8|dt/T - - 0.5 m
Simulation 2: Step B,; =5 at t =1s

osbeta |- Overshoot 3 - - 0.01 c
rtbeta [ Rise time 10%—90% - - 4 m
stbeta [s] Settling time 8 0.1° - - 5 m
maxddr [deg/s] Maximum 0, max|d, | - - 20 m
errphi [deg] Error ¢ fOT |p|dt/T - - 0.5 m
Simulation 3: Wind step vying = 16 m/s at t =15

maxphi [deg| Maximum ¢ max|¢| - - 6.7 m
maxdr [deg] Maximum §, max|dy | - - 22 m
Linear analysis:

gmda [dB] Gain margin 4, 4 6 - m
pmda [deg| Phase margin J, 30 60 - c
gmdr [dB] Gain margin 6, 4 6 - m
pmdr [deg] Phase margin 6, 30 60 - c
gmp |dB] Gain margin p 4 6 - m
pmp [deg] Phase margin p 30 60 - c
gmr [dB] Gain margin r 4 6 - m
pmr |deg] Phase margin r 30 60 - c

m=minimize, c=inequality constraint

a number of model cases with worst-case parameter combinations to the nominal case. These
worst-cases are defined with respect to one of the design criteria defined in Tables 8-1 and 8-2.
The optimization process addresses the criteria simultaneously for all model cases allowing for
trade-off between criteria under worst-case and nominal parameter conditions. Note that this
approach implicitly assumes that the controller is also robust to model cases in between those
addressed. To this end also local robustness margins are included as optimization criteria.
These are the minimum phase and gain margins at the sensor and actuator positions listed
in Tables 8-1 and 8-2. Note that the local robustness criteria are also intended to achieve
robustness to unspecified uncertainties (e.g. unmodeled dynamics and time delays).
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8-3 Handling qualities

The controller is designed as an augmented manual control system, handling qualities are
therefore an important design consideration. To optimize the longitudinal response for man-
ual tracking tasks, the Gibson dropback criterion [22] (included in MIL-STD-1797A) and its
updated version [48] are included as optimization criteria. A secondary goal of these criteria
is to limit the risk of Pilot Induced Oscillations (PI1O).

The Gibson dropback criterion is based on the analysis of the aircraft response to a positive
box-car input on the pitch rate. The parameters involved in the criterion include the peak
pitch rate, gpeqr, and the attitude dropback, both normalized to the steady state pitch rate
qss- The dropback DB is defined as the difference between the pitch attitude at the instance
the input is removed 6, and the steady state pitch attitude O, i.e. DB = 04 — 055. Note
that a negative value of this difference is termed overshoot. The updated Gibson criterion
uses a different dropback definition, focusing more on the mid-frequency range of the attitude
response. The updated dropback A6 is defined as the difference between the peak pitch
attitude Opeqr and the steady state pitch attitude, ie. A0 = Opear — 0ss. The acceptable
ranges for these parameters are visualized in Figure 8-8.

The most optimal tracking behavior is obtained with a dropback ratio % of 0 s with values
up to 0.1 s considered good, these are subsequently used as ’good-high’ and "bad-high’ demand
values, respectively. Satisfaction of dbratio and the pitch attitude overshoot criterion osphi

also implies that the updated dropback ratio 2 falls within the desired region. This also

gss
applies to the pitch rate overshoot criterion osdphi and the pitch rate overshoot ratio qpquzk.

8-4 Parameter synthesis [41]

The parameter synthesis was performed in three successive steps. First the linear controller
gains and reference model parameters were optimized. With the resulting tuning parameter
set, a worst-case analyses was performed. Note that it was assumed that the worst-cases are
to be found at the extremities of the parameter space. To this end, minimum or maximum
values were selected for the parametric model uncertainties. The criteria were evaluated for
all parameter combinations. To limit the number of combinations for NDI, tolerances on the
moment of inertia and less relevant aerodynamic coefficients were left out.

The two criteria that proofed most sensitive to parameter variations were added as separate
model cases to the nominal model to form a multi-model set. An additional parameter syn-
thesis was performed for this set of model-cases. The results can be found in Tables 8-3 and
8-4. Note that the maximum uncertainty on the lateral moment coefficients has been slightly
relieved to 20%, else a satisfactory design for the NDI controller could not be realized.

8-5 Assessment

The best-compromise solution for INDI and NDI will now be compared. Notice in Table 8-4
that for INDI a significantly lower integrator gain Ky, was selected by the optimizer compared
to NDI. This behaviour can be attributed to the incremental nature of INDI as the calculated
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Table 8-3: Controller synthesis parameters longitudinal part

Tuning INDI NDI
parameter
Linear controller gains:
Ky 7.76 8.99
Ky, 0.500 3.73
Ky 3.02 5.18
K; 0.524 0.534
Reference model parameters:
Cref 1.00 0.998
Whye s 2.99 1.13
Uncertain model parameters:
. worst  worst . worst  worst
nominal nominal
pmde pmgq pmde pmq
ATsyne 0 -0.3 -0.3 0 0 0
Adyy 0 0.1 -0.1 0 0.1 -0.1
ACT 0 0.1 -0.1 0 -0.1 0.1
ACp 0 0.1 0.1 0 -0.1 -0.1
ACH, 0 0 0 0 -0.1 0.1
AC,, 0 -0.1 0.1 0 0.1 0.1
ACh, 0 0 0 0 -0.1 -0.1

increment is added to the current input, basically acting as an integral term. Further notice
that for the worst cases the optimizer pushed the synchronization uncertainty A7y, to its
minimum value. This behaviour was expected considering that a surplus of state derivative
delay results in relatively fast system instability [68]. Steady-state offsets in the angular rate
tracking were effectively regulated by the linear controllers. The steady errors in the sideslip
tracking are the result of measurement bias. The settling time calculation was subsequently
relieved to 0.2°. Note that the noise was deactivated during the optimization as this would
cause inconsistencies between the different evaluations.

The values of the scaled criteria corresponding to the synthesis parameters defined in Tables 8-
3 and 8-4 are visualized in Figures 8-1 and 8-2. Note that values smaller than 1 are considered
satisfactory. Observe that for INDI all criteria are satisfied under nominal and worst case
conditions. For NDI, some criteria could not be satisfied for the worst model cases. These
include stdthe and stthe for the longitudinal part and stdphi, stphi, osbeta and errphi for the
lateral part. Relieving the affected criteria under worst case parameters would be required to
yield a satisfactory NDI design. For comparative reasons, this step was not undertaken. To
assess the overall performance of the two designs, the mean and variance of the scaled criteria
¢jk were determined over the three model cases. The average of these values over all design
criteria is found in Table 8-5.

Observe that INDI provides an average improvement of 5% (longitudinal case) and 7% (lateral
case) over NDI with respect to the design criteria. Further notice the much lower variance for
INDI, indicating smaller differences between the model cases and subsequent lower sensitivity
to model mismatches.
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Table 8-4: Controller synthesis parameters lateral part

Tuning INDI NDI
parameter
Linear controller gains:
Ky 5.51 7.91
Ky, 1.34 7.02
K, 4.80 6.48
K; 1.05 0.941
K, 1.62 3.22
Kpg 1.93 1.55
Kpg, 0.977 0.709
Reference model parameters:
Cref 1.00 0.741
Whye s 1.35 1.27
Uncertain model parameters:
. worst  worst . worst  worst
nominal nominal
gmda pmp gmda gmp
ATsyne 0 -0.3 -0.3 0 0 0
Adyy 0 -0.1 -0.1 0 0 0
AJ,, 0 -0.1 -0.1 0 0 0
Ay, 0 0.3 -0.3 0 0 0
ACy 0 0.3 -0.3 0 0.3 0.3
AC, 0 0 0 0 -0.2 -0.2
ACy,, 0 -0.2 0.2 0 0.2 0.2
AC, 0 0.2 0.2 0 0 0
AC, 0 0 0 0 -0.2 0.2
AC, 0 0 0 0 -0.2 -0.2
ACp, 0 0 0 0 -0.2 -0.2
ACp; 0 0.2 0.2 0 0.2 0.2
ACy,, 0 0.2 0.2 0 0 0
ACh, 0 0 0 0 -0.2 -0.2
AC, 0 0 0 0 0.2 -0.2

Longitudinal case Lateral case
INDI NDI INDI NDI
E(e) 0.62 0.67 0.43 0.50
E(Var(¢;)) | 0.030 0.039 0.081 0.24

Table 8-5: Overall control law performance

The responses corresponding to the nonlinear simulations can be found in Figures 8-5 to 8-7.
Note that the blue lines represent the responses of the nominal case and the grey area contains
the responses of the worst cases. This area should be interpreted as the design uncertainty. As
expected, the responses corresponding to the INDI controller show less sensitivity to parameter
variations, with smaller deviations between the cases. The difference is most prominent in
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Figure 8-6. The NDI controller is unable to regulate the roll angle error under sideslip for
uncertain parameter conditions, with errors up to 1.4°.

The incremental controller displays superior disturbance rejection compared to NDI, with
faster attenuation and lower overshoot in the attitude response, see Figures 8-4 and 8-7. This
result conforms to observations made by Acquentella et al. [1].

8-6 Conclusion and recommendations

This chapter presented the design optimization of the integrated control system developed
in Chapter 7. Multi-objective optimization was used for the tuning of the free control law
parameters. Robustness to parametric and unspecified uncertainties was achieved using a
multi-model approach in combination with local robustness criteria. Inclusion of the Gibson
Dropback criterion ensured good handling qualities. Under the combined effect of actuators,
sensors, filters, wind disturbance and model and synchronization mismatches, INDI provided
a better compromise between command response, disturbance rejection and robustness com-
pared to classical NDI.

Multi-objective optimization proofed to be very useful for comparing different control tech-
niques. This method allows direct incorporation of a large set of robustness and performance
criteria in the tuning process of the controller parameters. It was demonstrated that the
method can be straightforwardly tailored for use with INDI by including additional criteria
to address robustness to feedback signal synchronization mismatch. By comparing the best-
compromise solution of INDI and NDI, the improved performance and robustness of INDI
could be demonstrated from a more industry-like perspective.
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osdthe
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Figure 8-1: Performance diagram scaled criteria longitudinal part INDI (upper) and NDI (lower)
(solid line = inequality constraint, dashed line = minimize)
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Figure 8-2: Performance diagram scaled criteria lateral part, INDI (upper) and NDI (lower) (solid
line = inequality constraint, dashed line = minimize)
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| — — — - Command == -=-- Reference =————— Response | | — — — - Command =—-=-=—-- Reference === Response

Time [s] Time [s]
(a) INDI (b) NDI

Figure 8-3: Simulation 1 longitudinal part: tracking response to 2.5°/s pitch rate box-cart
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Figure 8-4: Simulation 2 longitudinal part: tracking response to 16 m/s wind step
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Figure 8-5: Simulation 1 lateral part: tracking response to 5°/s roll rate box-cart
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Figure 8-6: Simulation 2 lateral part: tracking response to 5° sideslip step
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Figure 8-7: Simulation 3 lateral part: tracking response to 16 m/s cross-wind step
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Figure 8-8: Gibson dropback criteria [22] (upper) & updated Gibson dropback criteria [48]
(lower)
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Chapter 9

Conclusions and recommendations

This chapter presents the conclusions and recommendations corresponding to the Master
of Science Thesis: Dynamic Inversion Flight Control Law Design for Fized-Wing Aircraft:
Design and Flight Testing of Incremental Nonlinear Dynamic Inversion based Control Laws
for a Passenger Aircraft. The research objective formulated for this thesis is to proof the
concept of Incremental Nonlinear Dynamic Inversion (INDI) on a CS-25 certified aircraft in
flight. INDI compares commanded and measured accelerations to compute increments on
the current control deflections. This results in highly robust control solutions with respect
to model uncertainties as well as changes in aircraft dynamic characteristics of failure cases
during flight. At the same time, the complexity of the algorithms is similar to classical ones.
By presenting the design and validation of manual attitude control functions based on INDI for
a Cessna Citation II research aircraft, this thesis demonstrated that INDI can be successfully
applied to a passenger aircraft and outperform classical Nonlinear Dynamic Inversion (NDI).
Based on the preliminary studies, the following conclusions and recommendations can be
made:

e Due to the angular acceleration feedback requirement, the INDI control signals are typi-
cally noisier compared to NDI, especially when using conventional estimation techniques.
Noisy control signals may cause excessive wear on the actuators. Dedicated angular
accelerometers, pairs of linear accelerometers or complimentary filtering are therefore
proposed to obtain more noise free angular acceleration estimates. It was demonstrated
that the linear accelerometer pair of the PH-LAB can be successfully used to obtain
observations of the lateral angular accelerations with less phase lag and noise compared
to conventional washout filters.

e A novel method based on the complimentary filtering technique has been proposed
as a means to obtain more accurate angular acceleration estimates from angular rate
measurements. The method has no additional dependencies other than the control
surface deflection and control effectiveness, both already required for INDI. Closed loop
simulations demonstrated that this filter performs well in comparison to conventional
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washout filters. The results are also valuable for other control techniques that rely on
angular acceleration feedback such as Incremental Backstepping (IBS).

e INDI displays high sensitivity to time differences between state derivative and control
deflection feedback. A surplus of state derivative feedback delay results relatively fast in
oscillations and system instability. For practical applications this sensitivity is somewhat
reduced due to actuator and filter lag. It was shown mathematically and in a stability
analysis that faster actuators may reduce stability under certain conditions in presence
of unsynchronized signal feedback. This stresses the importance of synchronization for
systems with fast actuators. Robustness analysis against synchronization mismatches
should be an integral part of INDI control law design.

e It has been shown mathematically that the size of the inversion error of INDI due to
neglecting the so-called system dynamics increment scales with the combined delay of
actuators, sensor, and sampling. This result conforms to observations made in simula-
tions in previous research and stresses the importance of minimizing actuator, sensor
and sampling delay.

e Extensive robustness analysis revealed that INDI provides a highly robust control so-
lution with respect to model uncertainties compared to classical NDI, even in pres-
ence of unsynchronized angular acceleration and control deflection feedback. Under the
combined effect of actuators, sensors, filters, wind disturbance and model and synchro-
nization mismatches, INDI provided a better compromise between command response,
disturbance rejection and robustness compared to classical NDI.

e Multi-objective optimization proofed to be very useful for comparing different control
techniques. This method allows direct incorporation of a large set of robustness and per-
formance criteria in the tuning process of the controller parameters. It was demonstrated
that the method can be straightforwardly tailored for use with INDI by including ad-
ditional criteria to address robustness to feedback signal synchronization mismatch. By
comparing the best-compromise solution of INDI and NDI, the improved performance
and robustness of INDI could be demonstrated from a more industry-like perspective.

In addition to the offfine design, the research paper presented the assessment and clearance,
rig testing and flight testing. Based on results obtained in these steps, the following conclusions
and recommendations can be made:

e Qualitative flight test with the INDI and NDI attitude control laws were performed on
the Cessna Citation II PH-LAB, marking the first successful demonstration of INDI on a
(CS-25 certified aircraft. In presence of limited authority, uncertain control effectiveness
and simulated engine failures, the system dynamics were canceled well by both con-
trollers. The imposed reference dynamics were accurately tracked with nominal control
effectiveness parameters, validating the simulation results.

e Pseudo Control Hedging (PCH) is a valuable addition to INDI in presence of actuator
saturation. The flight test revealed that PCH was effective in reducing the saturation
effect of the actuators. The use of PCH did however result in more noisy control re-
sponses. For future implementations it is advised to activate PCH only upon saturation.
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This can for example be achieved via a simple algorithm that detects a misfit between
commanded and actual control deflection. For control deflection feedback, models might
in certain cases be preferred over measurements as PCH adapts the reference model to
any bias between commanded and actual control deflection.

e In addition to engine failures, future flight test should focus on testing realistic failure
scenarios such as jammed control surfaces or changes in mass distribution. Changes in
dynamic behavior can be simulated by extending the flaps/gear or by activation of the
spoilers. These are particularly valuable in showing the applicability of INDI as a fault
tolerant flight control system.

e The theoretical advantage of nonlinear control techniques over linear methods should
clearly manifest itself in the nonlinear flight regime. For future applications, flight
tests at high angle of attack flight are considered specifically appropriate to include as
experiment case.

e Due to the limited authority of the FBW system and nature of the Rate Control Attitude
Hold and Attitude Control functions, it is important that the pilot has situational aware-
ness what attitude is commanded to reduce the likelihood of saturating the system. The
benefit of a roll angle marker was already demonstrated in flight. An additional marker
on the primary flight display displaying the commanded pitch attitude is considered
highly beneficial to improve input accuracy.

e It turned out to be difficult for the pilots to limit inputs on the force sidestick to one
axis only. For future flight experiments it is therefore recommended to use computer-
generated input signals in addition to pilot-generated input signals. The former have an
advantage in terms of frequency-content and repeatability. This would allow for a better
comparison of flight test results from different control laws and simulation results.

e For safety reasons and operational constraints, the flight test in this thesis were con-
ducted at relatively high speed and altitude. It might be beneficial in future applications
to conduct flight test below 13,400 ft and at lower airspeeds to maximize the authority
of the FBW system.

e The servo position controller of the FBW system is responsible for perceived changes in
control effectiveness due to actuator cable stretch. For future applications it might be
beneficial to adjust this control law for control surface deflection feedback. This would
mitigate the issues observed during the flight test with varying control effectiveness.

e The authority of the FBW system might be improved by relieving the (electronic) torque
limitations on the servo motors, especially for the pitch channel. This would be highly
valuable for future testing of advanced flight control laws, allowing more aggressive
maneuvers and evaluation of the control laws over a wider performance envelope of the
aircraft.
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Flight test cards Flight #2
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Appendix B

Flight test cards Flight #3

Dynamic Inversion Flight Control Law Design for Fixed-Wing Aircraft Fabian Grondman
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122 Flight test cards Flight #3

Fabian Grondman Dynamic Inversion Flight Control Law Design for Fixed-Wing Aircraft



Appendix C

Flight test results Flight #2

Dynamic Inversion Flight Control Law Design for Fixed-Wing Aircraft Fabian Grondman
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Figure C-15: Case #: 2.1.8 #3
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