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Framework for Estimating Performance and Associated Uncertainty
for Modified Aircraft Configurations

Casey L. Denham

(ABSTRACT)

Flight testing has been the historical standard for determining aircraft airworthiness - how-
ever, increases in the cost of flight testing and the accuracy of inexpensive CFD promote
certification by analysis to reduce or replace flight testing. A framework is introduced to
predict the performance in the special case of a modification to an existing, previously cer-
tified aircraft. This framework uses a combination of existing flight test or high fidelity
data of the original aircraft as well as lower fidelity data of the original and modified con-
figurations. Two methods are presented which estimate the model form uncertainty of the
modified configuration, which is then used to conduct non-deterministic simulations. The
framework is applied to an example aircraft system with simulated flight test data to demon-
strate the ability to predict the performance and associated uncertainty of modified aircraft
configurations. However, it is important that the models and methods used are applicable
and accurate throughout the intended use domain. The factors and limitations of the frame-
work are explored to determine the range of applicability of the framework. The effects of
these factors on the performance and uncertainty results are demonstrated using the example
aircraft system. The framework is then applied to NASA’s X-57 Maxwell and each of its
modifications. The estimated performance and associated uncertainties are then compared
to the airworthiness criteria to evaluate the potential of the framework as a component to
the certification by analysis process.



Framework for Estimating Performance and Associated Uncertainty
for Modified Aircraft Configurations

Casey L. Denham

(GENERAL AUDIENCE ABSTRACT)

Aircraft are required to undergo an airworthiness certification process to demonstrate the
capability for safe and controlled flight. This has historically been satisfied by flight testing,
but there is a desire to use computational analysis and simulations to reduce the cost and time
required. For aircraft which are based on an aircraft which has already been certified, but
contain minor changes, computational tools have the potential to provide a large benefit.
This research proposes a framework to estimate the flight performance of these modified
aircraft using inexpensive computational or ground based methods and without requiring
expensive flight testing. The framework is then evaluated to ensure that it provides accurate
results and is suitable for use as a supplement to the airworthiness certification process.
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Chapter 1

Introduction

1.1 Motivation

The aircraft airworthiness certification process has traditionally relied on flight testing to
determine whether the system meets the minimum standards of airworthiness, safety of
flight, and risk [1]. Many organizations tasked with airworthiness certification, such as the
the Federal Aviation Administration (FAA) and Naval Air Systems Command (NAVAIR),
are required to consider modifications, such as an added radome, to a previously certified
aircraft as an entirely separate aircraft for the purposes of certification [1, 2, 3]. Because
these modifications are about the same aircraft, performing flight tests of many modifications
is not time or cost efficient.

There is currently interest in certification by analysis or the use of analysis and simulation
to supplement or replace flight testing in the certification process [4]. In particular, there
is a desire to use analysis and simulation to estimate the performance, including associated
uncertainty, of modifications to a previously certified aircraft [4, 5]. These modified con-
figurations must still be accurately modeled and simulated with limited or no flight test
data in order to meet the standards of airworthiness with the same level of confidence [5].
Certification by analysis is already commonly done in the nuclear industry, due to the high
risks and costs associated with full-scale testing [6].

This research proposes a framework using uncertainty analysis and non-deterministic simula-
tions to estimate the flight performance of modified aircraft configurations without requiring
flight test data of the modified configuration. This estimated performance could then be
used to reject unsuitable configurations or otherwise inform the flight test process.

1.2 Literature Review

Uncertainty quantification is of growing importance in the field of modeling and simulation,
especially for aerospace applications [7, 8]. There are various types of uncertainty, includ-
ing input uncertainty, numerical uncertainty, and model form uncertainty [9]. The present
research focuses on model form uncertainty, which originates due to the structure of the
selected model (for example, by neglecting higher order or non-linear terms) [7, 8]. This

1



2 Chapter 1. Introduction

uncertainty can be placed into two categories. The first, epistemic uncertainty, is due to
lack of knowledge and is represented by the range of possible values, without knowledge of
the distribution [9, 10, 11]. Aleatory uncertainty is due to inherent randomness and is usu-
ally characterized probabilistically [9, 10, 11]. Quantifying and accounting for model form
uncertainty is especially important when considering conditions where experimental data is
limited or non-existent [6, 9, 10].

Uncertainty analysis can be an important aspect throughout all phases of aircraft simulation
and modeling, including design, testing, and evaluation. Uncertainty quantification and
analysis is frequently performed on Computational Fluid Dynamics (CFD) results at many
stages of the code development and use [12]. Previously, uncertain terms have been used to
perform deterministic simulations where the aerodynamic parameters are updated following
the simulation, but are not varied during the simulation [13]. Uncertain wind gusts have been
used in non-deterministic aerodynamics simulations with known aerodynamic parameters,
especially looking at the effects on aircraft loading [14]. Simulations using aerodynamic
uncertainty have also been used to aid in the design process by allowing for improvements
to technology to be incorporated into the process and ensure that new designs are capable
of meeting the same certification standards [15]. In order to provide improved control to
systems with time-varying uncertain parameters, controllers have been created and refined
using system data which account for uncertainty, but without calculating the parameter
values and uncertainty directly [16]. Non-deterministic simulations have been used as sub-
components of more complex aircraft simulations, allowing for analysis of uncertainty within
a given component, such as the fuel systems [17].

Full non-deterministic aircraft flight dynamics simulations have been previously used to
evaluate the performance of an aircraft in a variety of conditions and when the aircraft
dynamics are not known exactly [18, 19]. Prior work included using a baseline model of the
aircraft dynamics, created using flight test data, which was then tuned using additional flight
test data [18]. Probability Bounds Analysis (PBA) was used to calculate uncertainty bounds
for the aircraft dynamics and non-deterministic simulations were then conducted [18]. PBA
allows for the creation of uncertainty bounds for model form uncertainty by a comparison of
the simulation and experimental data [19, 20]. The non-deterministic simulations allow for
estimates of aircraft performance, given uncertainties in the aircraft dynamics, for a range
of environments, allowing for probability of loss of control prediction [18]. The results can
also be extended to other quantities of interest during the airworthiness certification process,
such as maximum winds allowed, climb rate, and landing distance.

1.3 Problem Statement

Modifications to existing aircraft configurations can have a dearth of data compared to the
existing aircraft, including data from wind tunnel tests, flight tests, and Computational Fluid
Dynamics (CFD), depending on the development of the proposed modification. To provide
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additional resources for the flight certification process, non-deterministic simulations of mod-
ified aircraft configurations are proposed. Since there might not always be flight test data
available for model tuning, uncertainty quantification, and non-deterministic simulations for
these modified configurations, the framework uses knowledge of the unmodified, nominal
configuration to assist in the simulation of the modified configuration. Two methods are
proposed to estimate the modified aircraft dynamics and the uncertainties of the modified
aircraft dynamics, using aspects of the nominal system, which can then be used to perform
non-deterministic simulations. This framework is designed to be independent of the source
or quality of the data, as well as the model form or accuracy (for example, a linear model
created using CFD data). The framework can also be used prior to flight testing to provide
an estimate of expected performance.

In the realm of verification and validation, there are three aspects to model validation:
assessment of model accuracy, extrapolation of the model to the intended use, and model
adequacy for the intended use [21]. These aspects can be extended to framework validation to
ensure that a framework is suitable for its intended use. The proposed framework is evaluated
against these benchmarks to determine the suitability of the framework as a component or
precursor to certification by analysis.

1.4 Assumptions

This research relies heavily on the assumption that there is a limited amount of higher
fidelity data available, which does not allow for suitable observation or calculation of the
airworthiness characteristics. This higher fidelity data will generally be collected by flight
testing, so it is assumed that sufficient data will exist for the previously existing nominal
aircraft. The flight test data may range in quality from research-focused flight maneuvers
designed to fully capture the aircraft dynamics to operational flight maneuvers. While the
data quality may affect the accuracy or usefulness of the results, as discussed in 3, the
framework can accept any range of quality.

The second major assumption of this research is that there is an ample amount of lower
fidelity data available with which to make a model. This data is not necessarily low fidelity
or low data quality in the typical sense, but rather the model it creates is lower fidelity
than flight test data. An example of this would be a linear aircraft model generated from
CFD data - even if the CFD data is of extremely high quality, a linear model will not
include all higher order terms and effects seen in flight testing. While this data may be
referred to as "inexpensive” compared to flight test data, there may still be a significant cost
and time associated with obtaining this data. Because this lower fidelity data is required
for both the nominal and modified configurations, it is also assumed that the data quality
between the two is roughly equal. For instance, if considering CFD data, the numerical,
iterative, and discretization errors should be negligible and approximately equal between the
two configurations.
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Figure 1.1: The three aspects of model validation [21]. Used with permission.

1.5 Contributions

Chapter 2 presents the proposed framework and performs an assessment of the model ac-
curacy using the method of manufactured universes and an example aircraft system with
simulated flight test data. A high fidelity simulation of this aircraft is used to create sim-
ulated flight test data as well as linearized models. First, the approach for calculating the
initial models, as well as the uncertainty for the nominal system, is described. Next, the
two methods of estimating the model and uncertainty for the modified configurations are
introduced. These methods are then validated using the method of manufactured universes
framework with simulated aircraft data [22].

Chapter 3 examines the applicability of the framework to its intended use. This chapter re-
visits the two methods of estimating the performance and associated uncertainty of modified
aircraft configurations presented in Chapter 2 and explores the factors that affect the range
of applicability of these methods, focusing on the effect of uncertainty estimation. Data from
NASA Langley Research Center’s Generic Transport Model aircraft is used to illustrate these
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limitations and the effect they have on the resulting non-deterministic simulation results.

Chapter 4 explores the adequacy of the framework to its intended use for certification by
analysis of modified aircraft configurations. This chapter demonstrates the applicability of
the framework using the real life example of the NASA X-57 Maxwell, an aircraft designed
to demonstrate the benefits of distributed electric propulsion through a series of incremental
modifications. The results produced by the framework are compared to the airworthiness
certification criteria to demonstrate the potential of the framework for use in supplementing
certification by analysis.
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Abstract

Flight testing has been the historical standard for determining aircraft airworthiness. How-
ever, increases in the cost of flight testing and the accuracy of inexpensive CFD encourage
the adoption of certification by analysis to reduce or replace flight testing. A framework is
introduced to predict the performance in the special case of a modification to an existing,
previously certified aircraft. This framework uses a combination of existing flight test or
high fidelity data of the original aircraft as well as lower fidelity data from CFD or wind
tunnel testing of the original and modified configurations to create 6-DOF flight dynamics
models. Two methods are presented which generate an updated flight dynamics model and
estimate the model form uncertainty for the modified aircraft configuration. This updated
dynamics model and uncertainty estimate is then used to conduct non-deterministic sim-
ulations with wind turbulence included. The framework is applied to an example aircraft
system to demonstrate the ability to predict the performance and associated model form
uncertainty of modified aircraft configurations.

2.1 Nomenclature

C = generalized aerodynamic coefficient

"

Chase = value of generalized coefficient from baseline model for the nominal config-
uration

U, v, W = body-axis velocities in the z, y, and z directions, respectively

U = aircraft trim velocity

D, q,T = body-axis angular rates, about the x, y, and z directions, respectively

oa = aileron deflection

oe = elevator deflection

or = rudder deflection

oT = throttle deflection

sClase = change in baseline model due to modified configuration, difference between
modified configuration and nominal configuration

st = additional correction due to tuning of modified configuration model

sCY Q|base = additional uncertainty bounds from model form uncertainty for modified
configuration, evaluated about the baseline model

§CY?|,,, = additional uncertainty bounds from model form uncertainty for modified
configuration, evaluated about the tuned model

AC!H™ = correction due to model tuning, difference between tuned model and baseline
model for nominal configuration

ACY Q|ba56 = uncertainty bounds from model form uncertainty for nominal configuration,

evaluated about the baseline model
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ACY%|,,,, = uncertainty bounds from model form uncertainty for nominal configuration,
evaluated about the tuned model
0 = pitch angle
0] = roll angle

2.2 Introduction

The aircraft airworthiness certification process has traditionally relied on flight testing to
determine whether the system meets the minimum standards of airworthiness, safety of
flight, and risk [1]. Organizations tasked with airworthiness certification, such as the the
Federal Aviation Administration (FAA) and Naval Air Systems Command (NAVAIR), are
required to consider modifications, such as an added radome, to a previously certified aircraft
as an entirely separate aircraft for the purposes of certification [1, 2, 3]. Because these
modifications are about a single reference aircraft, performing time-consuming and expensive
flight tests may not be justified for some modifications.

There is currently interest in certification by analysis, or the use of analysis and simulation
to supplement or replace flight testing in the certification process, in the aviation community
- notably by the AIAA Certification by Analysis (CbA) Community of Interest (Col), which
released a set of recommended practices in 2021 [4]. In particular, there is a desire to use
analysis and simulation to model modifications to a previously certified aircraft and associ-
ated uncertainties [5]. These modified configurations must still be accurately modeled and
simulated with limited or no flight test data in order to meet the standards of airworthiness
with the same level of confidence [5]. Certification by analysis is already commonly done
in the nuclear industry, due to the high risks and costs associated with testing [6]. This
paper proposes a framework using uncertainty analysis and non-deterministic simulations to
estimate the flight performance of modified aircraft configurations without requiring flight
test data of the modified configuration. In the future and with additional development, this
estimated performance could then be used to reject unsuitable configurations or otherwise
inform the flight test process.

Uncertainty quantification is of growing importance in the field of modeling and simula-
tion, especially for aerospace applications [7, 8]. There are various types of uncertainty,
including input uncertainty, numerical uncertainty, and model form uncertainty [9]. The
present research focuses on model form uncertainty, which originates due to the structure
of the selected model (for example, by neglecting higher order or non-linear terms) [7, 8].
Uncertainty, including model form uncertainty, can be placed into two categories. The first,
epistemic uncertainty is due to lack of knowledge and represented by the range of possible
values, without knowledge of the distribution [9, 10, 11]. Aleatory uncertainty is due to in-
herent randomness and is usually characterized probabilistically [9, 10, 11]. Quantifying and
accounting for model form uncertainty is especially important when considering conditions
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where experimental data are limited or non-existent [6, 9, 10].

Uncertainty analysis can be an important aspect throughout all phases of aircraft simulation
and modeling, including design, testing, and evaluation. Uncertainty quantification and
analysis is frequently performed on Computational Fluid Dynamics (CFD) results at many
stages of the code development and use [12]. Previously, uncertain terms have been used to
perform deterministic simulations where the aerodynamic parameters are updated following
the simulation, but are not varied during the simulation [13]. Uncertain wind gusts have been
used in non-deterministic aerodynamics simulations with known aerodynamic parameters,
especially looking at the effects on aircraft loading [14]. Simulations using aerodynamic
uncertainty have also been used to aid in the design process by allowing for improvements to
technology to be incorporated into the process and ensure that new designs are capable of
meeting the same certification standards [15]. Non-deterministic simulations have been used
as sub-components of more complex aircraft simulations, allowing for analysis of uncertainty
within a given component, such as the fuel systems [16].

Full non-deterministic aircraft flight dynamics simulations have been previously used to
evaluate the performance of an aircraft in a variety of conditions and when the aircraft
dynamics are not known exactly [17, 18]. Prior work included using a baseline model of the
aircraft dynamics, created using flight test data, which was then tuned using additional flight
test data [17]. Probability Bounds Analysis (PBA) was used to calculate uncertainty bounds
for the aircraft dynamics and non-deterministic simulations were then conducted [17]. PBA
allows for the creation of uncertainty bounds for model form uncertainty by a comparison of
the simulation and experimental data [18, 19]. The non-deterministic simulations allow for
estimates of aircraft performance, given uncertainties in the aircraft dynamics, for a range
of environments, allowing for probability of loss of control prediction [17]. The results can
also be extended to other quantities of interest during the airworthiness certification process,
such as maximum winds allowed, climb rate, and landing distance.

Modifications to existing aircraft configurations can have a dearth of data compared to the
existing aircraft, including data from wind tunnel tests, flight tests, and Computational
Fluid Dynamics (CFD), depending on the development of the proposed modification. To
provide additional resources for the flight certification process, non-deterministic simula-
tions of modified aircraft configurations are proposed. Since there might not always be
flight test data available for model tuning, uncertainty quantification, and non-deterministic
simulations for these modified configurations, the proposed process uses knowledge of the
unmodified, nominal configuration to assist in the simulation of the modified configuration.
Two methods are proposed to estimate the modified aircraft dynamics and the uncertainties
of the modified aircraft dynamics, using aspects of the nominal system, which can then be
used to perform non-deterministic simulations. This framework is designed independent of
the source or quality of the data, as well as the model form or accuracy (for example, a linear
model created using CFD data). The framework can also be used prior to flight testing to
provide an estimate of expected performance.
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First, the approach for calculating the initial models, as well as the uncertainty for the
nominal system, is described. Next, the two methods of estimating the model and uncertainty
for the modified configurations are introduced. These methods are then validated using
simulated aircraft data, using the method of manufactured universes framework, which takes
advantage of simulated data when typical validation data are unavailable [20]. The paper
concludes with observations of the proposed framework and areas of future research.

2.3 Analysis of Nominal Configuration

One of the goals of this research is to estimate the flight performance and associated uncer-
tainty of a modified aircraft configuration, without requiring flight test data for the modified
configuration. For the purposes of this research, a modified configuration is a configuration
that differs from the nominal configuration by one or more modifications, such as payload
pods, increase in mass, or change in wing characteristics. For most aircraft with multiple
configurations, there is often a configuration which is considered "nominal” and is the basis
for any modifications. Although the nominal configuration will likely have flight test data or
other higher fidelity data, the modified configurations may only have limited data available,
typically from CFD or wind tunnel tests.

2.3.1 Generation of Baseline Models

The first model that is generated for the nominal configuration is the baseline model, which
serves as a common denominator for corrections and modifications. This model should ideally
be developed using a data collection method which is available for the nominal configuration
as well as any modified configurations. For instance, CFD data is available for the nominal
configuration and many modified configurations for the AeroStar aircraft used as a research
testbed by NAVAIR, but flight test data are not available for all configurations. For the
nominal configuration, an example aerodynamic coefficient for this model is indicated by
C%se - Similarly, a baseline model for the modified configuration is also created, Ct@¢+5Cbas¢.

2.3.2 Generation of Tuned Model

The next model generated for the nominal configuration is the tuned model, which utilizes
the most accurate data available, generally flight test data. While these data are more
accurate, they may not exist for all configurations, so a tuned model can only be created for
the nominal configuration. This tuned model will generally have the same model form (linear
or non-linear) as the baseline model, but it is not required to. The difference between the
tuned model of the nominal configuration and the baseline model of the same configuration is
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represented by AC™", An improved model of the nominal configuration is then represented

by Ciwm — Ci)ase + Aciun

Often, this model will be generated using parameter identification of flight test data but
could include higher fidelity CFD or wind tunnel data. Common parameter estimation
techniques used to generate the model include equation error method, output error method,
and filter error method, which are described in Ref [21].

2.3.3 Estimation of Model Form Uncertainty

The uncertainty of greatest interest for this research is model form uncertainty, or uncer-
tainty due to the difference between the model and the true system. However, the limited
availability, poor quality, or inherent noise of these data sources can contribute to additional
uncertainty associated with the model.

To calculate this uncertainty, the model is evaluated at each time step of the flight test data
and is then compared to the values from the original data. This generates a series of time-
independent errors for each timestep, as shown in Fig. 2.1 with blue dots for each timestep.
Uncertainty bounds are estimated using 95% confidence intervals on the mean error between
the higher fidelity data and the baseline or tuned model for each equation of motion as (2.1)
(17, 22].

0(20) ~ toj2n oV TT (XX) 20 < fiyjen < §(20) + tajon /T (X X) Tz, (21)

§(xo) is the model response about the aircraft state o, ¢, /2,n—p 18 the Student’s t-distribution
for 100(1-c) confidence interval with n — p degrees of freedom (where n is the number of
samples and p is the degree of the polynomial), 62 is the sample standard deviation, Hy|z0 1S
the mean error of the model response at the aircraft state, and X is the matrix of observed
data. These bounds are shown in Fig. 2.1 as red lines; note that the bounds used in non-
deterministic simulations are modified from those calculated to always include zero error to
prevent changes to the model form or tuning. Because the bounds are dependent upon the
state of the aircraft, they can be correlated to specific states, allowing for smaller bounds
where there are more data and increased bounds where data are sparse, as in Ref. [17].
Because the bounds grow exponentially as they move away from the available data, prediction
for aircraft states far from observed values can lead to high uncertainty, as expected.

This uncertainty can be calculated about both the baseline and tuned models, creating two
different uncertainty bounds, as shown in Figs. 2.2 and 2.3. When adding the uncertainty to
our model of the nominal configuration, C7°", two equations emerge, dependent on whether
the tuning correction is used:

Crom = s £ ACUQ) (2.2)
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2.3.4 Extension to Modified Aircraft Configurations

In order to perform non-deterministic simulations of modified aircraft configurations, an
estimate of the model form uncertainty must first be obtained. Section 2.4 discusses the
two methods to estimate this uncertainty based on the models of the nominal and modified
configurations and flight test data for the nominal configuration.

2.3.5 Non-Deterministic Simulation

Non-deterministic simulations are conducted using the baseline and tuned models while
accounting for changes due to modifications as well as uncertainty. Using the previously
calculated uncertainty bounds, uncertainty in the states is added at each time step, depen-
dent on the current state and control inputs. The simulation also includes a turbulent wind
component, which adds additional realistic uncertainty to the simulation and better matches
the simulated flight test data. To fully capture the uncertainty of the aircraft design, mul-
tiple independent simulation runs are combined to create a range of expected performance.
Bounds of the estimated flight performance are calculated by taking 95% of the combined
simulation data. Convergence analysis of the simulation results is performed to demonstrate
the number of simulation runs to achieve suitable convergence.

2.4 Analysis of Modified Configurations

A flight dynamics model for a modified configuration can be obtained from CFD or wind
tunnel test data, but accounting for the difference between the model and flight test data
for the nominal configuration, known as the tuning correction, allows for a better estimate
of the true flight performance. The model form uncertainty of the modified configuration
cannot be calculated without flight test data, but this uncertainty is valuable as a method to
bound the predicted performance and capture the effects that cannot be easily obtained by
ground based testing. Since there is no direct way to calculate the model form uncertainty
for the modified configuration, it must be estimated.

This framework addresses the desire to accurately predict and bound the performance of
modified aircraft configurations by utilizing knowledge of the nominal, unmodified configu-
ration. Figure 2.4 illustrates the major stages of the framework. First, baseline models of
the nominal configuration and any modified configurations are generated using lower fidelity
data, such as CFD. Second, a tuned model of the nominal configuration is generated using
system identification of available flight test data. Using these models and the flight test data,
model form uncertainty is then estimated. Before proceeding, the models and uncertainty
are validated to confirm that the models are adequate for their intended use [23]. Next, one
of two methods described in Sections 2.4.1 and 2.4.2 are used to extend the aerodynamic
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model and uncertainty estimation to the modified configurations. Finally, non-deterministic
flight dynamics simulations which account for uncertainty as well as wind turbulence are
conducted in order to predict the performance and associated uncertainty bounds of the
modified configurations.

Generation of Baseline Models

Baseline models of nominal and modified aircraft configurations generated
using lower-fidelity data

Generation of Tuned Model for Nominal Configuration

Tuned model of nominal configuration generated using system identification
of higher fidelity flight test data

UolEpI|EA [9POIN

Estimation of Model Form Uncertainty for Nominal Configuration

Model form uncertainty estimated using error between the observed flight
test data and calculated models for the nominal configuration J

Extension to Modified Aircraft Configurations

Tuned Model Method assumes model Y Baseline Model Method does not
tuning remains valid for modified assume that tuning remains valid for the
configuration and generates smaller modified configuration and generates
uncertainty bounds larger uncertainty bounds

Non-Deterministic Simulations

Simulations which account for uncertainty and wind turbulence are
conducted and quantities of interest are calculated

Figure 2.4: Illustration of the developed framework, showing the five
main stages.

The first step in modeling a modified configuration is modeling the nominal, unmodified
configuration, described in Section 2.3. The framework will be illustrated using a single
model term but can be applied to all terms in the aircraft dynamics model. The nominal
configuration of this aircraft can be described using a combination of the baseline model
Ct5¢ model tuning AC*", and uncertainty ACY®. Since we can calculate the model form
error, which leads to the model form uncertainty, of the nominal configuration about both
the baseline and tuned model, there are two related models, described above in Eqs. 2.2 and
2.3.

Equation (2.2) describes the case where the uncertainty is calculated about the baseline
model, CY%ys, whereas Eq. (2.3) describes the case where the uncertainty is calculated
about the tuned model, CV% |tun- For the nominal configuration, which has both lower fidelity
and higher fidelity data and is therefore able to be tuned, Eq. (2.3) is more accurate and
should always be used, but both equations are given to aid in developing the two methods
for modeling for the modified configuration.
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When we describe a modified aircraft configuration using the same nomenclature, additional
terms appear due to the change in configuration. After including additional model tuning
to match flight test data and uncertainty quantification, the final model for the modified
configuration can be written in two different ways, corresponding to Egs. (2.2) and (2.3):

Crot = ¢ £ ACY9 a5 + 0C2 £ 5CY 9 e (24)

ot = O + ACH™ £ ACY? |y + 0C2*° + 6CI" £ 6CY %) (2.5)

where ¢ indicates the change due to modification in the configuration, §C%*¢ is the change
to the baseline model due to the modified configuration, 6C*" is the additional correction
due to model tuning (if available) for the modified configuration, and JCY¢ is the additional
uncertainty for the modified configuration. Although §C%*¢ can be obtained by comparing
lower fidelity data of the nominal and modified configurations, such as wind tunnel or CFD
data, §C*™" and JCY? cannot be calculated without higher fidelity data for the modified
configuration, such as flight test data, which are often unavailable.

Using the prior knowledge of the nominal configuration, two methods are proposed to es-
timate the uncertainty of the modified configuration [24]. The methods differ in the ap-
proximation of 6C*" and §CY? and do not require parameter tuning and uncertainty quan-
tification for the modified configuration. The methods are intended for small and large
modifications, respectively, although the applicability of each method will be explored in
future work.

2.4.1 Uncertainty Estimation Method 1 - Tuned Model Method

The first method to estimate the model and uncertainties of the modified configuration
assumes that the total uncertainty for the modified configuration is equivalent to the uncer-
tainty for the nominal configuration and that the model tuning for the nominal configuration
also applies to the modified configuration. This is the same as assuming that no additional
model tuning is needed for the modified configuration and the uncertainty bounds of the
nominal configuration are valid for the modified configuration. This is a suitable assumption
when the modification is small and has well-known and well-behaved aerodynamic effects.
The determination of what constitutes a small modification is an area of future research.

In order to generate the updated model used for non-deterministic simulations, the final
model can be written as

C, = CPse + AC™™™ £ ACY9,, + SO (2.6)

In other words, only the baseline model for the modified configuration is updated, i.e.
corrected, using the change from the nominal configuration to the modified configuration
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(6CPas¢) as shown in Fig. 2.5 using example artificial data. The uncertainty bounds for
the nominal configuration (ACY%9|,,), calculated using the tuned model, are then applied
to this model to obtain updated uncertainty bounds for the modified configuration. This
process is shown in Fig. 2.6 for the example data.

@] 1
] S base
—C
0.5 L 0.5
5C base
L —*—Updaled Model
S tuned | . LUQ,
( AC L ( +AC L |“_“_J
_—*_—Updaled Model | — Updated Uncertainty Bounds
0.5 . . : . 205 I ! ! ! |
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
alpha alpha

Figure 2.5: Generation of updated model
for the modified configuration using
the Tuned Model Method with example
data. The changes due to the modifica-
tion, in blue, and the tuning correction
term, in yellow, are added to obtain the

Figure 2.6: Addition of the uncertainty
bounds, red, from the nominal config-
uration to the updated model of the
modified configuration using the Tuned
Model Method, showing the updated un-
certainty bounds using example data.

updated model

2.4.2 Uncertainty Estimation Method 2 - Baseline Model Method

The second method of estimating the uncertainties of the modified configuration assumes
that the total uncertainty for the modified configuration is the uncertainty that would occur if
there were no tuning for the nominal configuration. This is equivalent to assuming the model
tuning correction for the nominal configuration is no longer valid and approximating the total
uncertainty for the modified configuration as the uncertainty for the nominal configuration
with no tuning. Furthermore, it is assumed that the uncertainty bounds remain the same
due to the similarity in configuration for the baseline modeling methods. The updated model
for the modified configuration can then be written as

C, = C"5¢ £ ACYQ|p,, + 5O (2.7)

For this method, the baseline model for the nominal configuration has the change due to the
modified configuration (6C%*¢) added to create the updated model, shown in Fig. 2.7 with
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the example data. Then, uncertainty bounds (ACY®|y,s.) created using flight test data and
the baseline model of the nominal configuration, as opposed to the tuned model used for the
Tuned Model Method, are used. This creates much larger uncertainty bounds that include
the effects of model tuning, as in Fig. 2.8.

2.5 2571

[
'

0.5 - 0.5
Chusu
L —¥—Updated Model
o base | . SO,
( aC L ( +AC L |busu
_—*_—Updalcd Model | — Updated Uncertainty Bounds
0.5 . . ; ; 0.5 . ! L . |
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
alpha alpha

Figure 2.7: Generation of updated model Figure 2.8: Calculation of the total un-

for the modified configuration using the certainty for the modified configuration
Baseline Model Method. The updated using the Baseline Model Method, with
model for the modified configuration has example data. The total uncertainty is
only the changes due to the modification, the uncertainty from the baseline model.

in blue, added to the baseline model of
the nominal configuration.

2.4.3 Use of the Two Methods

The two methods of estimating the uncertainty for modified configuration are expected to
provide different levels of conservativeness, depending on the characteristics of the model
and configuration. The Tuned Model Method, which assumes that the tuning is valid and
leads to smaller uncertainty for the updated model, effectively tunes the model based on the
nominal configuration. This assumption will lead to less conservative uncertainty bounds
about the updated model. An updated model and corresponding uncertainties based on the
Tuned Model Method are accurate for modified configurations that are similar to the nominal
configuration - i.e. the modifications are minor. However, the Baseline Model Method, which
assumed a larger uncertainty that includes the tuning of the baseline model, is expected to
give more conservative bounds that will account for larger differences between the nominal
and modified configurations. This is akin to saying that the tuning correction from the
nominal configuration no longer applies to the modified configuration because the changes
are sufficiently large. However, the precise definition of what constitutes a sufficiently large
modification is still an area of active research.
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2.5 Uncertainty Estimation for an Example Aircraft
System

The framework is demonstrated using an example aircraft system through the method of
manufactured universes, which allows for the validation of uncertainty quantification meth-
ods using simulated data and uncertainties [20]. Because high-fidelity or flight test data
are not always available for modified aircraft configurations, this approach allows for direct
comparison between predicted results and the "true” system response. It also enables the
evaluation of the impact of noise level and data quality on the framework and results.

2.5.1 Example Aircraft System

NASA Langley Research Center’s Generic Transport Model (GTM) aircraft, shown in Fig.
2.9, was chosen as the example aircraft system to demonstrate the proposed framework and
methods. The GTM has had extensive wind tunnel, CFD, and flight tests and has been used
for research including loss of control prediction, spin prediction, and control law development
25, 26, 27, 28]. An open-source high-fidelity, non-linear simulation of the GTM!, created
using a combination of wind tunnel, flight test, and simulation data was used for this research.

The aircraft simulation was tuned using a constant true airspeed, which results in the
trimmed aircraft states in Table 2.1. Although the GTM simulation environment includes
many control inputs, only throttle, elevator, rudder, and aileron deflections were used for
this research, with all other surfaces kept at the trimmed or zero position. All simulation
and uncertainty results are shown as deviations from the trimmed aircraft state and surface
deflections.

The simulation includes a Dryden atmospheric turbulence model, allowing for the simulation
of flight test data with process noise. Sensor noise was also included in the simulation, using
the included noise model of the sensors present in the flight test vehicle. Separate simulated
flight test data segments were created for system identification, uncertainty quantification,
and uncertainty validation. Because this is simulated data, flight test data can also be
created for the modified configurations.

2.5.2 Model Definitions for Example Aircraft System

A baseline model of the GTM was creating using the linearized longitudinal and lateral
dynamics generated by the GTM simulation. This model serves as an approximation to
CFD data and gives a lower fidelity aerodynamics model. A tuned model was created using
the output error method to identify the system from simulated flight test data of independent

! Available at: https://github.com/nasa/GTM_ DesignSim
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Table 2.1: GTM Trim States
and Deflections

State Trim Value
u 50.2 m/s
v 0m/s
w 2.59 m/s
D 0 rad/s
q 0 rad/s
r 0 rad/s
o) 0 rad (0 deg)
0 0.05 rad (2.86 deg)
Deflection Trim Value
e 2.45 deg
O 0 deg
Figure 2.9: NASA Langley’s GTM aircraft during a flight Sy -0.39 deg
test [25]. Sy 40.6%

elevator, rudder, and aileron doublets. A comparison of the baseline and tuned models to
the observed flight test data is shown in Fig. 2.10. The tuned model is much closer to the
simulated flight test data than the baseline model, capturing the aircraft dynamics more
accurately.

Uncertainties were then calculated using the error between the artificial flight test data and
the baseline and tuned models, shown in Figs. 2.11 and 2.12, respectively. As described
in Section 2.3, these uncertainties can vary with aircraft state, but must always include the
potential for no uncertainty. Because the uncertainty is calculated about different models, the
differences are expected. Since the uncertainty is added to the derivatives of the states, even
a small difference can have a large effect in the performance estimation. If the performance is
to be estimated at a higher velocity or at a combination of angular rates, these states should
be included in the data used for uncertainty quantification. If representative flight test data
are not used in the calculation, the bounds will not adequately estimate the model form
uncertainty. For this reason, the simulated flight test data used for uncertainty quantification
included a combination of aircraft velocities, angular rates, and control deflections. Although
these bounds are generated using 95% confidence intervals, some flight test data points
appear to lie outside the bounds due to slicing the multi-dimensional space to be shown in
a two-dimensional figure plane.

Three example modified configurations were also created. The first modification is a 10%
increase in the aircraft mass, distributed equally, while the second modification is a 10%
increase in the aircraft mass alongside a small change in aircraft center of gravity location,
and the third modification is a 10% increase in aircraft mass alongside a larger change in
aircraft center of gravity location. The first modification, with equally distributed mass, does
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Figure 2.10: Comparison of the simulated flight test data, black, to the tuned model results,
blue, and the baseline model results, orange.

not change the relationship between the moments of inertia and can therefore be modeled by
the simple linear model. The second and third modifications, with a change to the center of
gravity location, will cause changes to the moments of inertia that are not modeled. Although
these modifications are not necessarily realistic, they serve to illustrate the methods and
frameworks with both modeled and un-modeled modifications.

2.5.3 Uncertainty Estimation Methods for Example Aircraft Sys-
tem

The uncertainty estimation methods described in Section 2.3 were evaluated using the models
and simulated flight test data for the modified GTM aircraft configurations. To do so,
thousands of non-deterministic simulations were conducted, which include the estimated
uncertainty evaluated at each timestep as a function of the aircraft state. The performance
bounds are then calculated by taking the 95% bounds of these compiled simulations. Figure
2.13 shows the resulting updated model and associated uncertainty bounds for the Tuned
Model Method, while Fig. 2.14 shows the results for the Baseline Model Method evaluated
for the equally distributed mass modification. Due to the calculation in the updated model
for each method, there are slight differences in the results for the updated model without
the uncertainty. The Baseline Model Method also generates larger uncertainty bounds, most
notably in the downward velocity (Aw) and yaw rate (Ar). The uncertainty in the forward
velocity (Au) is large in both methods, due to the large effects of the ignored non-linear
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Figure 2.11: Calculation of the uncertainties for the baseline model. Errors between the
observed data and the model results are shown in blue for each state, with the red lines
indicating the 95% uncertainty bounds for Ad.

dynamics.

2.6 Validation of Framework for an Example Aircraft
System

2.6.1 Validation of Performance Estimation without Noise

Before validating the performance of the framework for a realistic case with both wind
and signal noise, the no noise, no wind case was studied. Because these noise sources are
included in the estimation of model form uncertainty, the no noise case allows evaluation of
the framework with the most accurate estimation of uncertainty.

The tuned model for the nominal, unmodified configuration, closely matches the simulated
flight test performance, shown in Fig. 2.15. For most of the aircraft states, the updated model
correctly predicts the flight test performance, with the exception of the forward velocity, Au.
Forward velocity often has larger deviations in simulation and modeling due to non-linear
terms that are excluded.
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Figure 2.12: Calculation of the uncertainties for the tuned model. FErrors between the
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indicating the 95% uncertainty bounds for Ad.

When the Tuned Model Method is extended to a modified configuration, in this case the
10% increase in mass, the results remain in good agreement with the simulated flight test
data. Figure 2.16 shows the comparison of the two, with the updated model generated using
the Tuned Model Method in blue. There are distinct differences between the two, notably
that the updated model has increased damping relative to the simulated flight test data and
does not have the same peak magnitude in the velocity perturbations.

2.6.2 Validation of Performance Estimation

The uncertainty bounds generated from the Tuned Model Method and Baseline Model
Method were then compared to the simulated flight test data for the three different modifica-
tions, using a separate validation maneuver. To evaluate the performance of the framework,
the percentage of simulated flight test data falling within the estimated uncertainty bounds
is calculated by evaluating whether each time step falls within the bounds, for all states.
This metric counts each state independently, so a a timestep which is outside the bounds for
multiple states would each have a negative impact. For the first modification of an equally
distributed increase in mass, the uncertainty bounds generated contain the simulated flight
test data for 94% of the data points, as shown in Fig. 2.17. This provides evidence that
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Figure 2.13: System response of updated aircraft model and associated uncertainties gener-
ated using the Tuned Model Method.

the method can correctly predict the performance of this configuration in a realistic scenario
with both wind and sensor noise.

However, when these generated bounds are compared to the simulated flight test data for
the second modification, of an unequally distributed mass with change in center of gravity
location, the performance bounds only contain the simulated flight test data for 77% of
the simulated flight test data points, shown in Fig. 2.18. The mismatch, most noticeable
in downward velocity Av and pitch rate Ag, is because the modification is not sufficiently
represented by the lower fidelity models used to generate the uncertainty bounds, specifically
the un-modeled change in moments of inertia. For these situations, the Baseline Model
Method generates larger uncertainty bounds to capture more of the dynamics of the modified
configurations. For the modification of the unequally distributed mass, the Baseline Model
Method does capture more of the simulated flight test data, particularly the high angular
rates, containing approximately 98% of the simulated flight test data points, as shown in Fig.
2.19. This significant increase is due to the larger estimated uncertainty bounds calculated
with the Baseline Model Method, which is designed to be able to predict the performance
of larger modifications.

As a further extension, these methods were applied to a modification with a 10% mass
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Figure 2.14: System response of updated aircraft model and associated uncertainties gener-
ated using the Baseline Model Method.

increase, but a much larger change in center of gravity location (Modification 3). When the
Tuned Model Method was applied to this modification, the estimated performance bounds
contained the simulated flight test data for only 19% of the data points, shown in Fig. 2.20.
When the Baseline Model Method is applied to this configuration, the estimated performance
bounds contain the simulated flight test data for 21% of the data points, a slight improvement
but still significantly less than the previous configurations. The range of applicability of the
uncertainty estimation methods is an area of active research.

Table 2.2 contains a summary of the results presented in this section, demonstrating the
improvement in the amount of data points contained within the estimated performance
bounds for the Baseline Model Method for the larger modifications and the small amount of
data points contained when the two methods were used to estimate the performance of the
configuration with a 10% mass increase with large change in center of gravity location.
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Figure 2.15: System response of updated aircraft model generated using the Tuned Model

Method for the nominal configuration with no wind and no signal noise, showing a close
match between the two.
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Figure 2.16: System response of updated aircraft model generated using the Tuned Model
Method for the 10% increased mass (Modification 1) configuration with no wind and no
signal noise, showing good agreement between the two.
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Figure 2.17: Simulation results generated using the Tuned Model Method for the equally
distributed mass modification (Modification 1), encapsulating the simulated flight test data
for 94% of the data points.

Table 2.2: Comparison of Estimated Performance Bounds Metric for GTM Modifications

Modification Tuned Model Method | Baseline Model Method
10% Increase in Mass 94% —
10% Increase in Mass and Change In CG 7% 98%
10% Increase in Mass and Large Change In CG 19% 21%
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Figure 2.18: Simulation results generated using the Tuned Model Method for the distributed
mass modification with change in center of gravity location (Modification 2), which do not
fully encapsulate the simulated flight test data, only containing 77% of the data points.
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Figure 2.19: Subsection of simulation results generated using the Baseline Model
Method for the distributed mass with change in center of gravity modification
(Modification 2), which encapsulate more of the simulated flight test data with
98% of the total data points, including those not pictured, contained.
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Figure 2.20: Simulation results generated using the Tuned Model Method for the unequally
and unrealistically distributed mass modification (Modification 3), which do not fully en-
capsulate the simulated flight test data, containing only 19% of the data points.
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Figure 2.21: Simulation results generated using the Tuned Model Method for the distributed
mass modification with large change to center of gravity location (Modification 3), which do
not fully encapsulate the simulated flight test data, containing only 21% of the data points.
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2.6.3 Validation of Uncertainty Estimation Methods

Along with estimating the performance of modified aircraft configurations, estimating the
model form uncertainty for a higher fidelity model of this configuration can also aid the
certification process. Because we are using simulated flight test data, it is possible to obtain
flight test data for the modified configurations that would otherwise be unavailable. Using
the same uncertainty estimation method described in Section 2.3, the true uncertainty for
the modified configuration can be calculated. For the first modification of equally distributed
mass, the estimated performance bounds generated by the Tuned Model Method are quite
similar to the uncertainty bounds calculated by simulating the actual modified configuration,
shown in Fig. 2.22. For most of the maneuver, the two bounds are almost identical.
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Figure 2.22: Simulation results for the Tuned Model Method uncertainty bounds, green,

compared to true uncertainty bounds, purple, for the equally distributed mass modification
(Modification 1).

However, when the Tuned Model Method is used to estimate the uncertainty bounds for the
distributed mass configuration with change to the center of gravity location, as shown in Fig.
2.23, the estimated uncertainty bounds are significantly different than the true uncertainty
bounds, particularly in the forward velocity, Au, but with differences in the other states.
The estimated uncertainty bounds generated using the Baseline Model Method show an
improvement, capturing more of the overall trend and magnitude of the uncertainty bounds
calculated from the modified configuration, seen in Fig. 2.24.
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Figure 2.23: Simulation results generated using the Tuned Model Method uncertainty
bounds, purple, compared to true uncertainty bounds, green, for the distributed mass mod-
ification with change in center of gravity location (Modification 2).
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Figure 2.24: Simulation results generated using the Baseline Model Method uncertainty
bounds, purple, compared to true uncertainty bounds, green, for the distributed mass mod-
ification with change in center of gravity location (Modification 2).
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2.7 Summary and Conclusions

A framework to estimate the performance and associated uncertainty bounds for modified
aircraft configurations without requiring flight test or other high fidelity data of the modified
configuration is introduced. This framework includes two methods to estimate the uncer-
tainty of the modified configurations based on the uncertainty calculated for the nominal
configuration. The first uncertainty estimation method, the Tuned Model Method, assumes
that the model tuning for the nominal configuration is still valid for the modified config-
uration and that no additional uncertainty is introduced, whereas the second method, the
Baseline Model Method, does not make this assumption and calculates larger uncertainty
bounds relative to the baseline model in order to capture more of the modification dynamics.
These methods are designed independent of the data collection method (wind tunnel, CFD,
simulation, or flight test) as well as the model form (linear, non-linear) of the aircraft model.

These methods are then applied using data from the Generic Transport Model (GTM), a
research aircraft operated by NASA Langley. A high fidelity simulation is used to create
simulated flight test data as well as linearized models. Three modifications are examined,
the addition of an equally distributed mass, the addition of a distributed mass with a small
change in center of gravity location, and the addition of a distributed mass with larger change
in center of gravity location. The equally distributed mass is modeled in the baseline model,
whereas the two mass distributions with changes in center of gravity locations is not fully
captured using the linear model by neglecting the changes in the moments of inertia.

The Tuned Model Method is adequate at predicting both the performance and uncertainty
of the equally distributed mass modification but does not fully capture the performance or
uncertainty for the modification with a mass increase and a small change in center of gravity
location. The Baseline Model Method better captures the performance of this modification
and provides a more accurate uncertainty profile. Although the results are not as accurate
for the case where there is a mass increase and a much larger change in center of gravity
location, the differences could indicate that the framework is not applicable for this large of a
modification because the uncertainty in the moments of inertia of this modified configuration
is not captured by the uncertainty estimate.

The ability of the framework to predict the performance and associated uncertainty bounds of
modified aircraft configurations without requiring flight test data of the modifications could
have a significant impact on future certification by analysis work. Two current barriers to
certification by analysis are the certainty that the calculated results are the same level of
accuracy as flight test data and that the uncertainty in the calculated results be quantified.
This framework addresses both concerns, providing a critical step towards certification by
analysis.

Additional work includes further defining the range of applicability of the framework and
the two included methods, both in terms of size and type of aircraft modifications. The
range of applicability of these methods is especially important when considering the use
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of this framework to supplement or reduce flight testing or when considering certification
by analysis. These methods will also be applied to NASA’s X-57 Maxwell aircraft, which
already incorporates several modifications. By using a manned aircraft, the performance
predictions can be directly applied to existing airworthiness certification criteria, enabling
evaluation of the methods to predict aircraft performance at a suitable level.
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Abstract

As improvements are made to the accuracy and reliability of modeling and simulation tech-
niques, certification by analysis becomes a more attractive alternative compared to tradi-
tional aircraft flight testing. Certification by analysis is especially cost-effective when one
considers modifications to a previously certified aircraft. However, it is important that the
models and methods used are applicable and accurate throughout the intended use domain.
A framework for estimating the performance and associated uncertainty was introduced in an
earlier paper. The factors and limitations of this framework for estimating the performance
and associated model form uncertainty are explored to determine the range of applicability
of the framework, particularly with respect to model form, process and sensor noise, and
quality of available flight test data. This paper focuses on the general limitations of the
framework due to the effects of increased uncertainty from model-form factors. The effects
of these factors on the performance and uncertainty results are demonstrated using NASA’s
Generic Transport Model aircraft.

3.1 Nomenclature

C

= generalized aerodynamic coefficient

Clase = value of generalized coefficient from baseline model for the nominal config-
uration

U, U, W = body-axis velocities in the x, y, and z directions, respectively

Ug = aircraft trim velocity

P, q,T = body-axis angular rates, about the x, y, and z directions, respectively

oa = aileron deflection

de = elevator deflection

or = rudder deflection

oT = throttle deflection

§Clase = change in baseline model due to modified configuration, difference between
modified configuration and nominal configuration

sCtun = additional correction due to tuning of modified configuration model

sCuUe lbase = uncertainty bounds from model form uncertainty for modified configuration,
evaluated about the baseline model

6CY?|,,, = uncertainty bounds from model form uncertainty for modified configuration,
evaluated about the tuned model

ACtun = correction due to model tuning, difference between tuned model and baseline
model for nominal configuration

ACY Q|base = uncertainty bounds from model form uncertainty for nominal configuration,

evaluated about the baseline model
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ACY%|,,,, = uncertainty bounds from model form uncertainty for nominal configuration,
evaluated about the tuned model
0 = pitch angle
0] = roll angle

3.2 Introduction

The aircraft airworthiness certification process has traditionally relied on flight testing to
determine whether the system meets the minimum standards of airworthiness, safety of flight,
and risk [1]. Organizations tasked with airworthiness certification are required to consider
modifications to a previously certified aircraft as an entirely separate aircraft for the purposes
of certification [1, 2, 3]. Because these modifications are about the same aircraft, performing
time-consuming and expensive flight tests may not be necessary for some modifications.

There is currently interest in certification by analysis or the use of analysis and simulation to
supplement or replace flight testing in the certification process in the aviation community -
notably by the ATAA Certification by Analysis Community of Interest, which released a set
of recommended practices in 2021 [4]. In particular, there is a desire to use analysis and sim-
ulation to model modifications to a previously certified aircraft and associated uncertainties
[5]. These modified configurations must still be accurately modeled and simulated with lim-
ited or no flight test data in order to meet the standards of airworthiness with the same level
of confidence [5]. Certification by analysis is already commonly done in the nuclear industry,
due to the high risks and costs associated with nuclear power reactor testing [6]. This paper
evaluates a framework which uses uncertainty analysis and non-deterministic simulations to
estimate the flight performance of modified aircraft configurations without requiring flight
test data of the modified configuration. In the future and with additional development, this
estimated performance could then be used to reject unsuitable configurations, such as those
that do not meet performance standards or have undesired dynamics, or otherwise inform
the flight test process.

The range of applicability of any model or method is important, but it is especially im-
portant when discussing certification by analysis of safety-critical systems. For aircraft it
is important that the dynamics within the flight envelope be within acceptable limits, al-
though the dynamics outside of the envelope, such as stalls and spins, are also important
for performance [7, 8]. With the reduction in flight testing for certification by analysis, it
is essential that the methods and models used are accurate and applicable throughout the
anticipated flight domain. For example, a linear model would not be expected to provide
adequate results for a nonlinear system far from the linearization point. When discussing
model applicability, the model is validated at a number of points, indicated by "V”, which
create a validation domain, as illustrated in Fig. 3.1 [9]. The validation domain may par-
tially or fully overlap with the application domain, represented as the larger polygon and
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Figure 3.1: Application domain and validation domain[9]. (reproduced with permission)

defined by experimental conditions ”C”, and must be interpolated or extrapolated to fully
cover the application domain.

The ATAA Certification by Analysis community of interest believes that analysis used for
certification must meet or exceed the accuracy of flight test data to be a suitable substitute
[4]. However, many factors can influence the accuracy of flight test data, including steady
wind, turbulence, selected sensors, and random and systemic (bias) errors in experimental
measurements. The accuracy and uncertainty bounds generated by the uncertainty estima-
tion framework depend on the amount and quality of both the available higher fidelity (flight
test) data and the lower fidelity (CFD or wind tunnel) data. These effects are important
to capture in order to evaluate the costs associated with achieving a desired accuracy level
from the framework and its methods.

This paper revisits the framework for estimating the performance and associated uncertainty
of modified aircraft configurations presented in Ref. [10] and explores the initial factors that
affect the range of applicability and accuracy of this framework, focusing on the estimation
and quantification of uncertainty. Specifically, this paper looks at common scenarios that
negatively affect the system identification and uncertainty quantification components of the
framework, resulting in poor modeling of the aircraft dynamics and associated uncertainty.
Data from NASA Langley Research Center’s Generic Transport Model aircraft are used
to illustrate these limitations and the effect they have on the resulting non-deterministic
simulation results.
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3.3 Framework for Predicting Performance of Modified
Aircraft Configurations

One of the goals of this research is to estimate the flight performance and associated uncer-
tainty of a modified aircraft configuration, without requiring flight test data for the modified
configuration. For the purposes of this research, a modified configuration is a configuration
that differs from the nominal configuration by one or more modifications, such as the addi-
tion of payload pods, changes to engine fairings, or wing characteristics. For most aircraft
with multiple configurations, there is often a configuration which is considered "nominal”
and is the basis for any modifications. While the nominal configuration will likely have flight
test data or other higher fidelity data, these modified configurations may only have limited
data available, typically from computational fluid dynamics (CFD) or wind tunnel tests.

Figure 3.2 illustrates the major stages of the framework. First, baseline models of the
nominal configuration and any modified configurations are generated using lower fidelity
data that might not fully capture all effects, such as CFD. Second, a tuned model of the
nominal configuration is generated using system identification of available flight test data.
Using these models and the flight test data, model form uncertainty is then estimated.
Before proceeding, the models and uncertainty are validated to confirm that the models
are adequate for their intended use, using the methods discussed in this paper. Next, one
of two methods described in Sections 3.3.4 and 3.3.4 are used to extend the aerodynamic
model and uncertainty estimation to the modified configurations. Finally, non-deterministic
flight dynamics simulations which account for uncertainty as well as wind turbulence are
conducted in order to predict the performance and associated uncertainty bounds of the
modified configurations.

3.3.1 Generation of Baseline Models

The first model that is generated for the nominal configuration is the baseline model, which
serves as a common denominator for corrections and modifications. This model should
ideally be developed using a method which is available for the nominal configuration as
well as any modified configurations. For instance, CFD data are available for the nominal
configuration and many modified configurations for the AeroStar aircraft used as a research
testbed by NAVAIR, but flight test data are not available for all configurations. For the
nominal configuration, an example aerodynamic coefficient for this model is indicated by
Cbse_ Similarly, a baseline model for the modified configuration is also created.
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Generation of Baseline Models

Baseline models of nominal and modified aircraft configurations generated
using lower-fidelity data

Generation of Tuned Model

Tuned model of nominal configuration generated using system identification
of higher fidelity flight test data

uolepI|eA [9PON

Estimation of Model Form Uncertainty

Model form uncertainty estimated using error between the observed flight )
test data and calculated models for the nominal configuration

Options for Extension to Modified Aircraft

Configurations
Tuned Model Method assumes model Y Baseline Model Method does not
tuning remains valid for modified assume that tuning remains valid for the
configuration and generates smaller modified configuration and generates
uncertainty bounds larger uncertainty bounds

Non-Deterministic Simulations

Simulations which account for uncertainty and wind turbulence are
conducted and quantities of interest are calculated

Figure 3.2: Illustration of the developed framework, showing the five main stages.

3.3.2 Generation of Tuned Model

The next model generated for the nominal configuration is the tuned model, which utilizes the
most accurate data available, generally flight test data. While this data are more accurate,
it may not exist for all configurations, so a tuned model can only be created for the nominal
configuration. This tuned model will generally have the same model form (linear or non-
linear) as the baseline model, but it is not required to. The difference between the tuned
model of the nominal configuration and the baseline model of the same configuration is
represented by AC™", An improved model of the nominal configuration is then represented

by cnom — Cbase + Acftun

Often, this model will be generated using parameter identification of flight test data but
could include higher fidelity CFD or wind tunnel data. Common parameter estimation
techniques include the equation error method, the output error method, and the filter error
method, which are described in Ref [11].
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3.3.3 Estimation of Model Form Uncertainty

The uncertainty of greatest interest is model form uncertainty, or uncertainty due to the
difference between the model and the true system. However, the limited availability, poor
quality, or inherent noise of these data sources can contribute to additional error in the
uncertainty estimation process, which are then included in the model form uncertainty for
the model.

To calculate this uncertainty, the model is evaluated at each time step of the flight test
data or higher fidelity simulation data and is then compared to the values from the data.
This comparison generates a series of time-independent errors for each timestep, shown as
blue dots in Fig. 3.3. A cubic-regression model is then fit to these errors, represented by
the black line in Fig. 3.3.Uncertainty bounds are estimated using 95% confidence intervals
on the mean error between the higher fidelity data and the lower fidelity baseline or tuned
model for each equation of motion, using Eq. (3.1), generating the red lines [12, 13].

3(20)  tos2n-o/ T (X X) 120 < fiyjen < §(50) + tajnp/PTp(XX) Tr,  (3.1)

9(z0) is the model response about the aircraft state xo, to /2 n—p is the probability for 100(1-c)
confidence interval with n — p degrees of freedom (where n is the number of samples and p is
the degree of the polynomial), 62 is the sample standard deviation, [y|z0 is the mean error of
the model response at the aircraft state, and X is the matrix of observed data. These bounds
are shown in Fig. 3.3 as red lines; note that the bounds are modified from the calculation to
always include zero error to prevent changes to the model form or tuning within this stage of
uncertainty calculations. Because the bounds are dependent upon the state of the aircraft,
they can be correlated to specific states, allowing for smaller bounds where there are more
data and prediction of bounds where data are sparse, as in Ref. [12]. Because the bounds
grow exponentially as they move away from the available data, prediction for aircraft states
far from observed values can lead to high uncertainty. This behavior is expected and allows
prediction where there are few observed data.

The model form uncertainty can be calculated about both the baseline and tuned models,
creating two different uncertainty bounds, as shown in Figs. 3.4 and 3.5. When adding
the uncertainty to our model of the nominal configuration, C7°™ two equations emerge,
dependent on whether the tuning correction is used:

Cfom’base = Cfase + AC’>‘[<JQ|base (32)

and

CI 4 = O 4 ACH £ ACY9),, (3:3)
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Figure 3.3: Calculation of uncertainty bounds, red, using differences between model and
observed data, blue, and a cubic-regression fit of these data, shown in black.
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Figure 3.4: Uncertainty calculated Figure 3.5: Uncertainty calculated about

about the baseline model. the tuned model. Note that the uncer-
tainty is smaller because the tuned model
is closer to the observed data.

3.3.4 Extension to Modified Aircraft Configurations

The first step in modeling a modified configuration is modeling the nominal, unmodified
configuration. The framework will be illustrated using a single model term but can be
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applied to all terms in the aircraft dynamics model. Using the nomenclature described in
Ref. [10], C\ represents a generic aerodynamic coefficient, such as the Coefficient of Lift. The
nominal configuration of this aircraft can be described using a combination of the baseline
model C***¢. model tuning AC**" and model form uncertainty ACY?. Since we can calculate
uncertainty of the nominal configuration about both the baseline and tuned model, there
are two related models:

C::wm|base = C«iase + AC»{]Q|base (34)

and

O™ = C*¢ 1 AC™™ + ACY?|, (3.5)

Equation 3.4 describes the case where the uncertainty is calculated about the baseline model,
oY Q|base, whereas Eq. 3.5 describes the case where the uncertainty is calculated about the
tuned model, CY Q|tun- Equation 3.5 is more accurate and should always be used, but both
equations are given to aid in developing the two methods for modeling for the modified
configuration.

When we describe a modified aircraft configuration using the same nomenclature, additional
terms appear due to the change in configuration. After including additional model tuning
to match flight test data and uncertainty quantification, the final model for the modified
configuration can be written in two different ways, corresponding to Egs. (3.4) and (3.5):

O e = CY £ ACYQyee + 002 £+ 60V (3.6)

and

O = CP5¢ 4 ACT™ + ACY9,,,, + 6CP¢ + 5CH™ £+ 6CYV 91y (3.7)

where ¢ indicates the change due to modification in the configuration, §C?**¢ is the change
to the baseline model due to the modified configuration, 6C*" is the additional correction
due to model tuning (if available) for the modified configuration, and JCY¢ is the additional
uncertainty for the modified configuration. While 6C%*¢ can be obtained by comparing
lower fidelity data of the nominal and modified configurations, such as wind tunnel or CFD
data, 5C™" and JCUY? cannot be calculated without higher fidelity data for the modified
configuration, such as flight test data, which is often unavailable.

Using the prior knowledge of the nominal configuration, we propose two methods to estimate
the uncertainty of the modified configuration [10]. The methods differ in the approximation
of 6C™" and JCU? and do not require parameter tuning and uncertainty quantification
for the modified configuration. The methods are intended for small and large modifications,
respectively. This paper focuses on the general limitations and applicability of the framework
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and not the applicability of the individual methods to a range of modified configurations.
To properly determine and verify the limits on acceptable modifications, flight test data are
required for a large spectrum of modified configurations.

Tuned Model Method

The first method to estimate the aerodynamic model and uncertainties of the modified
configuration assumes that the total uncertainty for the modified configuration is equivalent
to the uncertainty for the nominal configuration and that the model tuning for the nominal
configuration also applies to the modified configuration. This assumption is the same as
assuming that no additional model tuning is needed for the modified configuration and that
the uncertainty bounds of the nominal configuration are valid for the modified configuration.
Using Eq. (3.7), this is equivalent to setting §C*" and 6CY?|,,, equal to zero.

To generate the updated model used for non-deterministic simulations, the final model can
be written as:

C«funedModelMethod — C«fase =+ Aciun + AC*UQ‘tun + 56‘1}:@56 (38)

In other words, only the baseline model for the nominal configuration is updated using the
change from the nominal configuration to the modified configuration (6C?*¢). As shown in
Fig. 3.6 using example artificial data, the updated model, indicated in black with asterisks,
is obtained by adding the change due to the modification, §C%*¢ (shown in blue), and the
tuning correction, AC%"? (shown in orange) to the baseline model, indicated by the solid
black line. The uncertainty bounds for the nominal configuration (ACY?|,,), shown in red,
calculated using the tuned model, are then applied to this model to obtain updated model
and uncertainty bounds for the modified configuration. This process is shown in Fig. 3.7 for
the example data.

Baseline Model Method

The second method of estimating the uncertainties of the modified configuration assumes
that the total uncertainty for the modified configuration is the uncertainty that would occur if
there were no tuning for the nominal configuration. This is equivalent to assuming the model
tuning correction for the nominal configuration is no longer valid and engineering judgement
points toward approximating the total uncertainty for the modified configuration as the
uncertainty for the nominal configuration with no tuning. Using Eq. (3.6), this assumption
is equivalent to stating that the model uncertainty of the modified configuration is similar
to that of the nominal configuration. The updated model for the modified configuration can
then be written as:

C«faselineModelMethod — Cfase + AOEQ|base + 50fase (39)
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Figure 3.6: Generation of updated model
for the modified configuration using
the Tuned Model Method with example
data. The changes due to the modifica-
tion, in blue, and the tuning correction
term, in yellow, are added to obtain the
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Figure 3.7: Addition of the uncertainty
bounds, red, from the nominal config-
uration to the updated model of the
modified configuration using the Tuned
Model Method, showing the updated un-
certainty bounds using example data.

updated model

For this method, the baseline model for the nominal configuration, indicated by the solid
black line, has the change due to the modified configuration (6C%**¢), shown in blue, added
to create the updated model, indicated in black with asterisks in Fig. 3.8 with the example
data. Then we use uncertainty bounds (ACY®|ys.) created using flight test data and the
baseline model of the nominal configuration, shown in red, as opposed to the tuned model
used for the tuned model method. Using the baseline model creates much larger uncertainty
bounds that include the effects of model tuning, as in Fig. 4.8.

Use of the Two Methods

The two methods of estimating the uncertainty for the modified configuration provide differ-
ent levels of conservatism, depending on the characteristics of the model and configuration.
The tuned model method, which assumes that the tuning is valid for the modified configura-
tion and leads to smaller uncertainty for the updated model, effectively tunes the model based
on the nominal configuration. This assumption leads to less conservative uncertainty bounds
about the updated model. An updated model and corresponding uncertainties based on the
tuned model method are accurate for modified configurations that are similar to the nominal
configuration; i.e., the modifications are minor. However, the baseline model method, which
assumes a larger uncertainty based on the (un-tuned) baseline model, aims to give more con-
servative bounds that will account for larger differences between the nominal and modified
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Figure 3.8: Generation of updated model
for the modified configuration using the
Baseline Model Method. The updated
model for the modified configuration has
only the changes due to the modification,
in blue, added to the baseline model of
the nominal configuration.
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Figure 3.9: Calculation of the total un-
certainty for the modified configuration
using the Baseline Model Method, with
example data. The total uncertainty is
the uncertainty from the baseline model.
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configurations. The baseline model method does not assume that the tuning correction from
the nominal configuration applies to the modified configuration but does assume that the
modeling uncertainty is similar. Additional research is required to determine exactly which
range of modifications are applicable for each of the two methods.

3.3.5 Non-Deterministic Simulations

Non-deterministic simulations are conducted using the baseline and tuned models while
accounting for changes due to modifications as well as model form uncertainty. Using the
previously calculated uncertainty bounds, uncertainty in the states is added at each timestep,
dependent on the current state and control inputs. The simulation also includes a turbu-
lent wind component, which adds additional realistic uncertainty to the simulation. To fully
capture the uncertainty of the aircraft design, multiple independent simulation runs are com-
bined to create a range of expected performance. Bounds of the estimated flight performance
are calculated by taking 95% of the combined simulation data. Convergence analysis of the
simulation results is performed to demonstrate the number of simulation runs required to

achieve suitable convergence.
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3.4 Evaluation of Uncertainty Bounds Estimation

3.4.1 Example Aircraft System: GTM

NASA Langley Research Center’s Generic Transport Model (GTM) aircraft, shown in Fig.
3.10, was chosen as the example aircraft system to demonstrate the proposed framework. The
GTM has extensive wind tunnel, CFD, and flight test data and has been used for research
including loss of control prediction, spin prediction, and control development [7, 8, 14, 15]. An
open-source, high-fidelity, non-linear simulation of the GTM!, created using a combination
of wind tunnel, flight test, and simulation data, was used for this research.

The aircraft simulation is trimmed using a constant true airspeed, which results in the
trimmed aircraft states in Table 3.1. Although the simulation includes many control inputs,
only elevator, rudder, and aileron deflections are used for this research, with all other surfaces
kept at the zero position. All simulation and uncertainty results are shown as deviations from
the trimmed aircraft state and surface deflections. The simulation includes a wind turbulence
model, enabling the simulation of flight test data with process noise, as well as models of
the aircraft sensors, enabling simulation of flight test data with sensor noise. Using this
simulation, we created separate simulated flight test data segments for system identification,
uncertainty quantification, and uncertainty validation. Because this is simulated data, flight
test data can also be created for the modified configurations, enabling a direct comparison
of results.

Table 3.1: GTM Trim States
and Deflections

State Trim Value
u 50.2 m/s
v 0m/s
W 2.59 m/s
p 0 rad/s
q 0 rad/s
r 0 rad/s
o 0 rad (0 deg)
6 0.05 rad (2.86 deg)
Deflection Trim Value
e 2.45 deg
O 0 deg
Figure 3.10: NASA Langley’s GTM aircraft during a flight Sa -0.39 deg
test [8]. Sy 40.6%

! Available at: https://github.com/nasa/GTM_ DesignSim
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3.4.2 Analysis and Uncertainty Quantification

For the GTM aircraft, both the nominal and modified configuration models come from the
simulation, which is then linearized at a given trim condition. To mimic the errors that would
typically exist in wind tunnel or simulation data and to account for using the same simulation
for flight test data, an artificial trim offset was applied to the system when calculating the
baseline models. Additionally, only the longitudinal and lateral components of the equations
of motions are used to create the model, neglecting any cross terms. This model form was
selected to simulate a lower-order aerodynamic model with specific terms neglected. The
modified configurations are created by changing components in the simulation, such as mass
or inertial properties.

Simulated flight test data are created using the simulation, including wind and sensor noise,
using control inputs generated by the user. The tuned model is created using the output
error method of system identification, using the codes associated with Ref. [11]. Although
any system identification method could be selected, the output error method was chosen for
its ease of use and generally good results.

A second set of simulated flight test data are used for uncertainty quantification and estima-
tion, allowing a range of control inputs and aircraft states throughout the area of interest.
The error is estimated by comparing the difference between the model and time derivatives
of the flight test data and fitting a polynomial equation to the data.

For much of our analysis in this paper, we will be comparing the calculated uncertainty
bounds from a nominal condition (low winds, low sensor noise, all states measured) to an
offset condition. These bounds exist in a multi-dimensional space so they will be shown as
slices about the trim for each of the aircraft states and inputs. The rate of change in upward
velocity (Aw) was selected to show the change in uncertainty, but the uncertainty bounds
for each state will have a similar change.

3.5 Limits on Applicability of Framework

Although we are using high-fidelity simulation data in lieu of flight test data to assess the
framework, it can still be difficult to accurately predict the performance of modified con-
figurations. Many situations, including incorrect model form, poor data quality, or limited
data quantity, affect the accuracy in system identification and uncertainty quantification.
Independent of any modification, these situations can result in models with high associated
uncertainty, leading to results that are too conservative to be useful. The modification itself
also impacts the applicability and usefulness of the framework, although this is still an area
of active research.
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3.5.1 Baseline Model Form

One of the most important factors that affects the accuracy of the two methods is the
choice of the model form used for the baseline model. For example, a linear model could
be formed using body-axis positions, velocities, angles, and angular rates creating a 12x12
system of equations, while another linear model could be formed by separating the lateral
and longitudinal dynamics, creating two independent 4x4 systems of equations. Non-linear
models can vary from combinations of aircraft states and inputs to combinations of states,
inputs, and derivatives.

Missing Single Term in Model Form

If significant terms are missing from the model, such as the term relating downward velocity
and pitch angle, the uncertainty will show a high correlation with the state and will have
a significant non-zero value. Figure 3.11 shows an example of the system identification
results when a model missing the single term relating downward velocity, Aw, and pitch
angle, Af, is fit to the data. Although the overall fit of the data are still satisfactory,
Fig. 3.12 demonstrates how the uncertainty analysis shows a strong correlation between
the uncertainty bounds for the change in downward velocity, Aw, and pitch angle, A#.
Because of the close relationship between pitch angle and forward velocity, there is also
strong correlation in the uncertainty bounds for change in downward velocity, Aw, and
forward velocity, Au. If such a correlation is present in the application of the framework,
the term should be added before proceeding.

Missing Many Terms in Model Form

If many terms are missing, the total uncertainty will be large, giving results that are too
broad and ambiguous. Figure 3.13 shows the effect on system identification of multiple
missing terms in the model, in both the lateral and longitudinal dynamics. Although other
terms in the model can account somewhat for the missing terms, the uncertainty will be
larger than the nominal case, as shown in Fig. 3.14. This increase is most noticeable when
the model form uncertainty is plotted against the changes in control inputs, located in the
bottom row of Fig. 3.12.
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Figure 3.11: Comparison of the simulated flight test data, shown in black, to the tuned

model generated with a single missing term, shown in blue.
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Figure 3.13: Comparison of the simulated flight test data to the tuned model generated with
many missing terms.
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3.5.2 Data Quality

Data quality is another factor that can affect the uncertainty estimation, and therefore the
applicability of the methods themselves. Three of the key data quality metrics that have
a large effect are process noise (noise present in the state derivatives, typically from wind),
sensor noise (noise present in the observed states, typically due to bias, accuracy levels,
or resolution), and observed states (the states that are measured and collected for further
analysis). For the GTM aircraft simulation, a detailed wind model is included, modeling
both steady-state and turbulent wind conditions at a variety of wind levels to match those
seen in flight. The simulation also includes models of each of the aircraft sensors, such as the
Inertial Measurement Unit (IMU) and rate gyroscopes. These sensor models have realistic
noise, delay, and range limits to match the research aircraft. Because these instruments are
intended for research, their quality is often very high, which serves as a good comparison to
illustrate the effects of reduced quality.

High Process Noise

For aircraft flight testing, process noise generally arises due to wind, particularly when wind
conditions are not precisely known at each timestep throughout the flight. Flight testing is
typically conducted with low, constant-directional wind with a small turbulent component,
but it is important to consider the impact of increased wind. Depending on the system
identification method used, model tuning can still be generally accurate, as in Fig. 3.15.
Although the model has more high frequency content than the simulated flight test data
with no wind, the model still follows the trend of the data, with similar peaks and lows.
However, additional process noise can increase the uncertainty, even with a good model fit.
This is shown in Fig. 3.16, where an increase in the gust turbulence affects the uncertainty
across many states. Although wind only directly affects the velocities, the effect on the
uncertainty is particularly evident in roll rate, Ap.

High Signal Noise

Another factor which impacts the system identification and uncertainty quantification is high
levels of signal noise, typically arising from variations in the sensor readings or interference.
As with high process noise, different system identification methods can account for some
degree of signal noise. Figure 3.17 shows that the model fit is still quite close to the simulated
flight test data. This good fit is due in part to our selection of the output error method for
system identification, which is shown to be a good estimator in the presence of sensor noise
[11]. However, the uncertainty calculated from simulated flight test data with high signal
noise, shown in red, has larger bounds than the uncertainty calculated from the nominal
case, shown in black in Fig. 3.18. Although the tuned model is able to closely match the
flight test data, the variation in the individual states muddles the calculated error, resulting
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in some states with smaller bounds but others with larger bounds.
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Figure 3.15: Comparison of the simulated flight test data to the tuned model generated with
high wind.
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Figure 3.17: Comparison of the simulated flight test data to the tuned model generated with
high sensor noise.
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Figure 3.18: Comparison of the nominal uncertainty bounds to the uncertainty bounds
generated from a model with high sensor noise.
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Quantized Signals

Quantization arises when signals are mapped to a finite set - such as when a sensor has
poor sensitivity and only outputs values to the nearest unit. In addition to contributing to
increased signal noise, this non-linear irreversible process can greatly impact the accuracy of
the framework. Figure 3.19 shows an example data segment which has been quantized by
rounding to the nearest m/s. For this analysis, velocities were rounded to the nearest m/s,
angles were rounded to the nearest 2 deg, and angular rates were rounded to the nearest
2 deg/s. System identification of this data, in Fig. 3.20, shows that the higher frequency
content is difficult to recover from quantized data. The error and uncertainty caused by
the missing higher frequency content is most evident in forward velocity, Au, where the
observed quantized flight test is mostly constant; the model is only able to provide a best
guess of what the true velocity was. When it comes to uncertainty, Fig. 3.21 demonstrates
that uncertainty can be quite large in these cases, particularly for the states with high
quantization relative to their time histories. For example, the uncertainty bounds for pitch
angle, Af, are larger than the uncertainty bounds in the nominal case, but generally follow
the same trend. However, the uncertainty bounds for pitch rate, Ag, have a significantly
different trend and are drastically larger than the nominal case.

Limited Observed States

Particularly for small unmanned aircraft, not all states are measured with sensors and are
therefore not discretely observed. Although some system identification methods, such as the
output error method used in this research, can still identify a model with limited states,
the fit is not as accurate as when all states are observed. Figure 3.22 shows the system
identification for the GTM, where a model is fit using only velocities and angles. Larger
deviations are evident in the angular rates, Ap, Aq, and Ar, where the magnitude of the
model has substantial differences. The calculated uncertainty, shown in Fig. 3.23, shows an
increase, particularly for the states that were not observed - pitch rate, roll rate, and yaw
rate. Because of the choice of Aw to show the uncertainty, the difference is most obvious in
pitch rate, since it is strongly correlated with vertical velocity.
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Figure 3.21: Comparison of the nominal uncertainty bounds to the uncertainty bounds
generated from a model with quantized data.

® 2
K
S0 = o ANV WMWY
< s < 2
0 5 10 15 0 5 10 15
o 2 = 1p
\ =3
-, Lo AN AANZ
= -
q SY
2 < -1 . . ,
0 5 10 15 0 5 10 15
o 0.5 o 05¢
~L ~
E 3
g ot A VASANNANANNIAA £ 0 \M\Wf’\f'\/\/\&/wv\a
Y .
<05 s
0 5 10 15 0 5 10 15
0.1 w 05
E SISO, o N N
< 0 V\NNWW < 0
< <
-0.1 0.5
0 5 10 15 0 5 10 15
time, s time, s

[—Simulated Flight Test Data — Tuned Model]

Figure 3.22: Comparison of the simulated flight test data to the tuned model generated with
limited observed signals.
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Figure 3.23: Comparison of the nominal uncertainty bounds to the uncertainty bounds
generated from a model with limited observed states.

3.5.3 Data Quantity

The uncertainty bounds estimation depends on the amount of data points used, with smaller
bounds where there are more data and larger bounds in regions where data are sparse. The
quantity of the data available, both in sheer numerical size and in relationship to the desired
flight envelope, is important to ensuring the estimated uncertainty bounds are representative
of the true uncertainty.

Limited Overall Data Availability

Although the overall volume of data are important for the system identification process, we
will focus on the effects of limited data on the uncertainty quantification process, since it
typically requires more data for accurate bounds. Our uncertainty bounds are dependent
on the number of data points, n in Eq. (4.1), so fewer samples results in larger uncertainty
bounds. This impact is shown in Fig. 3.24, where the number of samples used for uncertainty
quantification was reduced by a factor of 3, creating a dramatic increase in the calculated
uncertainty. The limited data affects the relationship between the states and these bounds
by changing the correlation, similar to how a linear regression can be fit to sparse data from
a non-linear function.
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Figure 3.24: Comparison of the nominal uncertainty bounds to the uncertainty bounds
generated from a model with limited data.

Limited Data in Applicability Domain

In addition to the amount of data available, the location of these data relative to the ap-
plicability range is also important. Figure 3.25 shows the effect of extending our existing
uncertainty far from the observed data, creating exponential increases in the uncertainty.
This exponential effect is seen in the uncertainty bounds for rudder deflection, ¢,, where
the bounds rapidly increase away from the trimmed flight condition. The impact of the
polynomial fit chosen to model the data are also present; what appeared to be a relatively
constant uncertainty bound independent of state can have unexpected values outside of the
observed range. This difference in behavior is most clearly shown in the bounds for elevator
deflection, d., where the seemingly linear relationship grows into a strong cubic relationship
farther away from the observed data. When this uncertainty is used to predict performance
outside of the applicability domain defined by the observed data, the 95% confidence bounds
on the simulation performance are too conservative to be useful, as shown in Fig. 3.26. The
large prediction bounds of the simulation are typical for conditions outside the observed
data, since the uncertainty drives the state further from the trim condition which in turn
increases the uncertainty.
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Figure 3.25: Comparison of the nominal uncertainty bounds to the uncertainty bounds
generated from extrapolating beyond the observed data.
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Figure 3.26: Comparison of the simulated flight test data to model results generated using
control inputs outside of the applicability range.
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3.5.4 Sensitivity to Model Changes

One of the key distinctions between the two uncertainty estimation methods is the ability
of the baseline model to adequately represent the modified configuration. For example, if
a modification resulted in only higher order changes to the aircraft dynamics, a standard
linear model would be unable to model this change. An example of such a change could be
using a different material for the wing structure - although the dominant dynamics may not
change significantly, higher order effects, such as elastic deformation and load redistribution,
could exist in the actual vehicle. These effects would not be shown in the framework results
since they are unable to be modeled using the model form selected.

Conversely, if a modification had significant changes to the aircraft dynamics, a linear model
may no longer be adequate due to a change in aircraft trim state. As a point of reference,
a suitable modification of a 10% increase in mass is shown in Fig. 3.27. Using the less
conservative, Tuned Model Method described in Section 3.3.4, the estimated performance
bounds, shown in red, adequately capture the performance of the simulated flight test data,
shown in black, with 94% of the simulated flight test data points contained within the
bounds.
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Figure 3.27: Comparison of the simulated flight test data to model results for a suitable
modified configuration of a 10% increase in mass.

To demonstrate a dramatic modification, the mass of the aircraft was increased by 10%
with a large change to the center of gravity location. Figure 3.28 shows the predicted
performance of such a large modification using the Tuned Model method, while Fig. 3.29
shows the predicted performance with the Baseline Model Method. Although there is an
increase in the amount of the simulated flight test data included in the estimated performance
for the Baseline Model Method, the results are still far below what was seen with smaller
modifications. Even with the more conservative uncertainty bounds calculated using the
Baseline Model Method, the estimated performance bounds generated using the framework,
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shown in red, are unable to include the actual dynamics, shown in black, in the prediction
for the duration of the maneuver and is unable to capture the pitch rate, an important value
for aircraft control, throughout maneuvers.
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Figure 3.28: Simulation results generated using the Tuned Model Method for the unequally
and unrealistically distributed mass modification (Modification 3), which do not fully en-
capsulate the simulated flight test data, containing only 19% of the data points.
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Figure 3.29: Simulation results generated using the Tuned Model Method for the distributed
mass modification with large change to center of gravity location (Modification 3), which do
not fully encapsulate the simulated flight test data, containing only 21% of the data points.
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3.6 Summary and Conclusions

We have evaluated a previously described framework in a number of common situations
seen in flight testing and data modeling to determine the applicability and usefulness of the
framework. The model form used to model the aircraft dynamics is shown to be important
to correctly capturing the uncertainty and dynamics. The quality of the flight test data,
including the noise levels and observed states, can also have a significant impact on the
framework results. Other factors that affect the framework results include the amount of
flight test data and the magnitude of the modification. Additional research into the appli-
cability of each of the two methods, determining the range of acceptable modifications, is
an area for future work and would require significant flight test data for a large spectrum
of modified configurations. These results will be applied to a real aircraft system in future
work, demonstrating that the framework is capable of predicting performance of modified
configurations for a realistic system.
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Abstract

A framework to estimate the performance and associated uncertainty of modified configu-
rations of certified aircraft is applied to the X-57 Maxwell aircraft. In previous theoretical
studies, the framework was shown to predict performance and uncertainty bounds accu-
rately. The X-57 Maxwell is an experimental aircraft designed to demonstrate the benefits
of distributed electric propulsion through a series of four incremental modifications to a
Tecnam P2006T aircraft. The available models and data are first shown to be within the
application domain of the framework. We then apply the framework to two X-57 Maxwell
modifications. We compare the estimated performance and associated uncertainties against
the airworthiness criteria. The results indicate that the framework is a promising tool for
the certification by analysis toolbox. We expect the framework to reduce and supplement
the flight testing required to show compliance to airworthiness certification criteria for a
modified configuration.

4.1 Nomenclature

C, = generalized aerodynamic coefficient

Chase = value of generalized coefficient from baseline model for the nominal config-
uration

U, v, W = body-axis velocities in the x, y, and z directions, respectively

Ug = aircraft trim velocity

D,q,T = body-axis angular rates, about the x, y, and z directions, respectively

oa = aileron deflection

de = elevator deflection

or = rudder deflection

sCtun = additional correction due to tuning of modified configuration model

sClase = change in baseline model due to modified configuration, difference between
modified configuration and nominal configuration

§CY@|,,4 = uncertainty bounds from model form uncertainty for modified configuration,
evaluated about the modified model

AC!Hm = correction due to model tuning, difference between tuned model and baseline
model for nominal configuration

ACY9|pe = uncertainty bounds from model form uncertainty for nominal configuration,
evaluated about the baseline model

ACY%|,,,, = uncertainty bounds from model form uncertainty for nominal configuration,
evaluated about the tuned model

0 = pitch angle

[0) = roll angle
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4.2 Introduction

As novel aircraft are introduced, either through completely new designs or modifications
to existing aircraft, accurately predicting the flight performance continues to be vitally im-
portant. Flight testing is the current standard for determining whether the system meets
minimum requirements of airworthiness, safety of flight, and risk [1]. Organizations tasked
with airworthiness certification, such as the Federal Aviation Administration (FAA) and
Naval Air Systems Command (NAVAIR), are required to consider modifications to previ-
ously certified aircraft, such as a change in wing characteristics, as an entirely separate
aircraft for the purposes of certification [1, 2, 3]. It is not always preferred to spend the
time and cost of flight tests for these modifications, especially because they are based on
existing aircraft that already have available data. For novel aircraft utilizing new technology,
such as electric propulsion, using a similar aircraft as a baseline for performance comparison
prior to the flight, can reduce the risk for initial flight testing. The X-57 Maxwell project has
taken this approach by designing a demonstrator that steps through a series of modifications,
from a currently certified general aviation airplane to a fully electric aircraft with modified
geometry [4].

There is currently significant interest in certification by analysis - where analysis and sim-
ulation supplement or replace flight testing in the certification process. In 2021, the ATAA
Certification by Analysis Community of Interest published a set of recommended practices
[5]. In particular, the community is interested in using analysis and simulation to model
modifications to previously certified aircraft, including the associated uncertainties [6]. Even
with limited or no flight test data, the modified configurations must still be accurately mod-
eled and simulated in order to meet the standards of airworthiness with the required level of
confidence [6]. Certification by analysis is already commonly done in the nuclear industry,
due to high risks and costs associated with full-scale testing, but it is in its infancy in the
aerospace industry [7]. Uncertainty quantification is important for certification by analysis,
particularly uncertainty due to the form or structure of the selected model, because it enables
consideration of conditions where experimental data are limited [8, 9, 10].

This paper uses a framework based on uncertainty analysis and non-deterministic simula-
tions to estimate the flight performance of modified aircraft configurations without requiring
flight test data on the modified configuration. The framework, described in Ref. [11], uses
knowledge of the unmodified, nominal configuration to assist in the simulation of the modi-
fied configuration. The framework consists of two methods to estimate the modified aircraft
dynamics and the uncertainties of the modified aircraft dynamics. Both methods use as-
pects of the nominal system, account for changes due to the modification, and are used to
perform non-deterministic simulations. Non-deterministic simulations are simulations which
take into account uncertainty and other non-constant or known variables, allowing variation
between simulation runs. This framework is designed to be independent of the source or
quality of the data, as well as the model form or accuracy (for example, a linear model
created using CFD data). The estimated performance generated from the framework then
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could be used to reject unsuitable configurations or otherwise inform the flight test process.

Because the X-57 Maxwell is one of the first electric aircraft and serves as a concept demon-
strator, special emphasis is being placed on the certification and regulatory aspects that
need to be created for electric aircraft. The first step in the process is identifying the cur-
rent standards and regulations for the aircraft, using a small civil aviation aircraft as the
reference vehicle [12]. Although many of the flight performance requirements remain un-
changed, significant changes would be required in standards for engines and propellers [12].
The X-57 Maxwell project works with regulators to identify regulatory barriers and develop
new standards to enable the use of innovative technologies [13, 14]. An additional goal of
the certification review process is to identify and pair new technologies to the corresponding
regulations to assist in the adoption of the new technologies within the aviation community

[14].

We start with a brief overview of the framework from Ref. [11], followed by an introduction
to the X-57 Maxwell aircraft. We then apply the framework to the already defined "Mods”
of the X-57 Maxwell, using a combination of simulation and flight test data, demonstrating
each step in the process. The framework results will be validated against flight test data for
the original, unmodified configuration (Mod-I). We present the predicted performance for
Mod-II and Mod-III, which do not yet have flight test data available. The paper concludes
with an assessment of the results and possible future applications and extensions with this
methodology.

4.3 Approach

The uncertainty of greatest interest is model form uncertainty, or uncertainty due to the dif-
ference between the true system and the mathematical representation of the system, brought
on by lack of knowledge of the system [9]. The limited availability, poor quality, or inherent
noise of the data sources, such as inertial measurement units (IMUs) or air data probes, can
contribute to additional uncertainty associated with the model.

4.3.1 Generation of Baseline Models

The first model that is generated for the nominal configuration is the baseline model, which is
later corrected and modified. Ideally, the same method should be used for developing models
for the nominal configuration and any modified configurations. However, CFD data and
wind tunnel data may be easily obtained for an aircraft, but flight test data are not usually
available for all configurations. For the nominal configuration, an example aerodynamic
coefficient is denoted by C?*¢. Baseline models for any modified configurations are also
created.
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4.3.2 Generation of Tuned Models

We next generate a tuned model for the nominal configuration. It uses the most accurate data
available, generally parameter estimation (also known as model tuning) of flight test data.
Although these data are more accurate, they may not exist for all configurations. Therefore,
a tuned model can typically only be created for the nominal configuration. This tuned model
will generally have the same model form (linear or non-linear) as the baseline model, but that
is not a requirement. The difference between the tuned model of the nominal configuration
and the baseline model of the same configuration is represented by AC". Using example
artificial data, these notional components are shown for a lift coefficient curve in Fig. 4.1.

Often, this model will be generated using parameter identification of flight test data but
could include higher fidelity CFD or wind tunnel data. Common parameter estimation
techniques include equation error method, output error method, and filter error method,
described in Ref. [15]. For this work, the output error method was chosen due to the ease
of implementation.

4.3.3 Estimation of Uncertainty

To calculate the model form uncertainty, the model is evaluated at each time step of the
flight test data or higher fidelity simulation data and is then compared to the data values.
The process yields a series of time-independent errors for each timestep, as shown in Fig.
4.2. Uncertainty is estimated using 95% confidence intervals on the mean error between
the higher fidelity data and the lower fidelity baseline or tuned model for each equation of
motion, as in Hale et al. and Montgomery:

y(z,) — ta/gjn_p\/frza:(](X’X)—le < fyloo < Y(20) + ta/Q,n_p\/Wxg(X’X)—lxo (4.1)

Here y(x¢) is the model response about the aircraft state xg, to/2n—p is the Student’s t-
distribution for 100(1-a) confidence interval with n — p degrees of freedom where n is the
number of samples and p is the degree of the polynomial), 62 is the sample standard devia-
tion, fiy|,0 is the mean error of the model response at the aircraft state, and X is the matrix
of observed data. The bounds are shown in Fig. 4.2 as red lines. Note that the bounds
are modified to always include zero error to prevent changes to the model form or tuning.
Because the bounds are dependent upon the state of the aircraft, they can be correlated
to specific states, allowing for smaller bounds where there are more data and larger bounds
where data are sparse, as in Ref. [16]. Because the bounds grow exponentially as the aircraft
state moves away from the available data, prediction for aircraft states far from observed
values can lead to high uncertainty.

The uncertainty can be calculated for both the baseline and tuned models, creating two
different estimates, as shown in Figs. 4.3 and 4.4. In Fig. 4.3, the uncertainty is calculated
and applied about the baseline model, shown in black, generating larger uncertainty bounds
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due to the differences between the lower fidelity data used to create the baseline model and
the flight test data. Figure 4.4 illustrates the case where the uncertainty is calculated and
applied about the tuned model, shown in orange. These uncertainty bounds are smaller
because the tuned model is closer to the observed data than the baseline model.
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Figure 4.1: Baseline model (black) and
tuned model (orange), illustrated using
example data.

Figure 4.2: Calculation of uncertainty
bounds (red), using differences between
model and observed data (blue).
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4.3.4 Combining Baseline Models, Tuned Models, and Uncertainty

Using the nomenclature described in Ref. [11], C, represents a generic aerodynamic co-
efficient, such as the Coefficient of Lift. The nominal configuration of this model can be
described using a combination of the baseline model C***¢, model tuning AC™", and uncer-
tainty ACY?. Since we can calculate uncertainty from both the baseline and tuned model,
there are two related models:

Cri)aselmewithUQ _ Cfase + AOEQ|base (42)

and

C:unedwz‘thUQ _ OSzzse + Aciim + AOEQ|tun (43)

Equation 4.2 describes the case where the uncertainty is calculated about the baseline model,
CY®yuse, while Equation 4.3 describes the case where the uncertainty is calculated about
the tuned model, CY%|,,,,,.

When we describe a modified aircraft configuration, additional terms appear. After including
additional model tuning and uncertainty quantification, the final model for the modified
configuration can be written in two different ways, corresponding to Equations 4.2 and 4.3:

CfaselinewithUQ,mod _ Cimse + AC*UQ‘base + 60}:(136 + 5C*UQ|base (44)

CiunedwithUQ,mod — C))lzase + Aciun + ACEQ|tun + 50:&86 + 6Ciun + 5CEQ|tun (45)

where ¢ indicates the change due to modification in the configuration, §C%*¢ is the change
to the baseline model due to the modified configuration, 6C*" is the additional correction
due to model tuning for the modified configuration, and JCU¥ is the additional uncertainty
for the modified configuration. While 6C%#*¢ can be obtained by comparing lower fidelity
data, such as wind tunnel or CFD data, of the nominal and modified configurations, 6C*“",
sCY Q|base, and 6CY Q|tun cannot be calculated without higher fidelity data for the modified
configuration, such as flight test data, which is often unavailable.

Using the prior knowledge of the nominal configuration, we propose two methods to estimate
the uncertainty of the modified configuration [11] . The methods differ in the approximation
of C*"" and §CY? but do not require parameter tuning and uncertainty quantification for
the modified configuration. The methods are intended for small and large modifications,
respectively.
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4.3.5 Tuned Model Method

The first method to estimate the model and uncertainties of the modified configuration,
called the Tuned Model Method, approximates the total uncertainty for the modified config-
uration as the uncertainty for the nominal configuration, with model tuning for the nominal
configuration applied to the modified configuration. That is, no additional model tuning
is assumed to be needed for the modified configuration, and the uncertainty bounds of the
nominal configuration are assumed valid for the modified configuration. This method is
intended for small modifications, where the modification does not have a large change to
the model dynamics, resulting in a similarly small change to the true model tuning. Using
Equation 4.5, this is equivalent to setting §C™" and §CY%|;,,, equal to zero.

In order to generate the updated model used for non-deterministic simulations, the final
model can be written as

C, = O 4 AC™™ + ACYQ|,,,, + 5Cbese (4.6)

In other words, the baseline model for the modified configuration is updated using the
change from the nominal configuration to the modified configuration (6C?**¢ shown as blue
in Fig. 4.5 ) and the tuning correction from the nominal configuration (AC™", shown in
orange). The additive process is shown in in Fig. 4.5 using example artificial data, resulting
in the updated model, represented as the black starred line. The uncertainty bounds for the
nominal configuration calculated using the tuned model (ACY?|,,, shown in red) are then
applied to this model to obtain updated uncertainty bounds for the modified configuration.
This process is shown in Fig. 4.6 for the example data, where the uncertainty bounds are
applied to the updated model calculated in the previous figure. In this case, the uncertainty
bounds are small because they are calculated about the tuned model.

4.3.6 Baseline Model Method

The second method of estimating uncertainties of the modified configuration approximates
the total uncertainty for the modified configuration as the uncertainty that would occur if
there were no tuning for the nominal configuration. This is equivalent to stating that the
model tuning correction for the nominal configuration is no longer valid and that the total
uncertainty for the modified configuration can be approximated as the uncertainty for the
nominal configuration with no tuning. This method is intended for larger modifications
where the change in dynamics is substantial and a greater change in the tuning correction
would be expected. The updated model for the modified configuration can then be written
as

O, = C%% £ ACYypse + 5O (4.7)
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changes due to the modification, in blue,
and the tuning correction term, in yel-
low, are added to obtain the updated
model.

fied configuration using Method 1, show-
ing the updated uncertainty bounds us-
ing example data.

For this method, the baseline model for the nominal configuration, in black, has the change
due to the modified configuration (§C%%¢, shown as blue in Fig. 4.7) added to create the
updated model, shown as the black starred line using the example data. Then, uncertainty
bounds (ACY®|y4se, shown in red) are created using flight test data and the baseline model
of the nominal configuration and then applied to this updated model. This creates much
larger uncertainty bounds about the updated model, as shown in Fig. 4.8.

4.4 X-57 Maxwell

The X-57 Maxwell, shown in Fig. 4.9 is one of NASA’s current X-Plane demonstrators.
It features an all-electric design with distributed electric propulsion. X-57 is one of the
first manned aircraft with distributed electric propulsion, having 12 spanwise propellers
along the wing to improve low-speed performance, as well as two more traditional propellers
at the wingtips used for propulsion [4]. This design aims to demonstrate at least a 3.5x
reduction in energy consumption compared to a conventionally powered aircraft at cruise
[4]. X-57 Maxwell also aims to explore the certification and regulatory requirements for an
all-electric aircraft, demonstrating that such an aircraft can be flown safely while meeting
performance standards [4]. The approach is to introduce a series of Mods (modifications)
to an existing aircraft, incrementally transforming it into an electric aircraft and ultimately
including distributed electric propulsion. The Mods are shown in Fig. 4.10.
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Figure 4.7: Generation of updated model
for the modified configuration using
Method 2. The updated model for
the modified configuration has only the
changes due to the modification, in blue,
added to the baseline model of the nom-
inal configuration.

Figure 4.8: Calculation of the total un-
certainty for the modified configuration
using Method 2, with example data. The
total uncertainty is the uncertainty from
the baseline model.

The Mods make the X-57 Maxwell a good candidate to explore the use of our framework
from Ref. [11] to predict aircraft performance for modified configurations. Here we focus
on the Mod-II configuration, which has a relatively minor modification from the original
Tecnam P2006T aircraft (the change from gas powered to electric motors), as well as the
Mod-IIT configuration, which has a more substantial modification from the original aircraft
(an updated wing and the inclusion of 12 spanwise mounted propeller nacelles [4]). For this
research, we are interested in the flight performance at cruise, so the spanwise propellers
meant for high-lift and high-angle-of-attack conditions included in Mod-IV would not be in
use [4].

As a research aircraft, the X-57 Maxwell has a large amount of wind tunnel and CFD data for
Mods II through IV [18, 19, 20]. Much of these data have been put into 6-degree-of-freedom
aircraft simulations using MATLAB®’s Simulink®Software [20]. Flight test data are also
available for the baseline Tecnam P2006T aircraft, which serves as the Mod-I configuration
[20]. However, flight test data for the Mod-II through Mod-IV configurations have not yet
been collected, with flight testing planned in the future.
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Figure 4.9: An artist’s rendering of the X-57 Maxwell aircraft in flight, shown in the Mod
IV Configuration.

electric motor and propellers

a) Mod-I: Original Tecnam-P2006T b) Mod-II: Electric motor and propellers
High-lift nacelles (no propellers)
high aspect ratio wing : g & ‘g
\

N\

F ~| tip-mounted propeller I High-lift nacelles (with propellers)

¢) Mod-III: High aspect ratio wing, d) Mod-IV: High aspect ratio wing,
high-lift nacelles (no propellers), high-lift nacelles (with propellers),
tip-mounted propellers tip-mounted propellers

Figure 4.10: Incremental modifications of the X-57 Maxwell, from the Tecnam P2006T to
the complete distributed electric propulsion aircraft [18].
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4.5 Application and Results

4.5.1 Generation of Baseline Models from Simulation

Simulation models of the X-57 Maxwell configurations were previously generated using a
combination of CFD and wind tunnel tests [18, 19, 20]. The simulations have previously
been used as a comparison to flight test data of the Tecnam P2006T, which also serves as the
Mod-I configuration [19]. A linear 6-degree-of-freedom model was generated by linearizing
the X-57 Maxwell simulations for the Mod-I, Mod-II, and Mod-III configurations. Figure 4.11
shows a comparison of this baseline linear model for the Mod-I configuration to the Tecnam
P2006T flight test data, with the flight test data in black and the evaluated baseline model
in blue. In addition to being a first-order linear model, which excludes many of the higher-
order dynamics seen in the flight test data, there is significant noise in the flight test data,
particularly in the velocity components. Recall that this baseline model is used only as a
reference and the tuned model, generated from analysis of the flight test data, is used as the
more accurate model.
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Figure 4.11: Comparison of the baseline model for the Mod-I configuration to flight test
data of a Tecnam P2006T.
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4.5.2 Generation of Tuned Model Using Flight Test Data

A tuned model of the aircraft dynamics is created using system identification of flight test
data to capture any mismatch between the simulation and the actual performance of the
aircraft. Although any system identification method could be used, the output error method
was used for this research, using adapted scripts from Ref. [15].

For the X-57 Maxwell, flight test data from a Tecnam P2006T flight serve as the tuning
data for the Mod-I configuration. This flight test included a number of different maneuvers
relevant to system identification, including doublets, and also includes repeat maneuvers,
enabling this type of analysis. The tuned model also has a linear 6-degree-of-freedom model
form, to facilitate matching with the baseline model. Figure 4.12 shows a comparison between
the tuned model and the Tecnam P2006T flight test data, for a segment of flight test data
which contained the maneuver. However, exact wind conditions, velocity measurements, and
throttle control data were not collected, all of which lead to increased noise and decreased
model accuracy in the longitudinal states - Au, Aw, Ag, and Af. This is seen in Fig. 4.12,
where the tuned model does not include many of the high frequency dynamics seen in the
flight test data. An improved tuned model could be generated by redoing the flight tests
with additional sensors and by using a higher-order non-linear model form.
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Figure 4.12: Comparison of the tuned model for the Mod-I configuration to flight test data
of a Tecnam P2006T, for a section of flight test data containing a maneuver.
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4.5.3 Uncertainty Quantification

Model form error is estimated by calculating the difference between the aerodynamic model
and flight test data. Various sources of noise can affect this calculation, including unsteady
wind and sensor noise. Even if these sources are not exactly known, the difference serves as
a reasonable estimate of the actual model form error.

For the X-57 Maxwell aircraft, the Tecnam P2006T flight test data were compared to the
models previously described. Figure 4.13 shows these errors for vertical acceleration, Aw, as
well as the uncertainty bounds calculated using Eq. 4.1. The errors, shown as blue dots, are
calculated at each timestep by comparing the model result and the observed flight test data.
The uncertainty bounds are calculated using Eq. 4.1, using the observed flight test data, as
a function of each aircraft state. This creates multi-dimensional uncertainty bounds, which
are shown in Fig. 4.13 as red slices centered about the trimmed position. Because the flight
test data contain a variety of different maneuvers and aircraft states, the uncertainty bounds
are able to remain steady for a large range of states instead of growing exponentially due to
lack of data. Most of the uncertainty bounds show little dependence on aircraft state, with
the exception of forward velocity Au. Because forward velocity often is heavily impacted by
wind and the flight test data do not include throttle measurements, this correlation is not
unexpected.
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Figure 4.13: Calculated uncertainty bounds (red) and model form error (blue) for the tuned
X-57 model, for the Aw state, corresponding to vertical acceleration.
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4.5.4 Non-Deterministic Simulation

A single simulation is conducted using the initial condition and control surface inputs from
the validation data segment while non-deterministic simulations are conducted by including
uncertainty and repeating the simulation many times. Using the previously calculated uncer-
tainty bounds, uncertainty in the states is added at each timestep, dependent on the current
state and control inputs. The simulation also includes a turbulent wind component, which
adds additional realistic uncertainty to the simulation to more closely match the flight test
data, which include a significant unknown wind component. To fully capture the dynamics
and uncertainty of the aircraft design, multiple independent simulation runs are combined
to create a range of expected performance. Bounds of the estimated flight performance are
calculated by taking 95% of the combined simulation data. Convergence analysis of the
simulation results is performed to demonstrate that the number of simulation runs achieved
suitable convergence, indicated by the steady-state uncertainty bounds remaining within
0.1% with the addition of additional simulation runs.

4.5.5 Validation of Nominal Model (Mod-I)

It is important to validate that the updated model generated by the framework is close to
the flight test data. For the X-57 Maxwell data, a different segment of flight test data not
used for model tuning or uncertainty quantification is compared to the model. Shown in
Fig. 4.14, the simulation results using the updated model, in blue, are compared to the
flight test data, in black. With the exception of the forward velocity, Au, most of the states
have small differences between the two, most likely representing a small mismatch in the
trim conditions. It is also important to confirm that the uncertainty bounds generated from
non-deterministic simulations, shown in red, contain the majority of flight test data for this
segment indicating that the bounds account for variation as illustrated in Fig. 4.15. These
uncertainty bounds are much larger than the observed dynamics of the aircraft because of
the unknown turbulent wind component in the flight test data. There is good agreement
between the model and flight test data, compared to previous analysis in Ref. [11], indicating
that the model is suitable for the nominal Mod-I configuration. As further improvements
and refinements are made to the model, it is expected that the agreement with the flight
test tuning will improve and the conservativeness of the uncertainty bounds will decrease.
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Figure 4.14: Comparison of the Mod-I tuned model (blue) to Tecnam P2006T flight test
data, showing agreement between the two.

5 5 5
E E
:?O >«0 ~ 0
< <

w2
E
B
<
-5 -5 -5
25 50 75 100 125 25 50 75 100 125 25 50 75 100 125
time, s time, s time, s
0.05 0.05
0.2
2 2 0.1 £
§ é - :
=0 =0 g0
Q. on —
< <1-0.1 <
-0.2
-0.05 -0.05
25 50 75 100 125 25 50 75 100 125 25 50 75 100 125
time, s time, s time, s

|—Flight Test Data [_JUncertainty Bounds|

Figure 4.15: Uncertainty bounds (red) from non-deterministic simulation for the X-57
Maxwell Mod-I configuration, containing almost all of the Tecnam P2006T flight test seg-
ment.
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4.5.6 Prediction of Performance for Mod-II and Mod-II1

Because flight tests for the X-57 Maxwell Mod-II or Mod-III configurations have not yet
been conducted, the flight performance can only be predicted, not validated. This predicted
performance could then be used to assist in the planning of future flight tests, validating
aerodynamic models, or developing additional modifications.

For the Mod-II configuration, which features the original Tecnam wing with electric mo-
tors and updated propellers, the baseline model is quite similar to the baseline model for
the Mod-I configuration. This similarity is shown in Fig. 4.16, where a simulation using
the model for the Mod-II configuration, shown in green, is nearly the same as the model
for the nominal Mod-I configuration, shown in blue. This small difference, equivalent to
5C’fjase|modn, indicates that the Tuned Model Method, described in section 4.3.5 is adequate
for the Mod-II configuration. Using the Tuned Model Method, the updated model and as-
sociated uncertainty bounds for the Mod-II configuration are generated, as shown in Fig.
4.17. This provides an estimation of the performance of this configuration in an environment
similar to the original flight test data, accounting for the effects of uncertainty, noise, and
wind.

\—Mod—l Baseline Model —Mod-II Baseline Model —Mod-III Baseline Model\

30 40 50 60 70 80 90 100 110 120
time, s

Figure 4.16: Comparison of a simulation the baseline model for the Mod-I configuration
(blue), the baseline model for the Mod-II configuration (green), and baseline model for the
Mod-III configuration (orange), demonstrating the differences between the three configura-
tions.

Figure 4.16 also shows a comparison between a simulation using the baseline model of the
Mod-I configuration, in blue, to the baseline model of the Mod-III configuration, which has
an updated wing and wing mounted engine nacelles, in purple. Although there are some
minor differences between the two models, the difference, (5C’f““|modln is still relatively
small and the Tuned Model Method should be sufficient for predicting the performance and
associated uncertainty. This estimate is shown in Fig. 4.18 and is remarkably similar to the
predicted performance for the Mod-II configuration.
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Figure 4.17: Updated model, indicated by stars, and the associated uncertainty bounds, for
the X-57 Maxwell Mod-II Configuration, illustrating the predicted performance.
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Figure 4.18: Updated model, indicated by stars, and the associated uncertainty bounds,
in red, for the X-57 Maxwell Mod-III configuration, illustrating the predicted performance.
Note the similarity to the estimate for the Mod-II configuration.
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The small difference between the estimated performance for the Mod-IT and Mod-III config-
urations can be due to a number of factors. The large difference between the baseline model
and the tuned model for the nominal Mod-I configuration is substantially larger than the
differences seen between the configurations and therefore has a larger effect on the aircraft
dynamics compared to the configuration changes. Improved baseline models, generated us-
ing a higher-order non-linear model form, could illustrate the effects of the modifications
more clearly. A second potential cause for the similar estimated performance is the high
process and sensor noise seen in the flight test data, due to the large uncertainty in the ve-
locity, propulsion, and turbulent wind measurements. The inclusion of additional flight test
data, which contain these signals, to the system identification process should create a tuned
model that is able to more closely match the actual dynamics of the aircraft. Of course,
this similarity could simply be due to the small changes between the configurations and an
effort to design the modified configurations to have the same approximate performance as
the original aircraft.

4.5.7 Comparison to Airworthiness Certification Requirements

The framework results can also be used as a comparison to airworthiness certification re-
quirements to serve as an additional resource prior to flight testing. Because the existing
X-57 flight test data has high uncertainty in propulsive inputs, some critical certification
requirements cannot be analyzed, including climb rates under 23 CFR Part 2120; however,
other airworthiness and handling criteria can be evaluated.

One example handling criteria is the acceptable roll rate with maximum aileron deflection,
which is typically under 10 degrees per second for normal category aircraft. Figure 4.19
shows the estimated response for a maneuver that includes full positive aileron deflection
of 17 degrees at 5 seconds, a return to the neutral position, and then full negative aileron
deflection of -17 degrees at 15 seconds, for the Mod-II configuration. The maximum roll
rate achieved was just under +7 degrees per second, with minimal uncertainty, aligning with
expected handling qualities for a normal category aircraft. The uncertainty bounds, shown
in red in Fig. 4.19, are difficult to see due to the low uncertainty in this maneuver, which
is expected due to the nature of the maneuver - a short, isolated control input with small
deviation from aircraft trim. The results for the Mod-III configuration are similar.
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Figure 4.19: Prediction of X-57 Mod-II response to full aileron inputs, with maximum pos-
itive aileron at 5 seconds and maximum negative aileron at 15 seconds, showing adequate
handling qualities for a normal category aircraft.

4.6 Summary and Conclusions

As the number of novel or modified aircraft designs continues to increase, predicting the
performance of any modified configurations before flight test data are available can reduce
both time and cost required. A previously defined framework is applied to NASA’s X-
57 Maxwell aircraft to estimate the performance of the various modifications, or “Mods.”
Predicted performance, including uncertainty bounds, were generated for the X-57 Mod-II
and Mod-III configurations, which were similar for both modified configurations. These
similarities could be due to the large difference between the baseline model and tuned model
for the nominal Mod-I configuration, the large amount of signal and process noise in the flight
test data used to generated the tuned model using system identification, or the specific design
of the aircraft modifications. To improve the results, a higher-order non-linear model form
and additional flight test data with supplemental sensors is recommended.

Because this aircraft has not yet flown, these predictions can be a useful comparison tool, by
informing future flight testing, assessing models, and guiding any additional modifications.
Future work includes comparing these results to the flight test data for the Mod-II and
Mod-IIT configurations when they become available after flight testing is conducted.
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Chapter 5

Summary and Concluding Remarks

Chapter 2 introduces a framework developed to estimate the performance and associated
uncertainty of modified aircraft configurations. Two methods to estimate the performance
and associated uncertainty bounds for modified aircraft configurations without requiring
flight test or other high fidelity data of the modified configuration are introduced. The first
uncertainty estimation method assumes that the model tuning for the nominal configuration
is still valid for the modified configuration and that no additional uncertainty is introduced.
The second method does not use the model tuning and thus develops the model using the
lower fidelity data and associated larger uncertainty bounds in order to capture more of
the modification dynamics. These methods are designed to be independent of the data
collection method (wind tunnel, CFD, simulation, or flight test) as well as the model form
(linear, non-linear) of the aircraft model.

These methods are then applied using data from the Generic Transport Model (GTM), a
research aircraft operated by NASA Langley. A high fidelity simulation is used to create
simulated flight test data as well as linearized models. Three modifications are examined, the
addition of an equally distributed mass, the addition of a mass with a small change in aircraft
center of gravity location, and the addition of a mass with a large change in aircraft center of
gravity location. While the Tuned Model Method is suitable for predicting the performance of
the equally distributed mass and small change in center of gravity modifications, the Baseline
Model Method is unable to fully predict the performance for the large center of gravity
configuration, indicating that the framework may not be suitable for this modification.

Chapter 3 then explores the effect of various requirements on this framework, focusing on the
factors that affect the accuracy of the system identification and uncertainty quantification.
The model form used to model the aircraft dynamics is shown to be important to correctly
capturing the uncertainty and dynamics. The quality of the flight test data, including the
noise levels and observed states, can also have a significant impact on the framework results.
Other factors that affect the framework results include the amount of flight test data and
the magnitude of the modification. Additional research into the applicability of each of the
two methods, determining the range of acceptable modifications, is an area for future work
and would require significant flight test data for a large spectrum of modified configurations.

Chapter 4 then applies this framework to the real-world example of NASA’s X-57 Maxwell,
a research aircraft designed with a series of modifications from a commercially available
Tecnam P2006T aircraft to a fully electric aircraft with distributed electric propulsion. Both

92



5.1. Future Work 93

the Mod-II and Mod-III configurations have similar performance predictions to the nominal
Mod-I configuration, a possible effect of the amount of sensor and wind noise present in the
flight test data, or due to the design of the modifications. Because the modified aircraft
has not yet flown, these predictions can be a useful comparison tool. Future work includes
comparing these results to the flight test data for the Mod-II and Mod-III configurations
when they become available.

This proposed framework is seen as an initial step towards certification by analysis. By
including an estimation of uncertainty, certification criteria can be compared to a range
of predicted performance as opposed to a single point estimate. Using this comparison
enables stronger confidence in the results, potentially guiding areas where flight testing
may be reduced or where additional flight testing may be needed. While this framework is
still far from true certification by analysis, the hope is that this early step may help guide
additional efforts, particularly with demonstrating means of compliance for simulation-based
certification.

5.1 Future Work

Future work for this research includes additional research into the limitations of the appli-
cability of the two methods, particularly establishing the range of acceptable modifications.
Additional work is planned to complete the comparison of the framework results to the flight
test data to the X-57 Mod-II and Mod-III configurations, when they become available, and
to publish the results.
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