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Foreword

In March of 2016, Subject Matter Experts (SMEs) from the US Army, University of Liverpool (UK), and
DLR (Germany) in the fields of rotorcraft flight simulation and control, met to discuss the potential for
collaboration focused on flight simulation model update methods and fidelity assessment metrics. A key new
aspect was the ability to leverage the extensive progress made in rotorcraft system identification, especially
under the landmark effort of NATO AGARD Working Group 18 (1991), and in the continued advancement
in the 30 years since. System identification provides a ‘truth model’ and important physical insight into the
flight dynamics from flight-test data that can be used for updating physics-based models and assessing the
model’s fidelity. In the course of follow-on discussions with SMEs from other nations, and in light of the
advances in both rotorcraft physics-based flight simulation methods and system identification, it became
clear that there was a need for a new look at the topic and SME recommendations as determined from
comprehensive applications to multiple flight-test case studies. Discussions with SMEs from other nations
indicated a broad interest in this topic and a research working group was proposed under the NATO RTO
umbrella that became AVT-296: Rotorcraft Flight Simulation Model Fidelity Improvement and Assessment.
The NATO umbrella allowed for very broad participation, sharing of flight data and simulation results,
regular discussions held at biannual meetings at the member nation facilities, and finally resulting in this
comprehensive report and a forth coming short course (June 2021). In total, there were 31 members in the
research team from 9 nations, representing training simulator developers, rotorcraft manufacturers,
government research laboratories, and academia, who worked together for three years during the period
2018 — 2021. We hope that the comprehensive research effort and this resulting in-depth final report
and forthcoming short course will help to advance and standardize the state-of-the-art in rotorcraft
flight simulation.

Dr. Mark B. TISCHLER Prof. Mark D. WHITE
Army Technology Development Directorate University of Liverpool
UNITED STATES UNITED KINGDOM
AVT-296 Co-Chair AVT-296 Co-Chair
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Rotorcraft Flight Simulation Model Fidelity
Improvement and Assessment
(STO-TR-AVT-296-UU)

Executive Summary

Rotorcraft flight dynamics simulation models require high levels of fidelity to be suitable as prime items in
support of life cycle practices, particularly vehicle and control design and development, and system and
trainer certification. On the civil side, both the FAA (US) and EASA (Europe) have documented criteria
(metrics and practices) for assessing model and simulator fidelity as compared to flight-test data, although
these have not been updated for several decades. On the military side, the related practices in NATO nations
are not harmonised and often only developed for specific applications. Methods to update the models for
improved fidelity are mostly ad hoc and lack a rational and methodical approach. Modern rotorcraft System
Identification (SID) and inverse simulation methods have been developed in recent years that provide new
approaches well suited to pilot-in-the-loop fidelity assessment and systematic techniques for updating
simulation models to achieve the needed level of fidelity. To coordinate efforts and improve the knowledge
in this area, STO Applied Vehicle Technology Panel Research Task Group (STO AVT-296 RTG) was
constituted to evaluate update methods used by member nations to find best practices and suitability for
different applications including advanced rotorcraft configurations.

This report presents the findings of the AVT-296 RTG. An overview of previous rotorcraft simulation
fidelity Working Groups is presented, followed by a review of the metrics that have been used in previous
studies to quantify the fidelity of a flight model or the overall perceptual fidelity of a simulator.
The theoretical foundations of the seven different update methods and a description of the eight flight
databases (Bell 412, UH-60, IRIS+, EC135, CH-47, AW139, AW109, and X2, provided by the National
Research Council of Canada, US Army, Airbus Helicopters, Boeing, Leonardo Helicopter Division, and
Sikorsky) used by the RTG is presented. Both time- and frequency-domain fidelity assessment methods are
considered, including those in current use by simulator qualification authorities and those used in the
research community. Case studies are used to show the application, utility, and limitations of the update and
assessment methods to the flight-test data.

The work of the RTG has shown that time- and frequency-domain SID based metrics are suitable for use for
assessing the model fidelity across a wide range of rotorcraft configurations. Gain and time delay update
methods work well for well-developed flight dynamics models and can be used for flight control system
design, but do not provide physical insights into the sources of errors in a model. Deriving stability and
control derivatives from flight-test data using SID and nonlinear simulation models using perturbation
extraction methods provides insight into the missing dynamics of the simulation model, which can
subsequently be updated using additional forces and moments to significantly improve the fidelity of the
model and can be used to update models for flight simulation training application methods. Reduced order
model and physics-based correction methods provide large benefits when extrapolating to other flight
conditions but does require detailed flight-test data. SID can quickly provide accurate point models,
if detailed flight-test data are available, which can be ‘stitched’ together to produce models suitable for
real-time piloted simulation and control design applications. However, the dependency on flight-test data
means that this method is not suitable for early aircraft development activities.

STO-TR-AVT-296-UU ES -1



Sal

organization

This documentation of rotorcraft simulation fidelity assessment and model update strategies will benefit
NATO nations by allowing for common, agreed-upon best practices and recommendations, ensuring each
country’s flight dynamics and simulation models are of the highest calibre possible. The collaboration
between industry, academia, and government laboratories has been key to the success of this RTG; this
cooperation model should be adopted in future research activities. As industries strive to achieve greater
efficiency and safety in their products, the fidelity of simulation should match commercial aspirations to
ensure that the ‘right first time’ ethos is fully embedded into industrial best practices. Militaries will be able
to use the methods and metrics presented to set criteria that will underpin the use of modelling and
simulation in certification to accelerate development and acquisition and reduce the cost of new aircraft
systems, e.g., advanced high-speed rotorcraft and legacy system upgrades. The criteria may also set
standards for training devices used to support the expansion of synthetic environments for training to offset
the high costs of flight hours. This RTG has identified that current flight training simulator standards could
be updated to use the flight model and perceptual fidelity metrics presented in this report to ensure that
models are not ‘over-tuned’ and a more rigorous method of subjective simulator assessment is adopted.
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Ameélioration et évaluation de la fidélité des modeles
de simulation du vol a voilure tournante
(STO-TR-AVT-296-UU)

Synthése

Les modéles de simulation de la dynamique du vol a voilure tournante doivent avoir un niveau de fidélité
¢levé pour servir d’éléments principaux étayant les pratiques du cycle de vie, en particulier la conception
et la mise au point des véhicules et des commandes et la certification du systéme et du simulateur. Dans
le domaine civil, tant la FAA (Etats-Unis) que I’AESA (Europe) ont documenté des critéres (indicateurs
et pratiques) d’évaluation de la fidélité des modéles et simulateurs par rapport aux données d’essai en vol,
méme si ces critéres n’ont pas €t€ mis a jour depuis des décennies. Dans le domaine militaire, les pratiques
correspondantes dans les pays de ’OTAN ne sont pas harmonisées et ne sont souvent élaborées que pour des
applications bien précises. Les méthodes de mise a jour des modéles pour en améliorer la fidélité sont
principalement ad hoc et manquent d’une approche rationnelle et méthodique. Des méthodes modernes
d’identification des systemes (SID) d’aéronefs a voilure tournante et de simulation inverse ont ét¢ mises
aupoint ces derniéres années. Elles constituent de nouvelles approches bien adaptées a I’évaluation
de la fidélit¢ avec pilote dans la boucle et aux techniques systématiques de mise a jour des modéles
de simulation pour atteindre le niveau de fidélité nécessaire. Dans le but de coordonner les travaux
et améliorer les connaissances dans ce domaine, le groupe de recherche de la Commission sur la technologie
appliquée aux véhicules de la STO (RTG STO AVT-296) a été constitué afin d’évaluer les méthodes de mise
a jour qu’emploient les pays membres, de trouver les meilleures pratiques et d’évaluer leur adéquation
aux différentes applications, notamment les configurations perfectionnées d’aéronef a voilure tournante.

Ce rapport présente les conclusions du RTG AVT-296. Il donne une vue d’ensemble des groupes de travail
précédents portant sur la fidélité de la simulation des aéronefs a voilure tournante, puis passe en revue
les indicateurs qui ont été utilisés dans les précédentes études pour quantifier la fidélité d’un modele de vol
ou la fidélité perceptive générale d’un simulateur. Le rapport présente les fondements théoriques des sept
méthodes de mise a jour et décrit les huit bases de données de vol (Bell 412, UH-60, IRIS+, EC135, CH-47,
AW139, AW109 et X2, fournies par le Conseil national de recherches Canada, I’Armée de terre des
Etats-Unis, Airbus Helicopters, Boeing, Leonardo Helicopter Division et Sikorsky) utilisées par le RTG.
Des méthodes d’évaluation de la fidélité du domaine temporel et fréquentiel sont étudiées, y compris celles
actuellement utilisées par les autorités de qualification des simulateurs et celles utilisées dans la communauté
de la recherche. Des études de cas montrent 1’application, 1’utilité et les limites de la mise a jour et
des méthodes d’évaluation des données d’essai en vol.

Le travail du RTG montre que les indicateurs basés sur le SID du domaine temporel et fréquentiel sont
adaptés a I’évaluation de la fidélité du modéle dans une large gamme de configurations d’aéronefs a voilure
tournante. Les méthodes de mise a jour du gain et de la temporisation fonctionnent bien pour les modéles
de dynamique de vol bien développés et peuvent servir a concevoir des systémes de commande de vol, mais
elles ne fournissent pas d’informations physiques sur les sources d’erreur d’un modele. La déduction
des dérivées de stabilité et de commande a partir de données d’essai en vol utilisant le SID et de modéles
de simulation non linéaires utilisant des méthodes d’extraction des perturbations fournit un apercu
de la dynamique manquante du modé¢le de simulation, lequel peut ensuite étre mis a jour avec des forces
et moments supplémentaires pour améliorer sensiblement la fidélité du modéle et peut servir a actualiser
les modeles des méthodes applicatives de formation par simulation de vol. Les méthodes de correction
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basées sur la physique et les modéles réduits offrent de grands avantages lors de I’extrapolation a d’autres
conditions de vol, mais nécessitent des données détaillées d’essai en vol. Le SID peut fournir rapidement
des modeles de point exacts, si des données détaillées d’essai en vol sont disponibles, lesquels peuvent étre
«assemblés » pour produire des mod¢les adaptés a la simulation pilotée en temps réel et aux applications
de conception des commandes. Cependant, la dépendance aux données d’essai en vol signifie que cette
méthode n’est pas adaptée aux activités précoces de mise au point des aéronefs.

Cette documentation de 1’évaluation de la fidélité de simulation des aéronefs a voilure tournante
et des stratégies de mise a jour des modeles bénéficiera aux pays de ’OTAN en leur permettant de convenir
des meilleures pratiques et des recommandations communes, qui garantiront le niveau le plus élevé possible
des modeéles de simulation et de dynamique de vol de chaque pays. La collaboration entre I’industrie,
le monde universitaire et les laboratoires publics a été la clé de la réussite de ce RTG. Ce modéle
de coopération devrait étre adopté dans les futures activités de recherche. Alors que les industries s’efforcent
d’atteindre une plus grande efficacité et une meilleure sécurité de leurs produits, la fidélité de la simulation
devrait correspondre aux aspirations commerciales, afin que la philosophie de « réussite du premier coup »
soit pleinement intégrée dans les meilleures pratiques industrielles. Les militaires pourront utiliser
les méthodes et indicateurs présentés pour établir des critéres qui étaieront 'utilisation de la modélisation
et simulation dans la certification, afin d’accélérer la mise au point et 1’acquisition et de réduire le coit
des nouveaux systémes d’aéronefs, par exemple les aéronefs a voilure tournante a grande vitesse
et les systémes hérités modernisés. Ces criteres peuvent également établir des normes pour les appareils
de formation servant a soutenir le développement des environnements synthétiques dans I’entrainement, afin
de contrebalancer le colit élevé des heures de vol. Le présent RTG a déterminé que les normes actuelles
des simulateurs d’entrainement au vol pourraient étre mises a jour pour utiliser le modele de vol
et les indicateurs de fidélité perceptive présentés dans ce rapport, afin de s’assurer que les modéles ne sont
pas adaptés de manicre excessive et quune méthode plus rigoureuse d’évaluation subjective des simulateurs
est adoptée.
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Chapter 1 - INTRODUCTION

Aircraft and rotorcraft flight dynamics simulation models require high levels of fidelity to be suitable as
prime tools to support life cycle practises, particularly in vehicle and control design and development, and
system and trainer certification. On the civil side, both the FAA (US) and EASA (Europe) have documented
criteria (metrics and practises) for assessing model and simulator fidelity as compared to flight-test data,
although these have not been updated for several decades. On the military side, the related practises in
NATO nations are not harmonised and are often only developed for specific applications. Methods to update
the models for improved fidelity are mostly ad-hoc and lack a rational and methodical approach. More
rigorous and systematic practises for fidelity assessment and enhancement could pay huge dividends in
reducing early life cycle costs for both military and civil rotorcraft acquisitions [Cooper et al. (2011)].

Modern system identification (SID) and inverse simulation methods have been developed in recent years
[e.g., Hamel (1991), Tischler et al. (2004), Lu et al. (2011), Tischler and Remple (2012), Morelli and
Cooper (2014), Greiser and von Griinhagen (2016), Fegely et al. (2016)] that provide new approaches well
suited to pilot-in-the-loop fidelity assessment and systematic techniques for updating simulation models to
achieve the needed level of fidelity. Previous NATO Science and Technology Organization (STO)
activities (AGARD) by NATO partner countries developed and compared time- and frequency-domain
system identification (SID) methodologies to extract accurate models of three different rotorcraft — the
AH-64, Bo-105, and SA-330 — from flight-test manoeuvres [Hamel et al. (1991)]. Flight identified models
from each country were compared to each other but not to physics-based nonlinear simulation math
models. Since this original AGARD activity, member nations have independently made considerable
progress using system identification and inverse simulation methods to update their physics-based flight
models using flight-test data. The model updates used by each nation vary greatly in terms of
methodology, complexity, and associated technical effort/cost [e.g., Tischler et al. (2004), Lu et al. (2011),
Tischler and Remple (2012), Morelli and Cooper (2014), Greiser and von Griinhagen (2016), Fergely et al.
(2016)]. These research activities demonstrate different update methodologies that provide significant
improvements in model fidelity and demonstrate how rotorcraft SID has advanced since the seminal work
reported in Hamel et al. (1991).

Under the STO Applied Vehicle Technology (AVT) Panel (STO AVT-296) Research Task Group (RTG),
each member nation has refined and documented their own particular methodology, as well as methods
from other nations using their unique flight-test databases. Comparisons between update methods have
been investigated to find best practises and suitability for different applications including advanced
rotorcraft configurations.

1.1 OBJECTIVES

The need for unified model fidelity metrics has also been recently discussed by the UK in White et al. (2012)
and has been the topic of workshops at the Vertical Flight Society (formerly the American Helicopter
Society) Forums in previous years. This research activity also highlights that the fidelity of models used for
different purposes may be best captured by different metrics.

The primary goal of this 3-year RTG was to apply and compare flight simulation model update and fidelity
assessment methods based on flight-test case studies. The RTG presents methods and results in this
comprehensive integrated report, which documents best practises for application to system design,
certification, and pilot training. These methods can be carried forward to align flight control system design
and simulation certification standards across the nations. This report will give a thorough background and
description of each model update method and give sample results for various rotorcraft test cases.
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Making such update methods, metrics, and practises more accessible and standardized for industrial and
government use was a strong motivation for the RTG. Especially important was the involvement of flight
simulation companies as RTG members, to capture their current methods, needs, perspective, and concerns.
This documentation of simulation fidelity assessment and model update strategies will benefit NATO nations
by allowing for common, agreed-upon best practises and recommendations, ensuring each country’s flight
dynamics and simulation models are of the highest calibre possible. Militaries will be able to use the
methods and metrics presented to set criteria that will underpin the use of modelling and simulation in
certification to accelerate development and acquisition and reduce the cost of new aircraft systems and
legacy system upgrades. The criteria may also set standards for training devices used to support the
expansion of synthetic environments for training to offset the high costs of flight hours.

1.2 REPORT OVERVIEW AND ORGANISATION

This report aims to give an overview of the past several decades of technical work in simulation fidelity
and model assessment from the perspectives of researchers, Original Equipment Manufacturer (OEM)
engineers, academics, and simulator developers. As the complexity of future rotorcraft designs continues
to increase, this report serves as a launching point for model validation efforts and is a snapshot of the
current state-of-the-art methods used to improve model fidelity. From an organisational standpoint,
references are given at the end of each section or chapter to assist the reader in quickly finding additional
technical content.

Chapters 1 and 2 give an overview of the task group members, task group timeline, and technical meetings
held. Chapter 3 covers each organisation’s motivation for participating in this RTG, brief summaries of the
methods each organisation are currently employing for math model update, and the end application of the
models they develop (simulation, engineering design, control law development, etc.). This chapter highlights
current areas of research in model fidelity improvement and summarizes past work in system identification
and modelling.

Chapter 4 discusses various quantitative and qualitative simulation model fidelity metrics. Rotorcraft flight
dynamics simulation models serve a variety of purposes and are evaluated by different metrics based on the
end application. The metrics and their backgrounds are discussed to give the reader an impression of how
models can be evaluated. Many metrics are introduced, and several are down-selected and used to evaluate
an update method’s efficacy in later chapters.

Chapter 5 — 7 review the model update methods, flight-test databases, and present detailed case studies with
each update method illustrated with 1 or more flight-test databases. A concise summary of the update
methods and case studies is presented in Figure 1.1.

Chapter 5 broadly categorises and gives a detailed description of model update methodologies in terms of
complexity and level of technical effort required. Methods range from gross empirical corrections to more
complicated methods that require detailed knowledge of rotorcraft dynamics and aerodynamics.

Chapter 6 gives an overview and presents databases for the 8 rotorcraft to which simulation update methods
are applied in this study. Information provided includes aircraft configuration, flight-test data available, flight
simulation modelling tools, system identification methods and results for model fidelity assessment and
update. Effort was taken to include a large variety of rotorcraft configurations: legacy to advanced
high-speed configurations, partial-authority to full-authority flight control system considerations, and piloted
vs UAVs. This large range of rotorcraft configurations provides insight into the modelling nuances of each
and to give an impression of deficiencies that may be encountered in new designs.

Chapter 7 presents an extensive set of update case studies organised in the same order as Chapter 5, by
update method. The same method is generally applied to multiple aircraft by researchers from different
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organisations to give a variety of perspectives on each method. Conciseness of each case study is
emphasized to allow the reader to grasp the concepts of each method. Additional technical details are left to
cited technical papers available in the literature.

Flight Simulation Model Update Methods

Method 1: Gain/Time Delay Corrections for Key Responses

Method 2: "Black Box" Input and Output Filters

Method 3: Force and Moment Increments Based on Stability Derivatives
Method 4: Reduced Order Models and Physics-Based Corrections
Method 5: Simulation Model Parameter Adjustment

Method 6: Parameter Identification of Key Simulation Constants
Method 7: Stitched Simulation from Point ID Models and Trim Data

Flight Test Method1 | Method 2 Method 3 Method 4 Method 5 Method 6 Method 7 | Quantitative | Perceptual
Database (Section 7.1) |(Section 7.2)| (Section 7.3) | (Section 7.4) | (Section 7.5) | (Section 7.6) | (Section 7.7) Fidelity Fidelity
412 (NRC) DLR UoL, CAE CAE NRC X Uol
UH-60 (USNA) USNA ART, GT, SAC PSU TDD X
EC135 (DLR) DLR METU Thales/ONERA DLR X
CH-47 GT, Boeing,
(Boeing/DSTG) DSTG CAE bSTG DSTG, CAE X
AW139
(Thales/ONERA) Thales/ONERA X
AW109 (LH) LH X
X2 (SAC) SAC, USNA USNA X
Iris+ (TDD) TDD X

Figure 1-1: AVT-296 Flight Simulation Model Update Methods and Flight-Test Databases.

Chapter 8 gives viewpoints from simulation companies, OEMs, and flight controls researchers on the
applicability of each update method to their industry and how and when to use each method.
Recommendations are made regarding the current simulator certification process and how it may be
improved based on the results in this report.

Finally, Chapter 9 summarises the report’s key findings and makes recommendations for future work.
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Chapter 2 —- GROUP OVERVIEW

2.1 PARTNERS

To address the objectives detailed in Chapter 1, partners were drawn from industry (6), government research
laboratories (5), and academia (9) with 31 people contributing. Table 2.1-1 provides the list of the partners’
affiliations and contact details.

2.2 SUMMARY OF ACTIVITIES

The plan was to hold two formal main technical meetings per year at partner locations during the RTG rather
than the usual method of operation, which is for partners to meet during the NATO Panel Board Meetings.
The rationale for this approach was that it provided partners with longer face-to-face contact time to share and
discuss technical work, and it also allowed the partners to see the facilities used to gather the results in this
RTG. Unfortunately, due to restrictions imposed by the COVID-19 pandemic, it was not possible to complete
all the onsite meetings, and teleconferences were arranged in their place. Additional meetings were held during
conferences when partners were in attendance, e.g., the Vertical Flight Society Annual Fora and mid-term
teleconferences. Table 2.2-1 lists the meetings that were conducted during the RTG with dates, locations, and
the list of attendees.

The estimated level of effort for this AVT is 169 person-months with approximately 70 hours of flight-testing
contributing to the project.
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Table 2.1-1: AVT-296 Participants.
Organisation o .
Organisation Name Email
Type
Vincent Myrand-Lapierre (VML) | vincent.myrandlapierre(@cae.com
CAE, Canada ] ) ) ]
Michel Nadeau-Beaulieu (MNB) michel.nadeaubeaulieu@cae.com
Thales, France Sylvain Richard (SR) sylvain.richard@thalesgroup.com
) Andrea Ragazzi (AR) andrea.ragazzi@leonardocompany.com
Industry Leonardo Helicopters, Italy
Stefano D’ Agosto (SDA) stefano.dagosto@leonardocompany.com
Advanced Rotorcraft Technology, USA Chengjian He (CH) he@flightlab.com
Boeing, USA David Miller (DM) david.g.miller@boeing.com
Sikorsky, a Lockheed Martin Company, USA | Hong Xin (HX) hong.xin@lmco.com
Australian Department of Defence, Defence
Science and Technology Group (DSTG) Rhys Lehmann (RL) Rhys.Lehmann@dst.defence.gov.au
) ) Bill Gubbels (BG) Bill.Gubbels@nrc.ca
National Research Council, Canada ) )
Ken Hui (KH) Kenneth.Hui@nrc-cnre.gc.ca
ONERA, France Armin Taghizad (AT) armin.taghizad@onera.fr
Government Michael Jones (MJ) Michael.Jones@dlr.de
Laboratories | DI R Institute of Flight Systems, Germany Pavle Scepanovic (PS) Pavle.Scepanovic@dlr.de
Susanne Seher-Weiss (SSW) Susanne.Seher-Weiss@dlr.de
Army Technology Development Directorate, Mark Tischler (MT) usarmy.redstone.devcom-avme.mbx.pao@mail.mil
USA Eric Tobias (ET) (for both participants)
Contractor, Army Technology Development Jonathan Soong (JS) usarmy.redstone.devcom-avme.mbx.pao@mail. mil

Directorate, USA
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Organisation Name Email
Type
Osnabriick University of Applied Sciences, Steffen Greiser (SG)! s.greiser@hs-osnabrueck.de
Germany
o Marilena Pavel (MP) M.D.Pavel@tudelft.nl

Delft University of Technology, Netherlands

Olaf Stroosma (OS) O.Stroosma@tudelft.nl
Middle East Technical University, Turkey Ilkay Yavrucuk (IY) yavrucuk@metu.edu.tr

Mark D White (MDW) mdw@liverpool.ac.uk
University of Liverpool, UK Gareth D Padfield (GDP) padfield@liverpool.ac.uk

Academia Neil Cameron (NC) ncameron@liverpool.ac.uk
) ) JVR Prasad (JVR) jvr.prasad@aerospace.gatech.edu

Georgia Institute of Technology, USA

Feyyaz Guner (FG) feyyazguner@gatech.edu
Naval Academy, USA Ondrej Juhasz (OJ) juhasz@usna.edu
Pennsylvania State University, USA Joseph Horn (JH) joehorn@psu.edu
Universities Space Research Association, USA | Samuel Nadell (SN)? snadell@usra.edu
San Jose State University, USA Olivia Lee (OL) olivia.h.lee@sjsu.edu

! Former affiliation was DLR, Germany.

2 This work was also supported by the National Aeronautics and Space Administration (NASA) under award number
NNA16BD14C for NASA Academic Mission Services (NAMS).
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Table 2.2-1: AVT-296 Meeting Activities.
Date Location Activity Attendees
9— 13 October 2017 | Utrecht, The Netherlands, AVT 40th Panel Business MDW
Meeting Week

13 — 15 March 2018

Flight Science and Technology Research
Group, The University of Liverpool,
Liverpool, UK

Meeting 1

MT, 0J, JS, CH, DM, VML, MP, SG, PS, JVR,
AR, BG, KH, FC, HX, SR, MDW, GDP, NC

16 —20 April 2018

Torino, Italy

41st Panel Business Week
Presentation

MDW, NC

14 May 2018

American Helicopter Society Forum,
Phoenix, USA

Update meeting

BG, MDW, MJ, CH, MT

18 July 2018

Teleconference

Mid-term meeting

DM, BG, MDW, PS, SG, NC, JVR, MT, HX

16 — 18 October 2018

Georgia Institute of Technology,
Department of Aerospace Engineering,
Atlanta, USA

Meeting 2

RL, BG, KH, AT, SG, OJ, VML, SR, CH, DM,
HX, OS, NC, MDW, JVR, JH, MT, JS

Guest: Maj. Shaun Brown, Australian Army
Aviation Test and Evaluation Section

16 January 2019

Teleconference

Mid-term meeting

DM, OJ, BG, MDW, NC, PS, MJ, FG, JVR, CH,
MT, HX

26 — 28 March 2019

DLR Braunschweig, Germany

Meeting 3

BG, KH, SG, MH, MJ, PS, SSW, OJ, MT, JS,
MDW, GDP, NC, AR, 1Y, CH, DM, HX, OS,
JVR, JH, SR, VML, MNB

Guests: Dr. Marc Hofinger and Dr. Wolfgang von
Griinhagen DLR

15 May 2019

Vertical Flight Society Annual Forum,
Philadelphia, USA

Update meeting and Specialist
Sessions in the Modelling and
Simulation technical program

for 6 AVT-296 papers

DM, BG, MDW, NC, MJ, SSW, FG, CH, MT,
Guest: Dr. Marc Héfinger DLR
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Date

Location

Activity

Attendees

21 August 2019

Teleconference

Mid-term meeting call

OS, MP, SSW, NC, ET, MT JS, VML, HX, BG,
MNB, OJ, CH, MJ

22 — 24 October 2019

Flight Research Laboratory, National
Research Council of Canada, Ottawa,
Canada

Meeting 4

MT, MP, AT, AR, CH, HX, 1Y, KH, MDW, MJ,
NC, OJ, RL, JS, SSW, VML, BG, DM, ET, SR,
MNB, JS, JVR, JH

29 January 2020

Teleconference

Mid-term meeting call

DM, BG, MDW, NC, SSW, PS, FG, JVR, CH,
MT, HX

17 March 2020

Teleconference

Mid-term meeting call

DM, BG. MDW, NC, SG, MJ, SSW, PS, FG,
JVR, CH, MT, HX

22 — 26 June 2020

Online meeting

Replacement for planned
meeting 5 at ONERA

MT, MP, AT, AR, CH, HX, IY, KH, MDW, MJ,
NG, OJ, PS, RL, SG, SSW, VML, BG, DM, ET,
FG, MNB, JS, JVR, JH, SR, SDA, FG

19 August 2020 Teleconference Mid-term meeting NC, DM, SSW, PS, MJ, FG, JVR, MT, HX
Presentation of RLS proposal
7 October 2020 Teleconference to NATO Panel MDW
NG, SG, BG, FG, CH, JH, KH, MJ, OJ, OL, RL,
12 — 16 October 2020 | Online Meeting Meeting 6 DM, VML, MNB, SN, GDP, MP, JVR, AR, SR,
PS, SSW, OS, AT, MT, ET, MW, XH, IY
NG, SG, BG, FG, CH, JH, KH, MJ, OJ, OL, DM,
2 December 2020 Teleconference Mid-term meeting VML, MNB, SN, MP, JVR, PS, SSW, OS, AT,

MT, ET, MDW, HX, IY

STO-TR-AVT-296-UU




Sal

GROUP OVERVIEW organization

2.2.1 Meeting 1: University of Liverpool, Liverpool, UK

The kick-off meeting was hosted by the Flight Science and Technology research group at the University of
Liverpool, 13-15 March 2018. At this first meeting, there were 20 participants, representing 14 organisations
from 7 NATO countries. Meetings during the first day (13 March) covered introductions by the RTG members,
with each presenting a 30-min overview of their activities relevant to this RTG. During the second day, the
RTG self-organised around 9 flight-test databases and 7 methods for model updates. The Point Of Contact
(POC) for each database summarised the key aspects of their database (e.g., flight condition, etc.) and activities
by RTG team members that would use their databases. A structure of the final report was proposed with team
members offering suggestions for refinements and lead authorship of the various sections. Also, a table was
developed that showed what databases would be used to illustrate each of the 7 model update methods. During
the development of this table, several additional opportunities for collaborations were found, e.g., application
of update methods to different databases. Also, the participants toured the University of Liverpool flight
simulator facilities (Figure 2.2.1-1). On the third day, the POC for each database reported final plans for use
of their database and the various collaboration opportunities that were identified.

Figure 2.2.1-1: Meeting 1 Group Photo at the University of Liverpool’s Flight Simulator.

2.2.2 Meeting 2: Georgia Institute of Technology, Atlanta, USA

At this meeting, 16 — 18 October 2018, there were 19 participants, representing 16 organisations from
8 countries. Meetings during the first day (16 March) started with a status update of the specific action items
as consolidated since the previous meeting in Liverpool. Next, reports were presented concerning the
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‘Overarching Methods’ that span the AVT-296 activity: 1) Common flight-test database template;
2) Quantitative fidelity metrics and associated automated scripts; and 3) Perceptual fidelity methods. The
following 1.5 days of the meeting were organised by flight-test database (e.g., 412, UH-60, etc.). There is a
total of 9 databases and 7 distinct simulation ‘update methods.” Each database was organised, and efforts
coordinated by a ‘database coordinators.” Methodology coordinators and initial summaries of the update
methods were drafted. During these 1.5 days, database organisation details and availability on the NATO
Science Connect website were summarised, and work by each of the participants using the databases was
presented. In-depth discussions were held among the database teams to coordinate future efforts. During
these in-depth discussions, several additional opportunities for new collaborations were found. During the
second day, the participants toured the Georgia Tech flight simulator facilities (Figure 2.2.2-1). On the third
day, the final report structure was reviewed, and the organisation was approved by the AVT membership.
The core of the report will be organised by ‘update method,” with 2 or more databases illustrating each
method. The overall time schedule for AVT-286 was reviewed and the urgency to complete all technical
results by Fall 2019 was emphasised. All materials developed during the meeting were reviewed in detail.

Figure 2.2.2-1: Meeting 2 Group Photo at the Georgia Tech Flight Simulator.

2.2.3 Meeting 3: DLR, Braunschweig, Germany

The third meeting was held 26 — 28 March 2019. At this meeting, there were 27 participants, representing
17 organisations from 9 countries. The RTG welcomed a new member nation, Turkey, with participation
from Dr. Ilkay Yavrucuk. Additionally, a visiting guest from Airbus Helicopters, Dr. Tobias Ries, was
invited by the DLR to give an overview of his organisation’s simulation activities.

Meetings started with a discussion on the overarching methods, including quantitative and perceptual model
fidelity evaluation methods and 7 methods of model updates based on flight-test system identification. The
next section covered a review of the 8 flight-test databases (reduced from 9 from the previous meeting),
ranging from conventional single-rotor helicopter to tandem and a UAV. Each participant briefed their
progress using their chosen update methods on their organisation’s models. A tour was given of the DLR
research aircraft hangar (Figure 2.2.3-1) and flight simulator. The next period of the meeting was dedicated
to individual group discussions organised by aircraft databases to coordinate activities among contributors.
Key databases (e.g., Bell 412 and UH-60) chose a common flight condition (hover) across methods to assess
the relative effectiveness of each model update method. The final section of the meeting was dedicated to
reviewing and updating the proposed report structure outline.
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Figure 2.2.3-1: Meeting 3 Group Photo in the DLR Hangar.

2.2.4 Meeting 4: National Research Council, Ottawa, Canada

The 4th meeting was held 22 — 24 October 2019. At this meeting, there were 22 participants, representing
17 organisations from 9 countries. The RTG welcomed a new member with participation from Mr. Eric Tobias
from the U.S. Army Technology Development Directorate.

Meetings started with a review of the draft material on the overarching methods, including quantitative and
perceptual model fidelity evaluation methods. The next section covered a review of the 8 flight-test
databases with each organisation providing their technical progress and near-completion of various update
methods. A single point of contact was established for each chapter and update methods, with members
working in small groups to organise their writing sections. The leads presented a summary report with their
current draft status and future plans. A consensus was reached on a common set of frequency and time-
domain simulation assessment and update criteria, as well as a common report formatting and style.

The follow-on Research Lecture Series was reviewed, with the concept of 4 locations within 2 weeks in
March 2021. The locations would be 2 in Europe (Northern and Southern Europe) and 2 in North America
(East and West Coast). Location POCs have been established to explore the details and arrangement of the
lecture series. A first draft of the speakers was proposed, with a recognition that speakers may vary due to
travel availability.

A tour was given of the NRC aircraft hangar (Figure 2.2.4-1), with Mr. Bill Gubbels showing their fleet and
latest research activities. The meeting concluded with an informal deadline to complete report drafts by the
mid-term teleconference meeting in January 2020.
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Figure 2.2.4-1: Meeting 4 Group Photo in the NRC’s Hangar.

2.2.5 Meeting 5: Online

Due to restrictions caused by the COVID-19 pandemic, the in-person meeting that was originally planned to
be held in March 2020 at ONERA’s research laboratories in Salon-en-Provence were postponed until June to
try and facilitate a face-to-face meeting. However, this was not possible, and an online meeting was held
instead 22 — 26 June. The meeting spanned 7 time zones, and 27 members of the group, from 18 organisations
participated (Figure 2.2.5-1).

The meeting commenced with a review of the report outline and updates were provided for each chapter to
produce a final version of the methods and databases matrices. On each day, there was an initial full-group
meeting held prior to the team splitting into sub-group meetings to discuss and write material for each chapter.

Internal reviewers were identified for each chapter together with an external reviewer who was not directly
involved in the production of the chapter material. It was agreed to try and provide chapter reviews by
15 September to allow sufficient time for chapter leads to incorporate changes by the next formal meeting
which was planned for 12-16 October hosted by the United States Naval Academy in Annapolis.

A virtual mid-term meeting was planned for the 19 August to review progress prior to the sixth meeting.
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Figure 2.2.5-1: Meeting 5 Online Meeting Group Photo.

2.2.6 Meeting 6: Online

The sixth biannual meeting of the NATO AVT-296 Research Task Group on Rotorcraft Flight Simulation
Model Fidelity Improvement and Assessment was held virtually from 12 — 16 October 2020. It was attended
by 29 participants from 20 organisations and 9 countries (Figure 2.2.6-1).

Each day, a team meeting was held starting at 7 am Pacific Time for 1 — 3 hours and side meetings were
organised as needed by the lead authors of each chapter. After each team meeting, action items and a chart
package with updated status and meeting schedule were sent to focus the efforts of the group.

The first 3 days focused on producing a final rough draft ready for formatting and final review in NATO report
form, which will be submitted to NATO at the end of 2020. On Monday, 12 October, the team meeting covered
welcome, introduction, meeting agenda, round table discussion of the status of each chapter, and path forward.
On Tuesday, 13 October, a brief team meeting was held to check in on the status of each chapter of the report,
and most of the day was allocated for finalizing chapter drafts. On Wednesday, 14 October, the team meeting
was held to assess the status of the NATO report and determine final actions for its completion. The last 2 days
focused on developing charts and discussing plans for the Research Lecture Series, which will be held virtually
from 2 — 4 March 2021 in Europe and 9 — 11 March 2021 in North America. On Thursday, 15 October, work
was begun to outline and determine presenters/aircraft databases for each chapter of the lecture series and a
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group photo was taken. Friday, 16 October, involved round table discussion of the lecture series status for each
chapter, path forward, and meeting wrap up and conclusions.

After the meeting all publication-ready chapters will be submitted to the Research Task Group leadership. The
group’s technical writer will compile and format the report to comply with NATO guidelines. A final technical
review will be performed by the group’s leadership and publication authorisation will be obtained for each
organisation, as necessary. A 1-day mid-term meeting is being scheduled for the first week of December and
will cover final review/discussion of the report by the group. The final report will be submitted to NATO for
publication at the end of 2020.

ET

Figure 2.2.6-1: Meeting 6 Online Meeting Group Photo.
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Chapter 3 - REVIEW OF RECENT FIDELITY ASSESSMENT
AND MODEL UPDATE ACTIVITIES

3.1 RECENT RESEARCH ACTIVITIES BY PARTICIPATING
ORGANISATIONS

3.1.1 US Technology Development Directorate — Ames (TDD-A)

The US Army CCDC AvMC Technology Development Directorate — Ames (TDD-A) conducts flight
dynamics modelling, handling qualities, and control system design research to support Army Aviation needs.
This research requires an understanding and development of flight dynamics models for present and future
army rotorcrafts (piloted and UAVs). This understanding of flight dynamics comes from two sources,
physics-based models derived from the HeliUM flight dynamics modelling tool [Juhasz et al. (2012)] and
flight-identified models developed using the CIFER® tool [Tischler (2012)]. When both math model and
flight data are available, comparisons can be made between the two to assess model fidelity and
make modelling improvements as needed, as demonstrated for the X2TM Technology Demonstrator
[Fegely et al. (2016)] for example in the report (Section 7.4.4 and Section 7.6.). This research helps TDD-A
understand what the sources of modelling errors are, and modelling improvement needs to correctly capture
the aircraft dynamic response, enabling support of aircraft Acquisition, Testing and Evaluation. The TDD-A
conducts ground-based handling qualities and flight control experiments using the NASA Vertical Motion
Simulator (VMS) [Aponso et al. (2009)], the RASCAL in-flight simulator [Fletcher et al. (2008)], and
several UAVs [e.g., Gong et al. (2019)]. Key research products are ADS-33 handling qualities guidelines
[ADS-33 (2000) and Blanken et al. (2019)] and advanced flight control concepts for piloted aircraft
[e.g., Berger et al. (2020)] and UAVs [e.g., Berrios et al. (2017)].

3.1.2  University of Liverpool

The Flight Science and Technology (FS&T) research group at the University of Liverpool, conducts flight
modelling and simulation research to address questions related to pilot-vehicle technologies, flight handling
qualities, simulation fidelity for pilot training and rotorcraft certification and operations in harsh
environments, including the aircraft-ship interface [Owen et al. (2017)]. The primary flight modelling
environment used is FLIGHTLAB®. Collaboration with the NRC Ottawa (FRL, 2004 — present) has enabled
FS&T to conduct validation studies with data from the ASRA Bell-412. Two full motion flight simulators
are operated [White et al. (2013) and Padfield and White (2003)] to conduct real-time piloted simulation
research. FS&T contributed to GARTEUR Helicopter Action Group-12 [Pavel et al. (2013)], conducting a
critical review of the helicopter simulator qualification document JAR-FSTD (H). Subsequent research has
developed new methods for improving the predictive fidelity of flight simulation models using System
Identification [Lu et al. (2011) and Perfect et al. (2013)], and for the subjective assessment of perceptual
fidelity, using a Simulation Fidelity Rating Scale [Perfect et al. (2014)].

3.1.3  Office National d’Etudes et de Recherches Aérospatiales (ONERA)

The French Aerospace Centre in Provence (ONERA-CSP) conducts research in rotorcraft flight dynamics
modelling, flight control systems, and new concepts of vehicles to support the French DGA (General
Delegation for Armament) and Industrial partners. This research requires both an understanding of the flight
physics to develop/improve physics-based models [Padfield et al. (1997), Haverdings et al. (1999), and
Padfield et al. (2004)] and the development of techniques to integrate complex phenomena in the flight
dynamics tools [Taghizad et al. (1998)]. Because of its strong cooperation, several industrial partners share
with the CSP helicopter team (RFDS — Rotorcraft Flight Dynamics and Systems) both their flight dynamics
modelling tools and their helicopter data package. As such, ONERA hosts the Airbus Helicopters’ Overall
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Simulation Tool [Benoit et al. (2000)] and the Thales Training Simulator Model software. For its own basic
research, ONERA uses different homemade tools (with different model granularity). For international
cooperation, ONERA uses FLIGHTLAB. Model improvements are assessed, and deficiencies are identified
through comparisons with flight data when available [Taghizad et al. (2002)]. Since recently, ONERA is
focusing on the use of rotorcraft identification techniques to support model calibration for enhanced
simulation fidelity.

3.1.4 German Aerospace Centre (DLR)

In the last decade, rotorcraft system identification activities at DLR Institute of Flight Systems have focused
on developing and improving models for the Active Control Technology/Flying Helicopter Simulator
(ACT/FHS) that is based on an EC 135. First identification results were presented in Seher-Weill and von
Griinhagen (2007). The physics-based models were improved by accounting for rotor and engine dynamics
as documented in Seher-Weifl and von Griinhagen (2014), Seher-Weil3 (2015), and Seher-Weill (2019).
In Seher-Weil (2017), the models were further augmented by accounting for flexible modes. Parallel to
these identification efforts using classical methods, the predictor-based subspace identification method was
also applied to ACT/FHS data [Wartmann and Seher-Weill (2013), Wartmann and Greiser (2015),
Wartmann (2017), and Wartmann et al. (2018)]. In Seher-Weil and Wartmann (2018), possible
combinations of both identification approaches were investigated. Using model stitching to derive a wide
envelope, Greiser and Seher-Wei3 (2014) documents quasi-nonlinear simulation developed from point
models that were identified at different reference speeds. Greiser and von Griinhagen (2013), Greiser and
von Griinhagen (2016), and Greiser (2019) analyse deficits of identified models by inverse simulation and
improve the model fidelity by adding transfer function models.

3.1.5 National Research Council of Canada (NRC)

The National Research Council of Canada’s Flight Research Laboratory (FRL) has conducted fixed-wing
aircraft and helicopter modelling using flight-test data since the 1980s. To support these efforts, FRL has
conducted research into novel flight-test instrumentation [Hui and Collins (2000)], new flight-test techniques
[Hui et al. (1996)], and improved modelling methods [Hui et al. (2005)]. The FRL uses the maximum
likelihood time-domain technique to identify the stability and control derivatives from flight-test data and
then, incorporates stitching methods to create a global model of the aircraft. FRL clients, such as Bell
Helicopter and CAE, have used the results of the FRL modelling efforts to greatly improve their in-house
physics-based models. Many of the simulation models developed by FRL have resulted in simulators
certified to Level D standards, the highest fidelity designation recognized by the Transport Canada and
the FAA [Hui et al. (2006)].

Since 2004, the NRC has been involved in an extensive collaboration with the University of Liverpool in the
area of rotorcraft modelling and simulation fidelity. This effort has produced multiple Bell 412 data sets to
support model development and has resulted in improved aircraft models for control law design [Manimala
et al. (2007)] and the development of the Simulation Fidelity Rating (SFR) scale [Perfect et al. (2014) and
Luetal. (2011)].

3.1.6 Defence Science and Technology Group (DST Group)

Non-Linear Models

DST Group develops non-linear models in the FLIGHTLAB environment for use with human-in-the-loop
(HIL) simulation activities, accident investigation, helicopter-ship interface studies, and slung-load
modelling. Flight models are developed to represent the fleet of rotary wing aircraft operated by the
Australian Defence Force (ADF).
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HIL studies are conducted in the DST Group Air Operations Simulation Centre, which consists of numerous
fixed base vehicle representative cockpits which are placed within 200° field of view dome projection setup.
HIL studies are generally focused on Human Machine Interface (HMI), tactics development, or evaluation
of different crew strategies [Blanchonette et al. (2002)]. These simulators have also been used as a basis for
the application of the SFR scale to HIL research activities in collaboration with the University of Liverpool
[Manso et al. (2014) and White et al. (2016)].

Accident investigation is conducted on a case by case basis, but generally involves either simulation to
reproduce the conditions of the accident, or simulation to establish likely effects of various failure modes or
hypothesis. Examples include the effects of rotor droop during fast approaches to a ship deck, evaluation of
the effects of in-flight control system discontinuities, and simulation of edge-of-the-envelope scenarios
including flight control system saturation [Lehmann (2015)].

Helicopter-ship interface studies are performed to assist in the conduct of First of Class Flight Trials
(FOCFT), which typically occur prior to the introduction of a new helicopter/ship combination into service.
FOCFTs are used to establish Ship Helicopter Operating Limits (SHOLSs), which define wind speed/direction
envelopes for safe operation of a helicopter from a particular ship. DST Group non-linear flight models are
used to assist in the estimation of control margins and startup/shutdown envelopes prior to conduct of the
flight test, establishing a ‘virtual”’ SHOL. This assists in the development of flight-test plans, highlighting
likely problem areas and improving the efficiency of the test activities [Jarrett (2017)].

Slung-load modelling involves incorporating the non-linear helicopter model with a slung load
aerodynamic/dynamic model to assist in the planning of load clearance testing. Various helicopter load
rigging combinations can be assessed, which allows preliminary safe operating envelopes to be developed
prior to test, improving flight-test efficiency and safety [Stuckey (2001) and Reddy et al. (2008)].

Linear Models

DST Group utilises linear flight dynamic models for a range of rotorcraft related activities, including
operational analysis and survivability/vulnerability studies. Linear models are also developed for small scale
UAS vehicles using system identification techniques for use with control law development and optimization.

Flight Performance Models

DST Group also develops rotorcraft flight performance models, which typically don’t include representative
vehicle dynamics but provide a good indication of vehicle performance characteristics across a range of
mission representative manoeuvres.

3.1.7 Delft University of Technology (TUD)

Validation Criteria for Simulation Model

Maximum Unnoticeable Added Dynamics (MUADs) and Allowable Error Envelops (AEE) boundaries
have been identified for a helicopter model identical to the one used by Mitchell et al. (2006) representing a
first-order eight state-space system (velocity in three axes, angular velocity, and angular rate) and flying a
roll control manoeuvre in a hovering helicopter.

ValCrit-T and ValCrit-F GARTEUR HC/AG-06 [Padfield et al. (1997)], GARTEUR HC/AG-09
[Haverdings et al. (1999)] and GARTEUR HC/ AG-12 [Padfield et al. (2004)] investigated the use of
aproposed ValCrit-T and ValCrit-F validation criteria for evaluation of flight-test data and model
discrepancy. Up to the present, a simple helicopter model was used to investigate the ValCrit-T criteria for
a pitch manoeuvre.
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3.1.8 Pennsylvania State University

The rotorcraft flight mechanics group at Pennsylvania State University conducts research on physics-based
modelling, advanced flight control design, and handling qualities for rotorcraft. Penn State has developed the
PSUHeloSim code to support this research. This code is based on the GenHel model but implemented in
state-space form within the MATLAB/Simulink environment in order to support advanced flight control
design (as described in Horn (2019)). Penn State uses frequency domain identification tools (e.g., CIFER) to
support model fidelity assessment and improvement. System identification methods are used to identify
differences in basic stability and control parameters (e.g., S&C derivatives) between simulation and
flight-test data. This knowledge is then used to guide adjustments in uncertain physical parameters in the
model input data in order to better match the flight data. Some examples of this approach include the
development of an SH-2 simulation model [O’Neill (2011)], development of a validated external slung-load
model for the UH-60 [Krishnamurthi et al. (2015)], and development of the simulation model of the X-49A
experimental compound rotorcraft [Geiger et al. (2010)].

3.1.9 University of Applied Science Osnabriick (UASOS)

The research strength of the University of Applied Science Osnabriick (UASOS) is based on the
commitment of a number of scientists and scholars in many disciplines. The various research activities
address energy systems, agricultural system technology, health services research, and more. Drone
technologies are applied in the various UASOS activities and will be further investigated by the modelling
and simulation methods reported herein.

Math model updating for helicopters has not been a research topic at UASOS. Due to a knowledge-transfer
from the DLR, the current situation allows to cooperate with the DLR on math model updating for the
EC-135. Specifically, Method 2 (black box filters) and Method 7 (model stitching) as published recently by
Greiser (2019) are being jointly investigated.

3.1.10 United States Naval Academy (USNA)

The United States Naval Academy (USNA) conducts flight dynamics modelling research to help better
understand the physics that are required to correctly develop flight dynamics models of existing rotorcraft
[Juhasz et al. (2012), Juhasz et al. (2020)] and what modelling requirements are needed for future rotorcraft
configurations [Berger et al. (2019)]. HeliUM [Juhasz et al. (2012)] is the software tool used for model
development while system identification methods are used for extracting linear flight dynamics models from
flight-test data for making comparisons [Tischler and Remple (2012)]. Configurations that have been
analysed include traditional single main rotor helicopters, tiltrotors, and lift-offset compound rotorcratft.
Future configurations will include unmanned transitioning VTOL UAS.

3.1.11 Georgia Institute of Technology

Georgia Institute of Technology has a long history of conducting state-of-the-art basic research in the
rotorcraft flight mechanics, control, and flight simulation areas. In the early 1990s, Georgia Tech established
the Flight Simulation Laboratory (FLIGHT SIM) to support this basic research and to serve as an integration
facility for other disciplinary research conducted under the rotorcraft centre. Some of the research conducted
for the Army, Navy, and FAA in the FLIGHT SIM during the 1990s include the following: Rotating Frame
Turbulence (RFT) modelling for Army Nap-Of-the-Earth (NOE) flight and Navy Ship Dynamic Interface
problems; Apache helicopter flight simulation via model stitching for the General Electric engine integration
study; enhanced fidelity for rotary wing real-time man-in-the-loop flight simulation using parallel processing
including blade element modelling and dynamic inflow; enhanced fidelity modelling and simulation for
addressing rotary wing flight safety problems for the FAA and NTSB (such as mast-bumping on the
Robinson R-22 helicopter); and evaluation of manned and unmanned aerial vehicle (UAV) interfaces and
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control. In the 2000s, the support provided by FLIGHT SIM included research for the Army and NASA
on carefree manoeuvring and for DARPA on the Software Enabled Control (SEC) for Intelligent
UAVs Program and the Heliplane Demonstrator Aircraft Program. A recent addition to FLIGHT SIM is a
reconfigurable rotorcraft flight simulator, which is an FAA Level 7 style fixed base simulator. It includes Level
D quality MOOG control loaders, a 270° horizontal and 60° vertical field of view, and a state-of-the-art Image
Generation (IG) system. The simulator can run any flight dynamics code that is compatible with the Common
Image Generation Interface (CIGI) version 3.3 protocols. The simulator can also run COTS programs, such as
X-plane 11. Some of the on-going research in the FLIGHT SIM includes development of adaptive cueing for
rotorcraft shipboard and autorotational landings and piloted evaluations of reduced order multi-rotor inflow
models and rotorcraft load alleviation/limiting control laws. Over the years, several software simulation tools
have been used in FLIGHT SIM that include ART’s FLIGHTLAB, AFDD’s Real-Time Interactive Prototype
Technology Integration/Development Environment (RIPTIDE) software, the NASA GenHel helicopter
simulation model, and the Georgia Tech Unmanned Aerial Vehicle Simulation Tool (GUST).

3.1.12 Boeing

The Boeing Company is an Original Equipment Manufacturer (OEM) that relies on physics-based
simulation models to design and support its diverse rotorcraft product line. Boeing Flight Simulation
Laboratory (FSL) handling qualities and full mission simulator facilities in Philadelphia, Pennsylvania, and
Mesa, Arizona, comprise approximately 30,000 square feet of computer areas, operator consoles, cab
buildup areas, and fixed base and moving base domed simulators for high fidelity pilot design assessment
and training. Harding et al. (1990), Miller et al. (2009), and Parham et al. (1991) exemplify Boeing research
capabilities and experience in improving quantitative and perceptual simulation fidelity in physics-based
simulation models of its signature AH-64 Apache single rotor helicopter, H-47 Chinook tandem rotor
helicopter, and V-22 Osprey tiltrotor rotorcraft products.

3.1.13 Thales Group

Thales group delivers extraordinary high technology solutions in defence and security, digital identity and
security, aerospace, space, and transport markets. The training and simulation division delivers training
equipment or complex turnkey training services, spanning from security and transportation to power plants
and naval platforms.

For its helicopter Flight Simulator Training Devices (FSTD), Thales either integrates flight models from
helicopter Original Equipment Manufacturer (OEM) or uses its own flight model. Thales flight model is a
high fidelity, real-time Blade Element Theory (BET) model that complies with European Aviation Safety
Agency (EASA) and Federal Aviation Administration (FAA) requirements up to the highest Full Flight
Simulator (FFS) Level D.

The flight model has to match both pilot subjective assessment and actual helicopter data collected on the
ground and in flight, within the prescribed tolerances. It needs to have a continuous and consistent behaviour
through the whole flight envelope and to have a plausible behaviour out of the flight envelope (including
vortex ring, full autorotational landing, flight above VNE, and may also include acrobatic flight). The flight
model has also to accurately simulate the necessary parameters required for pilot cueing (e.g., rotor disc
attitudes, blade in flapping limits, vortex vibrations level, etc.).

Depending on the fidelity level sought — ranging from Flight and Navigation Procedure Trainers (FNPT) and
Tactical Trainers to FFS as well as on the available flight data — the model will be tuned either in the
frequency domain by identification of the key physical constants or in the time domain by adjusting
simulation parameters. Validation is performed in the time domain, according to EASA and FAA standards.
Non-regression testing is performed in the time and/or the frequency domain.

STO-TR-AVT-296-UU 3-5



REVIEW OF RECENT » l{i I ,

FIDELITY ASSESSMENT AND MODEL UPDATE ACTIVITIES organization

3.1.14 CAE

CAE is a high technology company and has been developing rotorcraft model for training simulators from
flight-test data for more than 20 years [Van Esbroeck and Giannias (2000), Spira and Davidson (2001),
Spira et al. (2006), Spira and Martelli-Garon (2008a), Spira and Martelli-Garon (2008b), Theophanides and
Spira (2009), Spira et al. (2012), and Myrand-Lapierre et al. (2020)]. Currently, CAE uses a real-time
nonlinear simulation platform called “Object Oriented Blade Element Rotor Model” (OO-BERM)
[Theophanides and Spira (2009)]. The OO-BERM is a flight mechanics simulation framework that allows
users to compose multibody vehicle models of scalable fidelity at simulation load time using C++ compiled
libraries. In the last years [Spira et al. (2012) and Seher-WeiB et al. (2019)], CAE has developed a systematic
method to develop a high fidelity model for “FFS Level D” pilot training simulation. Engineers also are
involved in the planning and execution of flight-test programs for simulator data collection. CAE uses
Computational Fluid Dynamics (CFD) in many of its processes, from aerodynamic modelling (initial
baseline for airfoil and fuselage forces and moments) to the creation of immersive environments for training,.
CFD solutions are developed for high accuracy wind profiles around the ships’ superstructures to capture
effects of blockage, vortices, and turbulence. It improves training scenario realism when performing ship
deck takeoffs and landings.

CAE holds patents over methods for modelling aircraft behaviour and frequency response methods for
monitoring, troubleshooting, and repairing simulators. Some of these methods are mentioned in
Sections 8.3.4 and 8.4.2 of the report. These methods were conceived by CAE independently from its
involvement with the STO Applied Vehicle Technology Panel Research Task Group.

3.1.15 Advanced Rotorcraft Technology, Inc. (ART)

Advanced Rotorcraft Technology, Inc. (ART) is an aerospace engineering and consulting firm, located in
Sunnyvale, California, USA. ART developed FLIGHTLAB, a comprehensive modelling and analysis
program that is widely used for high fidelity rotorcraft fight simulation. FLIGHTLAB simulation models are
extensively used in rotorcraft design and engineering analysis as well as in real-time full flight simulation
(up to FAA Level D fidelity). FLIGHTLAB has been extensively validated and continuously enhanced with
state-of-the-art rotorcraft modelling technology. In recent years, ART has dedicated research efforts in the
development of first-principle-based Viscous Vortex Particle Method (VVPM) for providing an accurate and
efficient solution to address aerodynamic interaction [He and Zhao (2009) and He and Rajmohan (2016)].
VVPM has been integrated with FLIGHTLAB to resolve the complicated mutual interference between
rotor-rotor, rotor-wing/empennage, and rotor-fuselage subsystems for improved performance, control and
stability, and flight simulation. To support control design and real-time simulation using high fidelity
VVPM, ART conducts research to extract state-space inflow and interference models from VVPM for
multi-rotor air vehicle modelling [He et al. (2019)]. ART’s recent research efforts also include modelling of
elastic fuselage effects, multi-rotor eVTOL air vehicle modelling and analysis, etc.

3.1.16 Sikorsky

GenHel (General Helicopter Flight Dynamics Simulation) is a Sikorsky proprietary simulation environment
that allows for complete free flight analysis and real-time simulation of any rotorcraft for which sufficient
model data is available. GenHel is capable of modelling the complete air vehicle including engine/fuel
control dynamics, flight control systems, elastic airframe deformation, and external load dynamics.
Its algorithmic foundation is total force, nonlinear, and does not use small angle assumptions. A full aircraft
GenHel model includes nonlinear acrodynamics for the fuselage and empennage of which the data maps
were derived from the wind tunnel test. The rotor interference on fuselage and empennage is modelled using
data maps generated from a higher-order acrodynamic model such as a free wake model.
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GenHel has been developed over four decades at Sikorsky and has been used for the flight dynamic modelling
of all current production and development aircraft and various non-Sikorsky aircraft. It has been extensively
correlated against a wide variety of flight-test data and updated as appropriate. Recent research activities have
been emphasized on GenHel improvement to support the design and flight testing of advanced compound
rotorcraft configurations, including the development of a robust state-space solution algorithm and
physics-based math models for elastic blades, elastic rotor shaft, flexible drivetrain, nonlinear unsteady airloads,
and rotor dynamic inflow with mutual interference. A finite-state rotor interference model has been
collaboratively developed with Georgia Tech and applied for coaxial rotor modelling [Prasad et al. (2012),
Nowak et al. (2013), and Xin et al. (2014)]. The model computes the induced velocity in state-space form at
a circular disk off the rotor. The influence coefficient matrix (L matrix) and time constants (M matrix) of the
model can be pre-computed using either a pressure potential model [Prasad et al. (2012) and Nowak et al.
(2013)] or a free vortex wake model [Xin et al. (2014)]. A coaxial compound rotorcraft model developed in
State-Space GenHel showed good correlation with flight-test data [Xin et al. (2014) and Fegely et al. (2016)].

3.1.17 Leonardo Helicopters

Leonardo Helicopters is one of the top companies in the rotorcraft industry. Leonardo Helicopters heavily
relies on physics-based model simulation to support design, development, certification, and training of all its
products [Bianco Mengotti et al. (2016) and Bianco Mengotti (2016)]. Its mathematical models,
continuously improved by comparison against flight-test-data both in the time and frequency domain,
are used for off-line and pilot-in-the-loop simulations.

3.1.18 Aerotim/Middle East Technical University (METU)

Aerotim Engineering is a spin-off company of the Middle East Technical University (METU), dedicated to
developing flight dynamics software for rotary wing flight simulators. This includes the development of the
acrodynamic models, flight control systems (AFCS), engine dynamics, related malfunctions, etc.
The company developed such models for EASA Level D certified full flight simulators mostly located in
Europe. A specialty is that such development is based on flight-test data and open literature information
only. Aerotim and METU are located in Ankara, Turkey.

Aerotim Engineering holds close relations to METU and makes use of up-to-date developments in the area
of dynamic model development and system identification tools.

3.2 INDUSTRY BEST PRACTICES

Flight Simulation Training Devices (FSTD) and rotorcraft flight simulators, in general, can be categorized
into two primary groups. One group of flight simulators is used for pilot flying skills training, such as those
specified by FAA 14 Part 60 (2016) and EASA CS-FSTD (H) (2012) in various levels of fidelity including
Levels 5, 6, and 7 (see Sections 4.5, 4.6 and 8.3 for more details). The other group of flight simulators is
more diverse and mainly used in engineering applications in support of aircraft design, development, and
certification, as well as research. A survey was conducted on simulation modelling and calibration practices,
and the survey responses were received from rotorcraft and FSTD manufacturers and research and
engineering organisations. The survey covers flight simulation modelling practices for single main rotor
helicopters, tiltrotors, and compound rotorcraft. This section summarises the survey results on modelling
practices and model fidelity calibration methods and metrics used.

3.2.1 Modelling Methods

Main rotor: Although there may be some differenced in implementation details, blade element methods are
used for main rotors in all organisations surveyed. The blade segment airfoil tables are derived from wind
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tunnel tests or Computational Fluid Dynamics (CFD). Rotor CFD solver analysis is also adopted in some
applications to supply additional information as needed. Rotor induced inflow is resolved using a 3-state
dynamic inflow model of either Pitt-Peters or Peters-He. Most consider rigid blade dynamics with hub
retention degrees of freedom, such as flap and lead-lag dynamics. Elastic blade models are adopted in some
applications as well.

Tail Rotor: The analytical Bailey rotor model is used in most organisations surveyed. More advanced blade
element modelling is also used in some simulations. Specific modelling methods are used for Fenestrons,
including modelling of the fan, duct, diffusor, etc.

Fuselage Airloads: All organisations surveyed adopt table lookups or equations describing aerodynamic
forces and moments with respect to fuselage angle of attack (AoA) and angle of sideslip. The tables or
equations are extracted from wind tunnel tests or CFD solutions. In the calculation of flow variables
(e.g., AoA), most also consider the effect of rotor induced interference using an empirical approach.

Aerodynamic Surfaces: Table lookups or equations describing aerodynamic forces and moments are used
for horizontal surfaces and vertical fins. The table data are derived from wind tunnel tests or CFD simulation.

Aerodynamic Interference: Parametric models or empirical table lookups are used in modelling rotor or
fuselage interference. The data are mostly generated from wind tunnel measurements, comprehensive
analysis (vortex wake, viscous vortex particle method, etc.) or CFD.

3.2.2 Application of System Identification Methods

System identification methods are used in: 1) Physical modelling parameter extraction; 2) Control law
development; and 3) Simulation model validation and calibration.

3.2.3 Simulation Model Fidelity Calibration

The simulation model calibration methods include: 1) Modelling parameter adjustment; 2) System identified
dynamic/control derivative based adjustment; and 3) Subject matter expert/pilot based model adjustment.

3.2.4 Simulation Model Fidelity Metrics

FSTD manufacturers use FAA 14 Part 60 (2016) or EASA CS-FSTD (H) (2012) Qualification Test Guide
(QTG) specifications in time domain with quantitative criteria for simulation model acceptance. Frequency
domain is also used for training simulator model development validation. On the other hand, research and
engineering simulators mostly adopt self-specified criteria which emphasize match of the variation trend.

3.3 OTHER WORKING GROUPS: GARTEUR, AGARD

3.3.1 Review of AGARD Activities on Simulation Fidelity Enhancement and Associated
Criteria

3.3.1.1 Introduction

During several decades, the mission of AGARD (Advisory Group for Aerospace Research and
Development) was to bring together the leading personalities of the NATO nations in the field of science and
technology relating to aerospace for the following purposes:
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*  Exchanging of scientific and technical information.

*  Continuously stimulating advances in the aerospace science.

* Improving the cooperation among member nations.

*  Providing scientific and technical assistance to the Military Committee.

* Recommending effective ways for the member nations to use their research and development
capabilities for the common benefit of the NATO community.

Among the topics supported by AGARD, simulation fidelity has been the subject of several symposiums
(lecture series) with the objective of providing an up-to-date description of the progress in this field and of
the state-of-the-art achieved. Reporting the progress in helicopters aeromechanics modelling or the
simulators fidelity enhancement were among the topics addressed by AGARD activities.

3.3.1.2 AGARD Helicopter Aeromechanics — Lecture Series N° 139 [Padfield (1985)]

This lecture provided a review of flight-test techniques and test data interpretation methods for helicopter
performance and flying qualities analysis. The distinction was drawn between quasi-steady and
dynamic testing.

Performance topics covered steady state performance in hover and forward flight, flight envelope
boundaries, and take-off and landing performance. Flying qualities mainly addressed the treatment of static
stability tests and progress to dynamic stability, control response, system identification and mission-related
evaluation techniques. The specificity of tests for certification, development phases, and research was also
addressed. The lecture also discusses the forms in which flight data can be presented and draws a review of
data reduction and analysis methods.

3.3.1.3 AGARD Symposium on Flight Simulation [AGARD (1986)]

The symposium addressed both fixed-wing and rotary wing aircraft simulations. Its objective was first to
provide an up-to-date description of state-of-the-art technology and engineering for both ground-based and
in-flight simulators, together with an indication of future possibilities. The second objective of the
conference was to place the role of ground-based and in-flight simulators into context with one another and
within the aerospace scope.
The symposium addressed three technical topics:

1) Engineering, technology, and techniques for simulators.

2) Applications.

3) Validation, correlation, and in-flight simulation added-values.

This latter topic highlighted 2 significant factors contributing to improve simulations fidelity:
1) The use of valuable airborne trials and data as key elements for model validation.

2) The growth of in-flight simulation as a valuable tool in acronautical research and development.

In the field of fixed-wing aircraft, Nieuwpoort et al. (1986) stressed the importance of high fidelity
aerodynamic models in achieving a right level of simulation fidelity through correlation with experimental
data. He emphasized the growing importance of this issue due to the integration of flight controls with the
design process and the need for accurate aerodynamic information in flight management computers.
The paper provided a complete description of the correlation issues between flight simulation and flight test.
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In the field of helicopters, Ashkenas (1986) introduced the distinction between two main types of fidelity
criteria: objective and perceptual. Objective fidelity (also called engineering fidelity) was defined as the
degree of which the simulator reproduces measurable aircraft states and conditions. In contrast, perceptual
fidelity was the degree to which pilots perceive the simulator to duplicate aircraft states or conditions. This
type of fidelity is pilot-centred and includes both psychological and physiological effects. Furthermore,
the author presented a set of diagnostic methods and tools useful for investigating quantitative and qualitative
differences between simulations and flight tests. A review of success and shortcomings on both fixed based
and moving based simulation was done through several examples.

3.3.2 Review of GARTEUR Action Groups on Simulation Fidelity Enhancement and
Associated Criteria

3.3.2.1 Introduction

The Group for Aeronautical Research and Technology in Europe (GARTEUR) has initiated a number of
collaborative activities aimed at improving the predictive capability of rotorcraft modelling since early
1980s. In early 1990s, the advent of ADS-33C standards and their set of discerning flying qualities criteria
raised between the European partners a common interest to focus on the modelling of rotorcraft flying
qualities. This has been the topic of a series of GARTEUR Action Groups (AG) between 1990 and 2005.
The AG-03 team introduced the common baseline model concept for a Bol105 helicopter, that allowed
participants (from industry and research labs in the UK, The Netherlands, France, and Germany) to create
their own simulation models and identify shortcomings based on test data provided by the DFVLR (now
DLR) Braunschweig. Although the work of AG-03 was not published in the open literature, it provided
a basis for the work of AG-06 [Padfield et al. (1997)], where the prediction of Handling Qualities (HQs) was
the focus. AG-09 [Haverdings et al. (1999)] extended this work with the exploration of different forms of
validation criteria. As a follow-up activity, AG-12 [Padfield et al. (2004)] undertook a review of the criteria
contained in the JAR-STD 1H (2001) for helicopter flight simulators and identified various areas where
improvements to the standards would be beneficial to safety. Recommendations to develop new metrics for
fidelity assessments were also proposed within this action group. Finally, AG-21 [White and Pavel (2020)]
was established to bring together researchers engaged with the theme of rotorcraft simulation fidelity to
examine some of the outstanding issues in this area. The research was conducted through several desktop
analyses and real-time piloted simulation. The goal was to determine where gaps exist in simulation fidelity
research and to identify areas for new research.

As the first three groups were mainly focusing on modelling support to design and development, the
emphasis was to enhance the physics-based models. Only AG-12 addressed the simulation fidelity for the
purposes of training but mainly from the perspective of validation criteria and not for model enhancement.

Regarding the validation criteria, the approach was mainly in time domain. However, AG-09 also proposed a
criterion in the frequency domain using the classical time domain pilot inputs (pulses, steps, doublets, and
3-2-1-1) to generate the input-output frequency responses.

3322  AG-06

GARTEUR Action Group AG-06 aimed at examining the simulation modelling requirements for the
prediction of rotorcraft flying qualities with two principal objectives:

*  To raise the standard of flying qualities modelling in Europe to encourage a more effective use of
simulation in design, development, and airworthiness qualification programs.

*  To derive new criteria and validation methods that better quantify modelling fidelity.
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Using a Common Baseline Model (CBM), AG-06 examined the flying qualities within the classical
framework of trim, stability, and dynamic response to calibrated pilot inputs. Model performance was
assessed through comparisons with the Bol05 test data provided by DLR. ADS-33 flight tests were also
available and were used to cover a large range of forward flight, in open loop, for the dynamic
response characteristics.

Several model upgrades were identified and tested in order to lead to a better understanding of basic
aeromechanics for simulation. As an outcome of this AG, rotor inflow effects, interactional aerodynamics,
and rotor dynamics (torque, RPM, etc.) were identified as main contributors to deficiencies and hence, the
required improvements of simulation models.

Another significant activity in AG-06 was the effort to explore validation criteria, including those newly
proposed within JAR-STD 1H (2001) standards for helicopter simulators. Nevertheless, the main approach
in the modelling assessment was the time-domain validation with a direct comparison with flight-test data.

3323 AG-09

As a continuation of AG-06, Action Group 09 aimed at further improving modelling fidelity for the purpose
of predicting helicopter flying qualities. The flight mechanics enhancements investigated were the inclusion
of dynamic induced velocities [Pitt and Peters (1981)], the wake distortion effect due to hub motion, and an
improved engine torque transmission system. If the inclusion of these effects demonstrated a significant
enhancement of the physics-based model, they also introduced a new set of parameters which needed to be
adjusted to the helicopter type but also, in some cases, to the flight condition. One example is the wake
distortion model. Its effect is captured by adding a second term to the inflow model equation. This term is
linearly linked to the rotor disc angular rates (p — s and q — ;). Two new parameters, Kp and Kgq are
introduced by this modelling.

W _AO_I - | s |
behi b Pt =)o, Lk, (- 5,) (33.2.3-1)
_’j'c_ Ac ( —Cu ( LY (_G—/Bc ][

The use of this model will obviously need an adjustment of these 2 gains to the helicopter type and to the
flight speed.

Another contribution of AG-09 was the extension of the validation criteria developed in AG-06. A major
improvement was obtained by normalizing the criteria, in order to get an unbiased contribution of each
parameter in the cost (global error) function.

1 N
Jr :%zzi(q) (3.3.2.3-2)
=1

where
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The parameter X is the p-dimensional state vector, obtained from measurements; xbias is a bias correction
that may be applied; and X;,0qe is the output state from the model prediction. The matrix X allows for (time
varying) weighting of the difference between the model outputs and the measurements.

The scalar J; can be regarded as the ratio of the model error variance and the allowed inaccuracy of the data
when X equals the measurement inaccuracy. Zr can be assimilated to a normal variate with zero mean and
unit variance. It can be interpreted as a closeness-of-fit criterion.

The Action Group also investigated an approach to use the frequency content of the model prediction error.
A frequency domain criterion was developed and partially assessed. The criterion uses the gain and phase
errors between the model and the test data, as presented below:

1 N
Jp=—YZi(,) (3.3.2.3-4)
Nia

where
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