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ABSTRACT
The research reported in this paper examines both established and new system identification techniques for rotorcraft flight-model renovation. Flight behavior models based on legacy aircraft are often the starting point for a new design and the fidelity, or model accuracy, can be validated when data are gathered in early flight testing of the new prototype. As data flow in, so flight models can be improved in fidelity, eventually supporting certification, provided the correct physics are embodied. System identification has become an established method for enhancing fidelity and suggesting causal relationships between flight and flight-model mismatches and missing physics. The objectives of our investigation include extending current system identification methods to address nonlinear model structures, and establishing appropriate approximations to the complex rotorcraft aeromechanics required to enhance fidelity, including maneuver wake distortion effects. The research is focused on renovation using Liverpool’s FLIGHTLAB Bell 412 simulation model based on data gathered on the National Research Council’s Advanced Systems Research Aircraft. We build on earlier work using frequency-domain methods, ideally suited to linear model structures and flight conditions sufficiently stable to allow control sweep data to be gathered. For hover and low-speed flight, strong nonlinearities caused by rotor-wake effects and significant deviations from the trim conditions, require a different approach and the paper shows how a new time-domain approach enables model structures and the parameters to be identified incrementally. 
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Notation[footnoteRef:1]  [1: Presented at the Vertical Flight Society’s 75th Annual Forum & Technology Display, Philadelphia, PA, USA, May 13-16, 2019. Copyright © 2019 by the Vertical Flight Society. All rights reserved.] 

	dm
	mth derivative

	k
	Gain [n/d]

	m
	Blade mass per unit length [slug/ft]

	ns
	Number of selected output responses

	nTF
	Number of individual input-output pairs

	n
	Number of frequency points [1 n]

	p, q, r

	Angular velocity components of helicopter about fuselage x, y and z axes [rad/s, deg/s]

	
	Non-dimensional pitch and roll rates

	
	Pitch and roll acceleration [rad/s2]

	r
	Radial location along the blade span [ft]

	u, v, w
	Translational velocity components of helicopter about fuselage x, y and z axes [ft/s]

	vi1c, vi1s
	Induced velocity components [ft/s]

	x, u
	State and control vectors

	A, B
	State and control matrices

	CT, CL, CM
	Aerodynamic perturbations in thrust, roll and pitch moment for inflow computations [n/d]

	Ixx, Iyy, Izz, Ixz
	Aircraft moments of inertia [slug-ft2]

	Kpq, Kp, Kq,
	MWD scaling factors [n/d]

	Klat, etc
	Control gearing [deg/inch]

	Kβ
	Flap hinge spring stiffness [ft-lbf/rad]

	L
	Influence coefficient matrix [n/d]

	Lv, Mq etc
	Moment derivatives normalized by moments of inertia [rad/s-ft, 1/s]

	Llat, etc
	Control derivative [1/s2]

	M
	Moment of flap hinge spring [ft-lbs]

	M
	Apparent mass matrix [n/d]

	Mβ, Iβ

	First and second flap moments of inertia [slug-ft, slug-ft2]

	M, I
	First and second lag moments of inertia [slug-ft, slug-ft2]

	Nt
	Number of points selected in the time response [n/d]

	R
	Main rotor radius [ft]

	RLoad
	Radial location along the blade span where a load is applied [ft]

	
	Linearly varying non-uniform inflow components [n/d]

	RTip
	Distance load is applied from the blade tip

	Sm
	Sensitivity of the mth derivative dm 

	T
	Desired frequency response function

	[image: ]
	Updated frequency-response estimate

	Ti
	Window size [s]

	Ts
	Period of blade oscillation from RAP test [s]

	Wr, Wg, Wp, Ws
	Weighting functions

	β1c, β1s
	Longitudinal and lateral disc tilts [deg]

	0, 1s, 1c
	Non-dimensional uniform, lateral and longitudinal variations of induced flow [n/d]

	
	Linearly varying non-uniform inflow components [n/d]

	β
	First out-of-plane flap frequency ratio [n/d]

	
	First in-plane lag frequency ratio [n/d]

	
	Loaded blade deflection angle [rad]

	1c, 1s
	Lateral and longitudinal cyclic pitch angles [deg]

	0, 0tr
	Main, tail rotor collective pitch angles [rad]

	
	Rotor azimuth [rad]

	lat, lon, col, ped
	Pilot cyclic control displacements [inches]

	
	Frequency of blade oscillation from RAP test [rad/s]

	L
	Maneuver wake distortion effect [n/d]

	dm
	Perturbation of mth derivative [n/d]

	Load
	Load increment [lbf, kgf]

	 and Nr
	Main rotor speed [rad/s, %]


[bookmark: _Hlk534735914]
Introduction 
There are significant benefits from applying modeling and simulation across the product life-cycle, from reducing time and cost to market, reducing risks in decision making and being able to explore and exploit a larger design space. However, there needs to be a clear understanding of the fidelity of the virtual engineering tools used to achieve these benefits as they advance from requirements capture, through design and development to certification, training and operations. Advancing fidelity requires model updating techniques and this paper reports on new developments in updating, or renovating, methods using System IDentification (SID).
The importance of high-fidelity simulation tools in reducing development and certification timescales was discussed by Padfield in Ref. 1. At that time (late 1980s), typically 25-30% of development flight time was dedicated to correcting handling qualities defects not revealed in design. In his 1990 Nikolsky lecture, Crawford (Ref. 2) also identified the lack of high-fidelity design tools as a major cause of delays and cost over-runs in the development of military rotorcraft. Both these references reported the situation 30 years ago, but Figure 1 shows a comparison of the time taken from first flight to certification for a range of current civil and military rotorcraft with fixed-wing aircraft and tiltrotors.
The comparison shows that both civil and military rotorcraft ‘development’ times are about 50% longer than their fixed-wing counterparts. However, there have been significant reductions in the timescales required for certification of civil rotorcraft. For example, almost six years were required for the AW109 in the 1970s compared with two years in the late 1990s for the EC135, partly a consequence of improvements in the toolsets available in the design process. Tiltrotor aircraft stand out in Figure 1 and clearly would benefit from increased use of high-fidelity modeling in the design phase.
[image: ]* based on estimated certification date

[bookmark: _Ref3209608]Figure 1. Time from first flight to certification for rotorcraft, tiltrotor and fixed-wing aircraft (source: Jane's All the World's Aircraft: 2008-09[footnoteRef:2]). [2:  These times are considered reliable although they have not been ‘verified’ by manufacturer’s sources.] 

An example of the benefit the rotorcraft industry is gaining from the development of new toolsets, in terms of reduced costs and time to market, was provided by Ries and Schimke (Ref. 3). They presented the Airbus perspective on how aeromechanics and flight mechanics codes, having different levels of fidelity and associated computational overhead, are used during the life-cycle phases (Figure 2 and Table 1).
In the design phase, Ries reported that coupling of free-wake panel methods with flight mechanics codes, the latter having what can be described as a ‘medium’ level of complexity, can be used to identify interactional aerodynamic issues within the flight envelope, with a low computational cost in the order of minutes per case. Higher complexity modeling tools (coupling of fully resolved unsteady CFD and flight mechanics codes) can then be used to examine potentially problematic flight states identified by this initial analysis, with computation times of the order of weeks per case, to inform design changes.
A key message from the authors of Ref. 3 is that, for the modeling approach to be effective, engineers need to have a good understanding of the design requirements they are working towards and the strengths and weaknesses of each tool used to meet those requirements. Understanding the fidelity requirements at each phase is central to the approach.
Evidence of improvements in modeling and simulation capability to support certification was shown by Leonardo Helicopters (LH) in their AW189 Engine Off Landing (EOL) certification work (Ref. 4). Figure 3 shows the agreement between flight and simulation for a selection of the key parameters monitored during autorotation, e.g. vertical speed, main rotor speed Nr and pitch attitude.
Based on the validation evidence, LH could gather additional data from simulation trials for conditions not tested in flight e.g. heavy aft c.g. and light aft c.g., power-off landing until touchdown. This information was used in conjunction with flight test (FT) data to demonstrate compliance with the relevant CS-29 certification requirements (Ref. 5). This approach reduced costs (LH indicated that simulation costs were approximately 10% of FT costs) and the risk to the airframe and certification program.

[bookmark: _Ref3208496][image: ]
[bookmark: _Ref5357615]Figure 2. Airbus’ approach to coupling aerodynamics and flight mechanics simulation through the life-cycle (Ref. 3).
[bookmark: _Ref3448678]
[bookmark: _Ref5357053]Table 1. Capabilities and Computational Overheads of Simulation Methods (Ref. 3).
	
	Comprehensive Code
	Trimmed Free-Wake-Panel-Method-Coupling
	Trimmed steady Actuator-Disc-CFD-Coupling
	Fully resolved unsteady helicopter trim simulation

	Simulation Speed
	Second(s)
	Minutes
	Hours
	Week

	Reasonable number of possible simulations per month
	>105
	>104
	<102
	<10

	Accuracy of capturing aerodynamical interactions
	Low
	Medium to high
	Medium to high
	Very high

	Vortex preservation
	---
	Very high
	Medium to low
	High to very high

	Unsteady simulations
	Yes
	Yes
	No
	Yes

	Time domain simulations (maneuvering)
	Yes
	Currently no
	Currently no
	Currently no

	Applicability Hover
	Yes
	Yes
	Yes
	Difficult

	Applicability IGE
	Very basic
	Yes
	Yes
	Difficult

	Solution Stability
	Very good
	Good
	Good
	Challenging for low speed


[image: ]
[bookmark: _Ref1148472][bookmark: _Ref1148292]Figure 3. Model validation against in-flight simulation of EOL (Ref. 4).

Certification underpins safety of course and improving rotorcraft safety has been the focus of several initiatives by the US/International Helicopter Safety Team (US/IHST). The original goal was to facilitate an 80% reduction in civil helicopter accident rates in the 10 years to 2015. Prior to this, an analysis of 523 accidents in the period 2000-2006 (Ref. 6) had identified the top five accident occurrence categories, as shown in Figure 4; the largest being Loss of Control In-flight (LOC-I), the topic of our companion paper at the VFS 75th forum (Ref. 7).
[image: ]
[bookmark: _Ref3209658]Figure 4. Top 5 Rotorcraft accident occurrence categories (Ref. 8).
Ref. 6 also proposed several intervention strategies to tackle this problem, which included the increased use of flight simulators for LOC-I training. To enable this new training, the Helicopter Safety Enhancement program (Ref. 8) identified the need to investigate simulator fidelity requirements for LOC-I and edge of the envelope flight conditions; an activity ongoing at the time of writing.
The need to improve rotorcraft safety is also being addressed by simulator manufacturers through improved flight training systems. To satisfy flight simulator regulatory requirements e.g. Federal Register 14 CFR Part 60 in North America (Ref. 9), the match between flight and simulation data must be within specified tolerances. The fidelity of the simulation model is affected, in part, by the availability of input data used to populate the model. To improve the match between simulation and FT data, non-physical tuning of model parameters can be used to meet the tolerances specified in the simulator standards. CAE have developed an optimization methodology to ‘non-physically’ tune their Object-Oriented Blade Element Rotor Model (OO-BERM) (Refs. 10, 11), to meet the flight simulator standards proof of match requirements when faced with incomplete model input data. The process starts with identifying linear state-space models from FT data across the flight envelope. OO-BERM is initially populated with known input data e.g. rotor radius, main rotor speed. An optimization step then determines values of selected unknown model parameters e.g. flap-hinge stiffness, swashplate phase angle, to minimize the error between the derivatives identified from flight and those predicted by the linearized OO-BERM.
Aircraft certification and pilot training represent critical applications for modeling and simulation, critical in the sense that fidelity is very important. Fidelity requirements for flight models, and how they can be upgraded, is examined in this paper. In our research, we distinguish between the predictive fidelity of the flight-model and the perceptual fidelity of the simulation experience (Ref. 12). This paper is concerned with predictive fidelity. A review of previous flight-model predictive fidelity research undertaken by GARTEUR is presented in the next section, followed by a summary of fidelity research at the University of Liverpool (UoL) which introduces the current Rotorcraft Simulation Fidelity (RSF) project. The next section describes the development of a baseline FLIGHTLAB model (F-B412) of the National Research Council (NRC) of Canada’s Bell 412 Advanced Systems Research Aircraft (ASRA). The opportunity is taken here to highlight areas where the F-B412 has been updated to better represent ASRA and to capture some of the missing physics from previous research projects. ASRA is then described, along with the processes used to evaluate the quality of the FT data for use in the RSF modeling research. A review of the frequency-domain renovation SID technique used to enhance the fidelity of F-B412 is then presented to set the scene for the new renovation technique described in the later section. The paper is drawn to a close with a discussion of the results and the next steps in the predictive fidelity work, along with the main conclusions and recommendations.

[bookmark: _Hlk1156699][bookmark: _Hlk1156649][bookmark: _Hlk1156678]FLIGHT Model FIDELITY
The value of modeling and simulation in support of rotorcraft design life cycle processes has been the topic of GARTEUR Action Groups (AG) over several decades. The AG-03 team introduced the common-baseline-model concept for a Bo105 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 (Ref. 13), where the prediction of handling qualities (HQs) was the focus. The modeling of rotor wake, wake-empennage interference and engine-drivetrain dynamics were identified as key areas where fidelity enhancement could be achieved. AG-09 (Ref. 14) extended this work with the exploration of different forms of validation criteria. 
These three AGs were mainly concerned with modeling support to design and development. For training simulators, certification in Europe is achieved through compliance with the criteria defined in the Certification Specification (CS) - Flight Simulator Training Devices (Helicopter) CS-FSTD(H) (Ref. 15). The value of flight simulators to address the safety issues identified by the US Helicopter Safety Team (Ref. 8) is underpinned by fidelity metrics used to measure fitness for purpose. A review of the criteria contained in previous versions of the current simulator CS was undertaken by GARTEUR AG HC/AG-12 (Ref. 16) which identified various areas where improvements to the standards would be beneficial to safety and proposed new metrics for fidelity assessments.
In CS-FSTD(H), the fidelity of the flight-model is assessed, in part, by proof of match time-histories comparing flight and simulation data; the model is deemed ‘acceptable’ if the model response ‘matches’ FT within certain tolerances e.g. a match of angular attitudes and velocities within ±10% following a step control input. The work conducted by HC/AG-12 reported that the response metrics in the standards should be re-assessed as there is no historical validation evidence indicating (1) how they were derived or (2) demonstrating relationships between fidelity and the tolerances. HC/AG-12 showed that the relationship is a complex one and sensitive to the nature of the maneuver flown. New metrics derived from the dynamic response criteria (DRC) contained with ADS-33E-PRF (Ref. 17) were proposed to address some of the shortcomings in the CS fidelity metrics. To illustrate this, a linear model of a Bo105 in hover was developed and the response to a lateral control input in hover examined. To investigate the sensitivity of the CS boundaries to changes in the model, parameters in the state matrix ‘A’ were varied (e.g. the partial derivative of the pitch acceleration with respect to roll acceleration, (element A(11,10)) until the response approached a tolerance boundary. Figure 5 shows that changing this cross coupling from its initial value of 1.82 to -5.09 allows the model to just satisfy the CS fidelity requirements.
[image: ]
[bookmark: _Ref3209805]Figure 5. Response to lateral cyclic input; comparison of baseline Bo105 with modified model (Ref. 16).
If the model is now examined using the ADS-33E-PRF DRC attitude quickness parameters, the same variations produce a significant change HQs, degrading from Level 1 to Level 3 (Figure 6). Such HQ changes are likely to have a major influence on a pilot’s experience of the fidelity of the model and calls into question the validity of the CS boundaries.
These kinds of comparisons are important because they highlight the shortcomings alluded to, but also point towards new forms of metric that provide for better fidelity assessment. 
The ratio of simulation to flight hours in training is increasing and with more substantiated validation evidence this trend can continue with confidence and safety, and be extended into the LOC-I areas, but only with proven fidelity, reinforcing the importance of the research reported in this paper.


[bookmark: _Ref3208837]Figure 6. Roll attitude quickness criterion for changes in element A(11,10), between upper and lower CS limits.

Flight Simulation Fidelity Research IN ACADEMIA at liverpool
In 2000, the HELIFLIGHT simulation facility (Refs. 19, 20) was installed and commissioned at the UoL, paving the way for a variety of fixed-wing and rotary-wing research projects. Research related to rotorcraft simulation fidelity has been a key element of this work. Figure 7 shows the timeline of activities and Table 1 provides details of these activities and milestones. The research commenced with the formulation of the Adaptive Pilot Model (APM) concept as a fidelity assessment method (Refs. 20, 21). This was followed by the contribution to GARTEUR HC/AG-12 (Refs. 16, 22, 23) discussed in the previous section, that conducted a critical examination of the training simulator standard, JAR-STD 1H (Ref. 25) (subsequently superseded by CS-FSTD(H) Ref. 13). The work revealed several shortcomings in the simulator standards, as discussed, including the sensitivity of the flight model fidelity tolerances to the nature of the maneuver being flown. This effect was not captured in the JAR/CS. One of UoL’s contribution to HC/AG-12 was the application of the APM to the quantification of simulation fidelity based on analyses of pilot guidance strategy (Refs. 20, 21, 24). 
The use of flight simulation in support of helicopter-ship clearance activities commenced at the UoL in 2003, demonstrating the need for using time accurate CFD airwake models in real-time piloted simulations (Ref. 27). The first validation studies with FT data also took place in this period in a collaboration with NRC Ottawa, who provided flight data to enable the creation and validation of a FLIGHTLAB F-B412 model for control law design studies (Ref. 28). Both physical and non-physical tuning of the model were used to achieve a good match with FT data. 
With the need for increased motion travel and wider/deeper visuals, particularly for the simulation of maritime rotorcraft operations, in 2008 the HELIFLIGHT-R (HFR) facility was commissioned (Ref. 29) and the EPSRC-funded project “Lifting Standards: Development of Fidelity Criteria for Rotorcraft Flight Simulators” (LS1) commenced. HFR featured a tunable force-feedback control loading system to enhance inceptor fidelity and a more ‘capable’ Stewart platform for motion cueing research. Flight testing with ASRA began in 2009 providing data for use in the LS1 project. A systematic approach for ‘enhancing’ physics–based simulation models using a (CIFER®) frequency domain approach (Ref. 30) was developed (Ref. 31). The research also reinforced the handling qualities engineering approach for quantifying predictive and perceptual fidelity (Ref. 12), and introduced a new Simulation Fidelity Rating (SFR) scale for capturing a pilot’s assessment of overall simulation fidelity (Ref. 32). LS1 further engaged the wider rotorcraft community through three workshops at AHS fora in 2011, 2012 and 2013, where attendees discussed the fidelity challenges in the use of simulation for design, certification and training. 
Vestibular motion cueing research has also featured in the timeline. It was shown that by the careful co-ordination of gains and break frequencies in the motion drive laws, good fidelity motion cueing, as assessed by test pilots, can be delivered using a medium-stroke motion platform (Refs. 33 and 34). UoL’s motion research contributed to GARTEUR HC/AG-21 with a review of roll-sway motion fidelity cueing requirements (Ref. 35) and an initial investigation of task specific motion cueing requirements (Ref. 36).
Liverpool’s current RSF project continues to develop the engineering approach to fidelity enhancement and assessment, applicable to practices and processes involved in flight-model and flight simulator development and certification (Ref. 37). The work is contributing to the NATO STO AVT-296 RTG activity, ‘Rotorcraft Flight Simulation Model Fidelity Improvement and Assessment’, documenting methods for updating flight-models with flight data, together with simulator assessment methodologies (Ref. 38). A follow-on lecture series will be developed (2021) to provide rotorcraft engineers and simulation technologists with an understanding of best practices in the field. Application of the current simulation fidelity research to meet industrial and regulatory needs will also be achieved through the Clean Sky2 funded project. ‘Rotorcraft Certification by Simulation’ (RoCS). RoCS will produce new guidelines for the use of flight simulation in the certification of rotorcraft.


[bookmark: _Ref3209856][image: ]
[bookmark: _Ref3449009]Figure 7. Timeline of simulation fidelity research activities at UoL.


Table 2. UoL Simulation Fidelity Milestones (M) and Activities (A).


	Milestones

	M1
	Commissioning of HELIFLIGHT (2000)

	M2
	(Ref. 18, 2001) Initial validation of F-XV15 model for civil tilt-rotor HQ research 

	M3
	(Ref. 19, 2003) Low-cost, high-fidelity simulator to support research and teaching

	M4
	Foundations for APM presented (Ref. 20, 2003)

	M5
	Application of APM to assess visual fidelity (Ref. 21, 2004)

	M6
	Use of APM with flight and simulation data for fidelity assessments (Ref. 24, 2004)

	M7
	Validation of F-B412 tuned for flight control design (Ref. 28, 2007) 

	M8
	Commissioning of HFR (2008)

	M9
	Renovation of flight-models by modifications to derivatives identified by SID (Ref. 31, 2011)

	M10
	Methodology for acceptance of acceptance process for research simulators (Ref. 29, 2013)

	M11
	(Ref. 16, 2013) Shortcomings in CS metrics, proposed use of HQ metrics for fidelity assessment, identified the need for SFR scale

	M12
	Development of new predicted and perceptual measures of simulator fidelity (Ref. 12, 2013)

	M13
	SFR scale for subjective assessment of fidelity (Ref. 32, 2014)

	M14
	Methodology for obtaining high-fidelity motion cues in small motion systems, Motion Fidelity Rating scale (Refs. 33, 34, 2015).

	M15
	Lessons learned from a decade of Virtual Engineering to support SHOL testing and ship design assessments (Ref. 27, 2017)

	M16
	Time domain approach to identify model parameters for flight-model enhancement (2019)

	M17
	AVT-296 Lecture Series: Short course on best practices in model updating and assessment (2021)






	Activities

	A1
	Adaptive Pilot Model – Low Order Equivalent System pilot-vehicle model for simulation fidelity assessments (2001)

	A2
	HC/AG-12: Examine the processes and criteria used for helicopter simulator qualification and propose new criteria (2002)

	A3
	PhD study: Simulation Fidelity Through an APM (2003)

	A4
	PhD: DI modeling and simulation research (2004)

	A5
	Start of ASRA FTs in support of flight control law design research (2005) 

	A6
	LS1: Development of measures of predicted and perceptual fidelity (2008)

	A7
	LS1: ASRA FTs for FSTD(H) and HQ validation and SFR assessments (2009)

	A8
	PhD Study: Flight Simulation Fidelity for Rotorcraft Design, Certification and Pilot Training (2009)

	A9
	Simulator Functional Fidelity Quality Metrics and Pilot Perception (2010)

	A10
	LS1: ASRA FTs for fidelity metric and SFR assessments (2011)

	A11
	First of three annual AHS simulation fidelity workshops to identify challenges and best practice for fidelity assessment (2011) 

	A12
	HC/AG-21: Investigation of role of simulator cueing on subjective fidelity assessment (Refs. 35, 36) (2013)

	A13
	Rotorcraft Virtual Engineering Conference: Supporting life-cycle engineering through design and development, test and certification and operations (2016)

	A14
	RSF: To establish a rational and systematic engineering approach to flight simulation fidelity enhancement and assessment (2017)

	A15
	NATO AVT-296: develop and document various methods for updating flight dynamics models and simulator assessment methods (2018)

	A16
	RoCS: Definition of metrics and methods to define a rotorcraft virtual certification process (2019)







F-B412 Model development 
The F-B412 model was first developed in the HeliACT project (Ref. 28) for flight control law design and testing. The simulation model data were collected primarily from the public domain documents; where no data were available, measurements were carried out at NRC. Non-physical tuning was applied to provide a very good match of dynamic responses with FT data in support of flight control law design using linear models. The F-B412 was created using the multi-body-dynamic modeling tools of the FLIGHTLAB simulation environment (Ref. 39).
The RSF F-B412 model development activity initially focused on verification of the model data. The main features of the ASRA and how they are represented in the F-B412 are illustrated in Figure 8.
During the verification process, the model data have been updated based on new measurements performed at the NRC to determine key rotor parameters. Where verification data were not available e.g. aircraft moments of inertias, engineering estimates have been used. Aspects of the model data updating process is described in the following section.

[image: ]
[bookmark: _Ref3209926]Figure 8. F-B412 component descriptions and data sources.


Main Rotor- Estimation of Equivalent Flap Hinge Spring Stiffness (Kβ)
The Bell 412 main rotor hub, illustrated schematically in Figure 9, is described by Cresap and Meyers (Ref. 40). The hub is constructed from two titanium flex beam yokes, stacked perpendicularly to one another, with flexures to allow for a portion of the rotor flapping motion. Each yoke grips two blades and has two elastomeric bearings per blade to allow lag motion.
A ‘high’-fidelity simulation model of the hingeless rotor and hub can, in part, be created with a fully-coupled elastic model representing the flap, lag and torsional motions. 
[image: ]
[bookmark: _Ref536615408]Figure 9. Bell 412 hingeless rotor hub (from Ref. 41).
As a first step, a center-spring rigid-blade model has been developed which has the added benefit of simplifying greatly the FLIGHTLAB modeling (Ref. 42). The selection of the center-spring strength (K) is based on Eq. 1 by matching the first flapwise elastic mode frequency ratio () and modal inertia (I):
	
	
	[bookmark: _Ref3797324]Eq. 1


The ‘equivalent’ rigid-blade first and second flapping moments of inertia Mβ and Iβ are calculated from Eq. 2 and Eq. 3.
	
	
	[bookmark: _Ref535240931]
[bookmark: _Ref536638186]Eq. 2

	
	
	

	
	
	[bookmark: _Ref535240933]
[bookmark: _Ref536638188]Eq. 3


where R is the blade radius, r is the radial station along the blade and m is the blade mass per unit length using the blade mass distribution (Ref. 43) illustrated in Figure 10.
[image: ]
[bookmark: _Ref500746081][bookmark: _Toc512838112][bookmark: _Toc535305759]Figure 10. Blade mass distribution (from Ref. 43).
Cresap and Meyers (Ref. 40) state that the first out-of-plane flap frequency ratio, β = 1.03. However, there is no evidence in the literature for how this key rotor parameter was determined, or if it is representative of the ASRA configuration. Static and dynamic blade flapping tests were performed by NRC to determine the equivalent β (from K) for the rigid blade approximation. 
The static test consisted of loading the blade and measuring the deflections along the blade. The radial location of the load (RLoad), the load (Load) and deflection angle () were determined based on the schematic in Figure 11 to estimate Kβ as in Eq. 4:
	
	
	[bookmark: _Ref166905]Eq. 4


[image: ]
[bookmark: _Ref518481662][bookmark: _Toc535305755]Figure 11. Blade measurements for calculating Kβ.
Weights were hung from the blade at various radial locations, in increments of approximately 3kgf (6.6lbf) up to 25kgf (55lbf). The static deflection was recorded for each load increment at two feet intervals along the blade and a final reading taken close to the blade tip. The deflections recorded with the loads at 0.75R are illustrated in Figure 12, and can be seen that the deflection with increasing load is nonlinear for loads above 5kgf.
[image: ]
[bookmark: _Ref518479796][bookmark: _Toc535305753]Figure 12. Blade deflection under 14.88kgf load at 0.75R.
The estimate of Kβ is dependent on the deflection because of this nonlinearity. The Kβ value calculated from the static test is, of course, for a non-rotating rotor. When the rotor is rotating, the deflections will reduce significantly due to centrifugal stiffening, thus Kβ calculated from the larger loads and deflections are not appropriate. The static tests have determined a median value of Kβ of approximately 17,000 ft-lbf/rad (β = 1.0093).
The second verification experiment was a dynamic test. The blade was pulled down to excite the modes, and determine the non-rotating flap frequency . This can, in turn, be used to determine the rotating flap frequency ratio as:
	
	
	[bookmark: _Ref3461528]Eq. 5


The resulting blade oscillatory motion was recorded using accelerometers mounted at different locations along the blade (e.g. Figure 13). The time period of oscillation was computed from the peak-to-peak motions in the ‘smoothed’ time signal as Ts = 1.44  0.046s. The flap frequency of the non-rotating blade is then given by  = 4.4  0.042 rad/s.
From Eq. 5, β is calculated using the rotor speed of Bell 412 (Table 3) as β = 1.0083 (0.0005) giving Kβ approximately equal to 15,080 (970) ft-lbf/rad.
The reasonably close match of  from static and dynamic tests has provided confidence that  for this rotor is significantly lower than that of the B-412 reported in Ref. 40. Consequently a  of 16,700 ft-lbf/rad () has been used in the F-B412. However, the authors recognize that this value is much lower than computed for other hingeless rotors. A hinge-offset, simulating the stiffer hub, has been explored, along with the flap spring discussed, but this model resulted in a poorer match of the F-B412 responses with FT data. The centre-spring model has been used in the baseline model adopted in this paper, but recognizing that future updates to the rotor stiffness and inertial properties may require revisions to the flap dynamics. 
[image: ]
[bookmark: _Ref3209977]Figure 13. Accelerometer measurements from rotor pull-down test.
 
Estimating the Helicopter’s Moments of Inertia
There were no data available on the moments of inertia of the NRC’s B-412 and only one reference to the aircraft’s moments of inertia in the literature (Ref. 44). Estimates of the B-412 inertias are based on comparative values for the Bo105, Lynx and Puma (Ref. 42) and the FLIGHTLAB Generic Rotorcraft (Ref. 39). Figure 14 illustrates the pitch (Iyy) inertias connected by a spline of best fit. The ASRA B412 inertia is selected, as shown, based on the mean mass during FT. The process is repeated for Ixx and Izz to give inertias listed in Table 3. These are all within 10% of the B-412 inertias in Ref. 44 for an 11,000lb aircraft, when scaled to the ASRA FT configuration. Table 3 also provides a summary of the key F-B412 engineering parameters. 
[image: ]
[bookmark: _Ref536796943]Figure 14. F-B412 Iyy estimation based on inertias from other helicopters.

Rotor Inflow and Maneuver Wake Modeling
The Peters-He Finite-State Inflow (FSI) model with three velocity states (Ref. 45) can be derived in closed-form from potential flow solutions for the rotor wake and computed in real time. The solutions relate the rotor airloads (CT, CL, CM) to the induced velocity (0, 1s, 1c) distribution in the form:
[bookmark: _Ref534794500]Table 3. F-B412 Parameters.
	Parameter
	Value
	unit

	Total Helicopter
	
	

	Mass
	10290
	lbs

	Ixx
	3600
	slug-ft2

	Iyy
	12400
	slug-ft2

	Izz
	10150
	slug-ft2

	Ixz
	1560
	slug-ft2

	Main Rotor
	
	

	Rotor Speed ()
	33.9
	rad/s

	Swashplate Phase Angle
	13
	deg

	Kβ
	16700
	ft-lbf/rad

	K
	380840
	ft-lbf/rad

	Polar moment of inertia
	2820
	slug-ft2

	Blade
	
	

	Radius
	23 
	ft

	Chord
	1.3
	ft

	Twist
	-10.3
	deg

	Inboard aerofoil section
	vr7
	---

	Outboard aerofoil section
	OA309
	---

	Mβ, M
	59
	slug-ft

	Iβ, I
	790
	slug-ft2

	Tail Rotor
	
	

	No. of blades
	2
	---

	Radius
	4.3
	ft

	Chord
	0.96
	ft

	Aerofoil section
	NACA0012
	---

	Tail rotor Speed (TR)
	174
	rad/s

	Iβ(TR) per blade
	1.45
	slug-ft2

	Control System Gearings
	
	

	Klat
	0.88
	deg/inch

	Klon
	-1.3
	deg/inch

	Kcol
	1.4
	deg/inch

	Kped
	4.55
	deg/inch



	
	
	
Eq. 6





where CT, CL, CM are the aerodynamic perturbations in thrust, roll and pitch moments; (0, 1s, 1c) are the magnitudes of uniform, lateral and longitudinal variations of induced flow. M is the (apparent) mass matrix and L is the influence coefficient matrix derived from local momentum theory (Ref. 46). 
Peters (Ref. 47) describes how finite-state inflow models consistently predict the off-axis roll response from a longitudinal cyclic input to be of opposite sign from the FT data. Rosen (Ref. 48) hypothesized that as the aircraft rolls, the wake distorts to a curved helix as illustrated in Figure 15, compressing the vortex layers on the downward motion of the disc and increasing the vortex spacing on the upward motion of the disc, causing the blades to experience more/less intense induced flow. The dynamic wake model was extended to include this maneuver wake distortion (MWD) effect (Ref. 49) as L where:
	
	
Eq. 7


The delta influence coefficients are functions of pitch and roll rates and result in reversing the direction of the off-axis response and, consequently, modifying the on-axis response. 
[image: ]
[bookmark: _Ref3208141]Figure 15. A Schematic of the maneuver wake distortion.
MWD is implemented in FLIGHTLAB (Ref. 50) as a lookup table for the influence coefficients generated from a free-wake rotor model. Publications regarding MWD to date focus on the UH-60 (Ref. 49-51), and more recently results have been presented by Sikorsky (Ref. 52) for an unspecified rotorcraft type.  However, no information is available in the public domain on the required tuning of the FLIGHTLAB MWD parameters for a generic simulation model, particularly for a hingeless and higher-speed rotor such as the B-412.  Furthermore, only Rosen (Ref. 48) has published results on the identified cross-coupling derivatives for models which utilize such wake distortion effects, demonstrating how these can be used to correct the sign of the cross coupling derivative Mp. 
The default FLIGHTLAB influence coefficients ptab and qtab are defined based on the thrust coefficient, advance ratio and normal inflow for the FLIGHTLAB Generic Rotorcraft model (Ref. 50).  However, these influence coefficients have too strong an effect on the F-B412 pitch and roll rates; ptab and qtab can be scaled equally using the FLIGHTLAB parameter Kpq.  For more effectiveness, ptab and qtab should be scaled by different amounts, achieved by multiplying ptab and qtab by scaling factors Kp and Kq respectively, when the model is loaded in FLIGHTLAB; values of 0.4 and 0.6 are used for the MWD analysis in this study.
To describe the roll-pitch dynamics of the F-B412 in hover, Figure 16 illustrates the response to a 1deg step input in right lateral cyclic applied at t = 1sec (stick to actuator gearing ratios are provided in Table 3), causing the helicopter to roll to the right with a maximum roll rate of 20deg/s, achieved about 0.5sec later. 
[image: ]
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[bookmark: _Ref549593]Figure 16. F-B412 response to a step input in lateral cyclic with and without MWD.
Four different physical mechanisms then contribute to the off-axis pitch response. The combination of the aerodynamic coupling (+q) due to roll rate and the flap-cyclic pitch phasing (>90deg due to 13deg cyclic phase), superimposed on the blade stiffness effect, (-q), results in an overall positive pitch rate. The inclusion of the MWD effect reverses this pitch rate as the blades flap and roll into (out of) their own wake at = 90deg (270deg), by incorporating the induced velocity due to maneuvering. MWD also increases the on-axis, roll rate, response by about 10%. These effects are captured in the distorted finite-state inflow components vi1c and vi1s as shown in Figure 16.
So, the FSI states carry the effects of the MWD, with the dominant v1s effect springing from the moment change on the blades rolling into their own wake at  = 90deg. In Figure 16, β1c and β1s are the longitudinal and lateral disc tilt respectively. The reversal of β1c due to MWD causes the pitch rate to reverse as shown. The SID renovation will be used to capture these effects.

ASRA and NRC test data
The ASRA is one of eight research aircraft operated by the Aerospace Research Centre, at the NRC Canada. The Bell 412 is a twin-engine medium helicopter with a gross take-off weight of 11,900lbs (Figure 17). 
[image: ]
[bookmark: _Ref3210636]Figure 17. NRC Bell412 (B-412) ASRA.
ASRA is specially configured with onboard research equipment for the development and testing of advanced flight control systems and modern cockpit technologies. Specialized research equipment installed in the Bell 412 are a fly-by-wire (FBW) system, force feel system, and data acquisition system with graphical display capability. The ASRA is employed as a multi-purpose research aircraft currently used in support of several clients and research areas: 
· Flight control law design and testing
· Handling qualities specifications
· Cockpit technologies and human factors
· Autonomous systems development
· Airborne sensor testing and development
· Simulation fidelity research
· Test pilot and flight test engineer training
The ASRA has recently completed extensive upgrades that include new engines with improved torque dynamics and a glass cockpit with modernized avionics. 

Flight Test Data
[bookmark: _Ref536181168]Flight test campaigns were performed on the ASRA in 2004–6 and 2009–11 to support control law design (Ref. 28) and simulation fidelity research (Refs. 12, 20, 24, 29, 31-32) respectively at Liverpool. Open-loop responses to control steps, pulses, 2311s and sweeps have been measured throughout the flight envelope with Stability and Control Augmentation System (SCAS) on and off. Closed-loop Mission Task Elements have also been flown. This paper focuses on longitudinal and lateral bare-airframe (i.e. SCAS off) hover records from the 2004–6 dataset shared with AVT-296 group, consisting primarily of 2311 inputs and frequency sweeps. The test points are assigned names based on input axis, shape and direction (p = positive, n = negative) and a sequential number as listed in Table 4.
[bookmark: _Ref344825]Table 4. Subset of Lateral and Longitudinal Open-Loop Test Cases Recorded from ASRA Flight Tests.
	Axis
	Shape
	Direction
	No.
	Name

	Lat
	2311
	positive
	1
	Lat_2311_p1

	Lat
	2311
	positive
	2
	Lat_2311_p2

	Lat
	2311
	negative
	1
	Lat_2311_n1

	Lat 
	2311
	negative
	2
	Lat_2311_n2

	Lon
	2311
	positive
	1
	Lon_2311_p1

	Lon
	2311
	negative
	1
	Lon_2311_n1

	Lon 
	2311
	negative
	2
	Lon_2311_n2

	Lat 
	sweep
	negative
	1
	Lat_swp1

	Lon
	sweep
	positive
	1
	Lon_swp1


Selection of the data for comparison with the F-B412 is based on three key criteria points: the quality of the open-loop input itself, the presence of off-axis inputs and the quality of the trim condition prior to the input being applied. Figure 18 illustrates that, for the four lateral 2311 cases listed in Table 4, crisp 2311 inputs are applied in all cases. No collective or yaw inputs are applied, while off-axis longitudinal cyclic is inadvertently applied at approximately 3 seconds (p1) when the lateral cyclic is moved for the third time. Considering trim, cases Lat_2311_n1 and Lat_2311_n2 both have more than 2deg/s initial yaw rate while Lat_2311_n2 also has a pitch rate of almost 2deg/s and, as illustrated in Figure 19 and Figure 20, a pitch acceleration. The quality of these cases is considered too poor for further analysis.
[image: ]
[bookmark: _Ref3210053]Figure 18. Control inputs for the four lateral 2311 cases listed in Table 4.
[image: ]
[bookmark: _Ref357348][bookmark: _Ref354495]Figure 19. Median and range of body axis angular velocities for 0.5 sec prior to test input.
[image: ]
[bookmark: _Ref355131]Figure 20. Body axis angular velocities for 0.5 sec prior to test input for a ‘good’ (p2) and ‘poor’ (n2) trim.

Initial Comparison of F-B412 with FT Data
Following on from the earlier discussion of the MWD effect, FT control inputs are applied to the F-B412 and the responses with and without MWD are compared with the ASRA for case Lat_231_p1 in Figure 21 and Lon_231_p1 in Figure 22. 
[image: ]
[bookmark: _Ref357469]Figure 21. Comparison of FT data (case Lat_231_p1) with F-B412, with and without MWD.
[image: ]
[bookmark: _Ref357482]Figure 22. Comparison of FT data (case Lon_231_p1) with F-B412, with and without MWD.
Figure 21 illustrates how the inclusion of MWD has ‘corrected’ the off-axis pitch rate response while increasing the roll rate response to give a good initial match with flight. MWD has little impact on the on-axis pitch response in Figure 22. However, pitch to roll cross-coupling reverses the roll rate, improving the match with FT data in the short term. 
The following section describes a method whereby the missing physical effects are identified and added back to renovate the F-B412 and to improve the fit with FT data.

The renovation method 1: theory
The previously discussed poor off-axis fidelity in hover will be addressed in the next section. Here we focus on demonstrating the effectiveness of the renovation technique based on SID as reported in Ref. 31, by improving the fidelity of lateral dynamics of the F-B412 at a 95kts (true airspeed, TAS) flight condition. This technique consists of two parts – using SID to identify the flaws of a model and then adding delta values of candidate derivatives to repair these flaws. The SID approach is based on a frequency-domain method (Ref. 30). For the lateral control channel, the frequency responses (p and q) for the piloted frequency-sweep FT data are illustrated in Figure 23, for a frequency range of 0.1 to 10 rad/s. Solid lines represent the rotorcraft response while the broken lines show the response of the linear 6DoF SID model.
The time-response verification with the FT multi-step lateral cyclic control input (for the 95kts case) is shown in Figure 24, where the response of the linear F-B412 model is compared with the 6DoF model obtained using the SID process on the FT frequency sweeps.
[image: ]
(a)			(b)
[bookmark: _Ref3209323]Figure 23. Comparison of responses in frequency domain (TAS = 95kts) – lateral cyclic sweep, (a) Lat-p, (b) Lat-q.
[image: ]
[bookmark: _Ref2942594]Figure 24. Verification of 6DoF dynamics and comparison with FT data; TAS = 95kts, lateral control input.
The responses of the linearized 6DoF F-B412 to lateral cyclic show poorer agreement with FT data in all channels when compared with the SID model. For the SID 6DoF model, the on-axis roll rate, off-axis pitch rate and heave velocity show good agreement with FT. However, the yaw rate and sway velocity are less well predicted, the higher damping in the SID model correlating with the lower peak at 1.5rad/sec in Figure 23. The dip in coherence at this frequency is also evident from Figure 23. This SID model forms the basis for the renovation of the F-B412 model.
The renovation process adopts a three-step procedure as outlined in Figure 25. In Step-1, the frequency-domain analysis is performed and the derivatives chosen for renovation based on the ‘insensitivity’ values. In Step-2, a time-domain cost-function is used to estimate the key derivatives through a sensitivity analysis of the F-B412 model. In Step-3, common derivatives from Step-1 and Step 2 are selected and a suitable weighting factor (manually derived) used to renovate the F-B412 model. 
[image: ]
[bookmark: _Ref3209387]Figure 25. Illustration of three steps to renovate the F-B412 model.
In Step-1, the derivatives are chosen for renovation based on the cost function:
	

	
[bookmark: _Ref3798061]Eq. 8


where nTF is the number of individual input-output pairs, n is the number of frequency points selected in the fitting frequency range [1, ], which is likely to be different for each pair. The unknown parameters in Eq. 8 are identified based on minimizing the errors of magnitude () and phase () between the desired frequency-response function (T) and the updated frequency-response estimate ([image: ]). The three terms Wr, Wg, and Wp are weighting functions providing the user with control over the data selection. 
In Step-2 a user-defined cost-function in Eq. 9 and sensitivity analysis of the F-B412 model using Eq. 10 provides the basis for estimating the derivatives with highest sensitivities to be used for renovation,
	

	
[bookmark: _Ref3798105]Eq. 9

	

	
[bookmark: _Ref3798139]Eq. 10


where  is the number of selected output responses,  is the number of points selected in the time response, which may be different for each response variable. The symbol  is the  derivative among the total of 60 matrix elements (36 from the state matrix and 24 from the control matrix of a 6DoF state-space model, state vector  and control vector ). The term  in Eq. 9 is the perturbation value of the  derivative (), used to compute the sensitivities. For the analysis in this paper, a value of 2% of the corresponding F-B412 value is used. Ws is the user-defined weighting function for the selected responses. Sm in Eq. 10 represents the sensitivity value for the mth derivative dm. Therefore, a second group of derivatives among the total 60 derivatives can be selected for renovation. 
Lastly, in Step-3, selected common derivatives from Step-1 and Step 2 along with suitable gain factors are used to renovate the F-B412 model. The ‘weighting’ gain factors are determined based on three arguments: (i) to compensate for the uncertainty and deviation in the parameter values from their ‘true’ values, associated with the limited information available for the SID process (e.g. coherence varying across the frequency range as shown in Figure 23); (ii) only a limited number of candidate derivatives values are chosen for renovation of a particular motion, where there is also influence from unselected derivatives; (iii) the 6DoFs are not able to capture higher-order and nonlinear dynamics, such as blade dynamics and aerodynamic interference. Therefore, tuning factors are necessary, as in all SID processes, to enable users to achieve a best model structure creatively. 
As part of the renovation process for the non-linear F-B412 model, Figure 26 shows a comparison between FT and non-linear F-B412 responses to a lateral multi-step input. As with the linear 6DoF responses shown in Figure 24, the initial roll response has a good fit up to about 1sec, but all off-axis responses are poor. 
[image: ]
[bookmark: _Ref2942666]Figure 26. Comparison of flight and simulation responses to a lateral stick multi-step (TAS = 95kts).
The initial yaw rate and sideslip velocity are reasonably well captured up to 2.2 sec but then significantly under-predicted as the Dutch roll mode begins to develop. Pitch and heave response predictions are almost out of phase with flight data. With these various mismatches, pitch, yaw, heave, and sideslip are chosen for constructing the user-defined cost functions (based on the difference between FT and nonlinear responses of F-B412) and obtaining the key derivatives as shown in Step-2 of Figure 25.
Finally, the four common candidate derivatives (, ,  and ) between Step 1 and Step 2 are chosen in Step 3. The correction factors for these derivatives are introduced into the non-linear F-B412 expressed in the form of additional specific forces:
	

	Eq. 11


in which k is the vector of gain factors. As shown in Table 5, different gain factors are used for the renovation of the linear (lr) and non-linear (Nlr) F-B412. This can be attributed to the fact that the SID model uses a linear 6-DoF model structure which does not account for the nonlinearities arising due to the rotor dynamics, varying inflows etc., as explained above. Therefore, tuning the gain factors for renovating a linear model is less demanding; unity gains are used for all derivatives. However, they are tuned significantly for the nonlinear model. 
[bookmark: _Ref3448176]Table 5. Gain Factors used for Renovating F-B412 Models (TAS = 95kts).
	
	Nv
	Mp
	Np
	Lv

	derivative
	-0.047
	-0.616
	0.121
	-0.020

	Tuning gain (lr)
	1.0
	1.0
	1.0
	1.0

	Ren. Derivative (lr)
	0.008
	-0.274
	-0.33
	-0.056

	Tuning gain (Nlr)
	0.6
	0.8
	1.5
	-0.6

	Ren. Derivative (Nlr)
	0.027
	-0.151
	-0.27
	-0.024


The results in Figure 27 and Figure 28 show that the responses of linear and nonlinear F-B412 models have been significantly improved. The pattern of the renovated pitch responses fits well with FT data, resulting from the large correction to ΔMp as shown in Figure 29. 
[image: ]
[bookmark: _Ref2943309]Figure 27. Comparison of responses from lateral cyclic input with the renovated linear 6DoF F-B412 (TAS = 95kts).
The heave rate is corrected as a consequence of the improved pitch response. The corrected yaw responses in both models now reach a good agreement with FT data up to 3.8 sec as does the fit of sideslip. This can be attributed to the contributions of the corrections (ΔNv) to the corresponding yaw moments as shown in Figure 29. The on-axis response has also been improved, with error <10% compared with FT up to 5sec, matching the first three roll-rate peaks of FT. However, the damping of the yaw-sway motion is still over-predicted in the renovated model; the derivatives Nr and Yv were not selected by the renovation process step 1, so did not feature in the final model update. The authors suspect that the low coherence around the modal peak in Figure 23 is an influencing factor here and worthy of further examination. 
[image: ]
[bookmark: _Ref3451289]Figure 28. Comparison of responses from lateral cyclic input with the renovated nonlinear F-B412.
[image: ]
[bookmark: _Ref3211968]Figure 29. Comparison of contribution of correction factor with the original values.
The renovation process described above has been achieved using different values for the correction gain vector k for different parameters. In general, better fits can be achieved by activating these gains but they are user-defined so a rationale for establishing the values needs to be determined to ensure the systematic nature of the process is not spoiled. This is the subject of the ongoing research. The next section continues with the renovation process applied to the hover flight condition.

The renovation method 2: Application 
The previous section presented a summary of the renovation method and a résumé of the SID analysis with the 95kts FT case reported in Ref. 28, but applied to the latest version of the F-B412. In this section, the hover FT case is examined, with multi-step 2311 control inputs in roll and pitch. A set of FT cases (Lat_2311_p2, Lon_2311_n2) were used to derive a linear 2DoF (roll-pitch) model using the frequency domain analysis. A separate set of FT cases (Lat_2311_p1, Lon_2311_p1) were then used for comparisons with model results. Figure 30 shows a comparison of FT data with responses from the Nlr F-B412 without MWD effects included. A few general points are worth making. Regarding input purity, this is good but the aft cyclic applied after about 3sec in the lateral cyclic case is noted. The on-axis responses in both cases show reasonable agreement with FT; first and second attitude rate peaks are captured. The off-axis responses are poor in both cases; pitch from roll is of opposite sign initially and the roll response from pitch is much stronger in flight simulation (FS), partly a consequence of the stronger sway (v) response. The surge (u) responses typically follow the pitch changes, although the FS forward acceleration of about 3ft/s2 lags the FT by about 1.5sec.
As discussed previously, applying frequency sweep control inputs in the hover leads to large excursions from the trim condition risking poor coherence for many of the input-output pairs. The frequency-domain analysis has therefore been applied to the 2311 FT cases but, even here, poor coherence was found for the translational velocity responses. The following analysis is applied to the 2DoF roll-pitch model, although the F-B412 results include the translational velocity affects. Figure 31 shows a comparison of the nonlinear F-B412 (without MWD effects) with the FT and 2DoF SID model. The associated derivatives are given in Table 6, along with the identified effective time delays.
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          (a)						         (b)
[bookmark: _Ref3196777]Figure 30. Comparison of FT responses with Nlr FB-412 (FS) model, (a) lateral cyclic input, and (b) longitudinal cyclic input. 
[image: ][image: ]
[bookmark: OLE_LINK6] (a)						(b)
[bookmark: _Ref3196819][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Figure 31. Comparison of FT responses with the Nlr F-B412 (no MWD) and 2DoF SID, (a) lateral cyclic input, and (b) longitudinal cyclic input.
Immediate observations from Table 6 are that the roll (pitch) damping, Lp (Mq) is over-predicted by 13% (50%) and the on-axis control derivative is underestimated by 10% (27%) by the linearized F-B412, compared with FT SID estimates. The F-B412 cross damping derivatives Lq and Mp are both predicted with opposite signs compared to the FT SID results. These mismatches are reflected in the response comparisons in Figure 31. The SID model captures the off-axis responses for the first few seconds, indicating the dominance of the angular rates in this short time but also highlighting the quality of the 2DoF representation in the short term.
The renovation technique described in the previous section selects those derivatives that have commonality to improve the fit in the frequency-domain (FT sweep data with SID model) and in the time-domain (FT 2311 data with linear F-B412). The data used in the two comparisons and associated fit values are, of course, independent. In the present case, all four stability derivatives and four control derivatives are selected by this process and the results are given in Table 6, along with estimates for response ‘time delays’ lat and lon. Figure 32 shows a comparison of FT with the Nlr F-B412 and the linear renovated F-B412 with unity tuning gains. The linear model compares well with FT over the first few seconds, with both on-axis and off-axis responses improved. This renovation problem is hypothesized as arising from the various nonlinearities in the dynamics close to hover as the response progresses, so that other effects contribute to the mismatch in addition to the derivatives in the 2DoF model. We return to investigate the impact of translational velocity effects in the next section, but first maneuver wake distortion is explored for the hover cases. 

[bookmark: _Ref3200274]Table 6. Derivatives Estimated using 2-DoF SID (including effective time delays) and from F-B412 Linearization ().
	Derivative
	FT SID
	F-B412
	 (SID-Perturbation)
	Tuning Gain (k)
	Renovated Derivative

	
	-2.59
	-3.16
	0.57
	1.0
	-2.59

	
	-0.764
	0.3548
	-1.118
	1.0
	-0.764

	
	0.60
	-2.490
	3.090
	1.0
	0.60

	
	-0.730
	-0.4873
	-0.2427
	1.0
	-0.730

	
	1.014
	0.9007
	0.1133
	1.0
	1.014

	
	-0.168
	-0.3505
	0.1825
	1.0
	-0.168

	
	0.086
	-0.0310
	0.117
	1.0
	0.086

	
	-0.2873
	-0.2012
	-0.0861
	1.0
	-0.2873
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 (a)						(b)
[bookmark: _Ref3200176]Figure 32. Comparison of FT responses with original Nlr F-B412 and renovated 6DoF linear F-B412 (unity correction gains), (a) lateral cyclic input, and (b) longitudinal cyclic input.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]
The MWD captures the changes in blade incidence and loading due to the passage into and out of the wake as the helicopter rolls or pitches. MWD is expected to be strongest in hover and low-speed flight and dependent on the angular rate, as discussed earlier in the paper. In Ref. 53, Keller discusses how the effect can reverse the direction of the off-axis response and of course we have already seen anomalies in the off-axis derivatives for both roll and pitch control inputs in Table 6. As discussed earlier in the inflow modeling section of this paper, FLIGHTLAB models MWD through modification to the L matrix of influence coefficients (Eq. 12, 13), and subsequently computes changes to the non-uniform components in the finite-state inflow model. As an alternative, we have investigated a simpler representation, augmenting (aug.) the local momentum inflow from Ref. 46, with linearly-varying non-uniform components,  and , proportional to the angular rates, in the form:
	
	[bookmark: _Ref3200026]Eq. 12

	
	

	
	Eq. 13


where  and  are non-dimensional roll and pitch rates, and , ,,  are the augmentation constants, identified by minimizing the least-square error (between FT and simulation) in the on-axis and off-axis response as:
	
	
Eq. 14


where  and  represent the roll and pitch response in FT data, and  and  represents the roll and pitch response from the simulation model, ,  are the weighting factors. In this study, two different set of parameters are identified for the lateraland longitudinal input channels as shown in Table 7.
[bookmark: _Ref3986346]Table 7. Identified Augmentation Constants for Lateral and Longitudinal Input Channels.
	Input channel
	
	
	
	

	Lateral 
	1.53
	-0.65
	-0.09
	1.32

	Longitudinal
	-0.12
	0.40
	0.06
	1.30


A comparison of F-B412 responses derived from both forms of MWD with FT is shown in Figure 33. The associated derivatives are given in Table 8. The FLIGHTLAB MWD captures the first two peaks of the pitch response during the roll input but also increases the on-axis response, leading to a small departure from FT at the second roll peak. The response to the pitch input is impacted in a different way. MWD appears to amplify the off-axis roll response over the three peaks, but gives a closer fit with FT for the on-axis pitch response.


[bookmark: _Ref3200387]Table 8. Damping Derivatives; F-B412 Values with and without MWD Compared with FT SID Values.
	Case
	Lp
	Mq
	Lq
	Mp

	B412 (SID) 
	-2.59
	-0.73
	0.60
	-0.76

	F-B412 (SID) 
	-3.05
	-0.47
	-2.34
	0.41

	F-B412 (linearized)
	-3.16
	-0.49
	-2.49
	0.35

	F-B412 MWD (SID)
	-3.55
	-0.47
	2.49
	-0.29

	F-B412 aug. inflow (SID)
	-3.76
	-0.37
	0.43
	-0.67


As shown in Table 8, the off-axis damping Mp is estimated to be negative in FT (roll right producing a pitch down), but positive from the original F-B412, predicted both through linearization and the same SID approach used on the FT data. MWD reverses the sign of Mp but the strength is much lower that estimated from FT. The same sign reversal can be seen for Lq but the magnitude of the FLIGHTLAB MWD is much greater than estimated from FT, a likely source for the increased roll response in Figure 33b. The simpler augmented MWD effect also leads to correction of the initial off-axis response but as the response develops, the model lines depart from the FT.
The activity and results described above are a summary of an extensive investigation into the impact of the various ‘tuning’ parameters in the SID process and MWD modeling. However, we can see even from Figure 31 that the 2DoF SID model departs from FT after 4-5secs (3 response peaks). In this time, the translational velocities have built up as shown in Figure 30, so the SID method will try to use this ‘process noise’ to achieve the best fit with the damping derivatives; a futile exercise of course. With these aspects in mind, the next section presents early results from a new time-domain SID approach, described as Additive System IDentification (ASID).
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(a) 					(b)
[bookmark: _Ref2679136]Figure 33. Comparison of FT responses with Nlr F-B412 (with MWD) and lr F-B412 with augmented inflow, (a) lateral cyclic input, and (b) longitudinal cyclic input

A NEW APPROACH TO RENOVATION; ADDITIVE SID
A classical approach to time-domain SID uses the equation-error method (Refs. 54, 55). Applied to a single dynamic equation, the method seeks to find the best fit of a selected model to the specific force (i.e. acceleration) during a maneuver. The StepWise Regression (SWR) method selects, in sequence, the time histories that lead to an increasing reduction in the error between the model response and the test data. If the roll acceleration is being modeled, and the model structure consists of the variables (states and control) shown in Eq. 15, then SWR first identifies the variable that has the strongest correlation with . The coefficient associated with this variable (e.g. Lp) is ‘identified’ to give the minimum least-squares error between, in this case,  and Lpp. SWR continues working through the model structure, selecting in turn the variables that have the strongest correlation with the error function (e.g.  - Lpp at the second step); the process continues until the fit cannot be improved by adding any more variables.
	
	[bookmark: _Ref3200848]Eq. 15


To aid the following discussion, Figure 34 illustrates the response in , and the components from Eq. 15, to a multi-step 2311 lateral cyclic input applied to the linear 6DoF F-B412 in hover. The various components to  throughout the maneuver are shown. Early in the maneuver, in the first second, the acceleration is made up of only contributions from the cyclic input and roll rate. At 2sec, the roll acceleration is close to zero, with the moments from control and rate almost equal and opposite. At 7sec, the contribution from the sway velocity is as strong as the control effect and continues to dominate for the final 2sec of the maneuver. Any equation-error method will need to address this variable contribution to the total specific moment. SWR and ASID take two different approaches.

[image: ]
[bookmark: _Ref3202120]Figure 34. Illustration of contributions to the specific rolling moment; 2311 lateral cyclic input, F-B412 in hover.
A feature of SWR is that, at every ‘step’, the complete time history is considered, so the identified derivatives are an average for the whole maneuver, in much the same way as with the output-error analysis in the frequency-domain. In the additive system identification approach, the SID steps are conducted using increasing amounts of the dynamic response history. ASID uses a time-window approach, and in the investigations reported in this paper, the left-hand edge of the window starts at the beginning of the time history. As the window is opened, the first variable to be selected for fitting  is again that with the highest correlation. This is usually the control because it is activated before any motion takes place. ASID computes the associated derivative until the local fit error (Eq. 16) reaches a minimum. This usually occurs at the same time as the derivative converges locally to a steady value. 
	

	

[bookmark: _Ref3200865]Eq. 16


ASID then progresses through the  time history adding one or more variables at a time to reduce the fit error. The left-hand edge of the analysis window remains at the initial time point and the right-hand edge opens to increase the window size. The least-squares fit-error in Eq. 16 is integrated over the window size Ti, which advances in steps, as more and more xi are added, until the complete maneuver is modeled, or no further improvement can be achieved. Once identified in a specific time-window, the derivatives stay fixed for the remainder of the maneuver and the ASID process; this feature of the ASID approach clearly differentiates it from SWR. The rationale behind the development of ASID is that a large part of the physics in the force contributions to a rotorcraft’s motion should be ‘identifiable’ at the time moments when they are strongest. Having clearly identified a force contribution, it can be fixed and not distorted later, perhaps to compensate for a mismatch accruing from an incorrect model structure. This all assumes that the linear, instantaneous approximation to the motion is valid of course.
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[bookmark: _Ref3200926]Figure 35. General approach to additive system identification.
The ASID approach is illustrated schematically in Figure 35. Variables xi are selected in the ‘best fit’ sequence, when converged at time Ti. The fit-error for the specific force  reduces in steps, reaching a minimum as the maneuver is complete, or until no more improvement can be made.
The application of ASID to the FT B412 2311 lateral cyclic maneuver shown in Figure 36 is now described. This FT case is the same one used in the frequency-domain SID analysis in the previous section, and not the validation case shown in Figure 30, but the general pattern is very similar.
A comparison of derivatives identified from FT using SWR and ASID with the F-B412 derivatives derived using the FLIGHTLAB perturbation (linearization) method is shown in Table 9. The variation of the least-squares fit-error with additive step is shown in Figure 37 and, finally,  from the Nlr F-B412 is compared with FT and the ASID model in Figure 38.
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[bookmark: _Ref3196485]Figure 36. FT case no. Lat_2311_p2; ASRA in hover.
A first thing to note is that the fit of the ASID model shown in Figure 38 is very good up to the final second of the maneuver. The F-B412 also shows reasonable agreement for this specific force, even though the roll rate (e.g. Figure 30), attitude and translational velocities all depart with time, through the integration of the errors in the specific force. The ASID estimates of Lp (-2.78) and Llat (1.09) compare well with the 2DoF SID values (-2.82 and 1.04, Table 8) and from Figure 37 these two effects capture most of the fit error in the ASID model. They are also selected as the first and second variables in ASID and fixed within 2sec. The off-axis damping Lq is added at the 3rd step (1.1sec) and estimated with a value of 0.37, compared with 0.73 from the 2DoF SID (Table 8). The equation-error method does not of course allow a comparison of the pitch dynamics. The dihedral effect, Lv, is captured at the 4th step with a value of -0.05, compared with -0.031 predicted by the F-B412. From the 4th step on, the reduction in the fit-error is small, as the remaining variables (u, w, r) are added into the model structure. The SWR approach estimates the roll damping to be about 30% larger than ASID and estimates the Lq effect to be only 20% (0.081) of the ASID value.
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[bookmark: _Ref3202247]Figure 37. The fit-error varying as the different contributions to the dynamics are added in the ASID process.
The results presented above are considered preliminary, but also very encouraging, as far as the ASID approach is concerned. Physical effects are captured as they occur and then fixed, not requiring further adjustment (in the time or frequency domains) to compensate for poor modeling of other physics; at least that is the theory. The one-dimensional investigation has its limitations of course and, in the continuing research, ASID will be developed to enable full 6DoF dynamics to be modeled.

[bookmark: _Ref3200992]Table 9. Derivatives from SWR and ASID using FT Data Compared with F-B412 Perturbation Values.
	
	
	
	
	SWR
	
	
	
	ASID (Step)      Time
	F-B412

	
	Step1
	Step 2
	Step 3
	Step 4
	Step 5
	Step 6
	Step 7
	
	
	

	

	0.442
	1.089
	1.057
	1.044
	1.004
	1.114
	1.092
	1.027 (1)
	0.40
	0.893

	Lp
	0.0
	-2.84
	-2.823
	-2.560
	-2.224
	-3.225
	-3.593
	-2.78 (2)
	0.86
	-3.163

	Lq
	0.0
	0.0
	1.684
	2.865
	4.660
	1.804
	0.081
	0.367 (3)
	1.10
	-2.492

	Lr
	0.0
	0.0
	0.0
	-1.659
	-3.417
	-0.687
	0.291
	0.105 (7)
	5.72
	0.014

	Lu
	0.0
	0.0
	0.0
	0.0
	2.704
	0.876
	0.045
	-0.016 (5)
	3.77
	0.030

	Lw
	0.0
	0.0
	0.0
	0.0
	0.0
	-2.344
	-0.320
	-0.067 (6)
	5.54
	-0.004

	Lv
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	-0.113
	-0.050 (4)
	3.33
	-0.031
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[bookmark: _Ref3196512]Figure 38. Comparison of  for FT, Nlr F-B412, and ASID.
Discussion and next steps 
As discussed, the motivation for the research reported in this paper is to develop a systematic approach to nonlinear flight-model updating, or renovation, particularly for application to simulation-based certification and flight training.  For certification support, high-fidelity is crucial to the confidence required in the use of flight-models. High-fidelity is closely linked with having the correct physics in the model and renovation methods that connect with this are particularly attractive. The methods described in this paper are focused on finding corrective modeling pieces through linear SID methods, that can be added to an existing nonlinear flight-model. Each corrective piece contains a specific physical relationship between the specific forces and the motion and control variables (e.g. the stability and control derivatives). In forward flight trim conditions, the frequency-domain approach has been used to identify ‘delta’ derivatives in a 6DoF model structure, that are then added to the model to improve the fit for responses to multi-step control inputs. The results presented for the 95kts trim case (e.g. Figure 27) show good renovation of the on and off-axis rate responses. However, the method has not revealed sufficient information to correct the damping of the yaw-sway response; the missing physics here does not appear to be captured by the 6DoF model structure examined. Dutch roll damping is notoriously difficult to model correctly (Ref. 56) and our continuing research will be exploring model structures that include time-dependent rotor-wake-tail interactions, a potential source of the missing physics.
For the hover trim condition, the conventional approach to frequency-domain analysis using a control sweep input has proved a difficult challenge, for the reasons described earlier in the paper. Using the responses to the multi-step 2311 control inputs has enabled successful 2DoF SID, but the absence of the translational velocities in the model structure (due to poor coherence) leads to growing mismatches as the maneuver progresses. The approach has identified the importance of the maneuver-wake-distortion effect in low-speed maneuvers and progress towards isolating the impact of MWD on off-axis damping (Lq and Mp) has been made. More research is required here to refine the MWD modeling to make it compatible with low-order finite-state models, particularly regarding the linearization process. The underlying problem here is that MWD is a strongly non-linear effect, with the blade incidence/loads changes during maneuvers a complex function of the motion, particularly as translational velocities build up and the wake skew angle increases.
To allow for translational velocity effects, the ASID method has been developed and exercised in one-dimensional form. The results compare favorably with the 2DoF SID analysis, where applicable, and reveal the emerging translational velocity effects. Extensions to 2DoF and 6DoF are being developed within an output-error framework, so that cross-coupling effects between, for example, roll, pitch, sway and surge, can be considered. The ASID approach is still in its infancy and key developments are required in the parameter selection process, fit-error metrics and time-window management. The approach also opens the way to include nonlinear and time-varying (hereditary) relationships between (aerodynamic) forces and motions, which will be very important when more complex low-speed maneuvers are considered. The classic ‘2311’ multi-step input was designed to provide a moderate frequency range and a ‘contained’ response for SID, but is far from ideal in terms of providing the information content needed to accurately identify the correct physics (Ref. 57). The research at Liverpool will be exploring a range of new control input designs including ones that give rise to specific flight path and attitude changes, e.g. low-speed mission-task-elements, for SID analysis.
CONCLUDING REMARKS AND RECOMMENDATIONS
The paper has reported progress in the development of system identification applied to updating, or renovating, a nonlinear rotorcraft flight simulation model. The opportunity has been taken to record the chronology of Liverpool’s research on this topic, including the collaboration with the NRC. The renovation method previously reported, where ‘delta’ derivatives are used to improve the fidelity of the nonlinear FLIGHTLAB model of NRC’s ASRA, has been extended to examine maneuvers from the hover flight condition. The MWD effect, that accounts for varying inflow and loadings as the blades rotate through the wake vortices, has been included to correct for mismatches in off-axis responses to cyclic control inputs. SID applied to a 2DoF model of roll-pitch dynamics captures the MWD as effective cross damping derivatives Mp and Lq. However, one conclusion from this investigation is that forces resulting from translational velocity changes from the hover trim could not be captured using this renovation approach. A new SID technique, where individual dynamic effects are captured sequentially, in the maneuver phase where their contribution is strongest, has been introduced. This additive system identification method has been applied to the roll dynamics following a multi-step control input resulting in a good fit with FT data for the evolving roll acceleration. These preliminary results point the way to extensions to include coupled dynamics within an output-error framework.
A key recommendation from the present activity is that the kinds of basic research on methods and flight-physics improvements described in this paper need to be tailored for adoption by the ‘user-community’. In this context, the research outputs are contributing to the applied work of NATO AVT-296 and the EU Clean-Sky2 RoCS project. Both efforts are directed at enabling industry and government regulators to achieve higher standards in flight-model fidelity through application of rational and systematic processes to verification and validation of flight models. To quote from Ref. 10, “Validation is like building a jigsaw – the more pieces that are added, the clearer becomes the picture – and the clearer the picture, the better the validation and the more likely that future helicopters will behave as designed, to the benefit of operators, manufacturers and the public.” Although written more than two decades ago, these words are relevant today, as virtual engineering techniques become increasingly applied through a rotorcraft’s life cycle and fidelity expectations increase. 
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