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Simulation Model Fidelity Enhancement Using Corrective Force and Moment Increments Review of Activity Performed in NATO-AVT Panel 296

The Applied Vehicle Technology (AVT) Panel of the NATO Science and Technology Organization has recently engaged a Research Task Group on the topic of rotorcraft flight simulation model fidelity. This group aimed to explore a comprehensive set of methods for flight mechanics simulation fidelity enhancement, including training simulation applications. Particular effort was also directed to the metrics used for simulation fidelity model assessment as suitable for the final intent of the model.

The work presented in this paper was carried out in the framework of this Research Task Group, AVT-296, which examined seven different approaches; our paper focusses on just one of these. The objective was to assess flight-model renovation methods through four different applications. As a common approach, flight data from various helicopters were used to extract a set of flight dynamics information (state and control derivatives) that were used to compute corrective force and moment terms.

The approach consists of a comparison between flight-test and flight mechanics model derivatives to compute delta forces and moments. These delta terms are added to the forces and moments through a linear combination and to generate the additional accelerations needed to capture any lacking dynamics. The derivatives that require updating need to be identified and, of course, will depend on the nature of the modelling deficiency. This paper shows how this method is applied to enhancing the lateral-directional oscillatory characteristics of flight models and how they can be upgraded to achieve higher fidelity for design and development applications but with special attention to meeting the fidelity requirements for flight training simulators.

INTRODUCTION

Rotorcraft flight simulators, in general, can be categorized into two primary groups. One is used for pilot flying skills training and assessment, for which requirements are specified by FAA 14 Part 60 (Ref. 1) and EASA CS-FSTD (H) (Ref. 2) for different levels of fidelity, e.g. Level A-D (D highest in Refs. 1 and 2). The other group of flight simulators is more diverse and mainly used in engineering applications in support of aircraft and flight control systems design, development and certification as well as research.

The simulation model's ability to capture the whole range of helicopters flight dynamics still remains a challenge. Many research activities have been conducted over several decades to identify shortfalls in simulation models and to propose simulation fidelity enhancement methods. Model deficiencies are mostly application-dependent; therefore, they will likely need to use application-specific improvement techniques.

The Applied Vehicle Technology (AVT) Panel of the NATO Science and Technology Organization (STO) has recently engaged a Research Task Group, AVT-296, on the topic of rotorcraft flight simulation model fidelity (Ref. 3). This group, comprised of experts from Industry, Research Laboratories and Academia, explored a comprehensive set of methods for flight mechanics simulation fidelity enhancement, including training simulation applications. Particular effort was also directed to the metrics used for simulation fidelity model assessment as suitable for the final intent of the model.

Regarding model enhancement techniques, 20 partners tested 7 different model updating or 'renovation' methods through comparison of simulation model vs flight data. Most of the existing methods make extensive use of System Identification (SID) to generate improved-fidelity statespace models. Thereafter, these models are used as a reference for nonlinear model improvements.

Among the methods investigated, the addition of linear corrective terms to nonlinear equations of forces and moments is one interesting approach which can efficiently correct some of the nonlinear model shortfalls.

One of the objectives of the work performed within the AVT-296 RTG, and presented here, was to assess the utility of the forces and moments renovation method through four different applications. As a common approach, helicopter flight-test data were used to extract a set of flight dynamics data (state and control derivatives) and to use them to compute corrective force and moment terms.

The paper gives an overview of this method and presents some key results from the applications. The paper will also discuss the benefits brought by the "Corrective Force and Moment Increments" method, together with its limitations.

RENOVATION METHOD BASED ON FORCE AND MOMENT INCREMENTS

State-space models are often used to analyze rotorcraft handling qualities (HQs), including stability and dynamic response. To complement shortfalls in responses predicted by nonlinear simulation models, e.g. for the qualification test guide (QTG, Ref. 2), state-space models can be used as a reference basis for nonlinear model updates.

Among the techniques exploiting this approach, the estimation of force and moment increments is an original approach to augment any 'missing' dynamics of the nonlinear model. The method makes efficient use of the derivatives to generate additional accelerations needed to capture the dynamics lacking in the simulation model.

The delta derivatives are obtained by quantifying differences between (stability and control) derivatives obtained using SID, through Flight Test (FT) and Flight Simulation (FS) responses, in both time and frequency domains. When the derivative mismatches are identified, the physical source of the poor fidelity can be more directly investigated.

Method description

Figure 1 shows how the methodology is used to update a model.

Figure 1. Flow chart of force and moment increment method.

Pilot inputs such as frequency sweeps or multi-steps, are used for generating the FT data required for derivative identification, using frequency domain methods such as implemented in CIFER ® by Tischler and Remple (Ref. [START_REF] Tischler | Aircraft and Rotorcraft System Identification: Engineering Methods with Flight-test Examples[END_REF]). Alternatively, the derivatives can also be estimated using classical time-domain identification methods as described in Jategaonkar (Ref. Parameter Identification Using Adaptive Learning as described by Gursoy et al. (Ref. 9). Whilst the same inputs and methods can be used to generate the derivatives from the simulation model, linearization tools are available within flight dynamics codes that simplify this process.

A comparison of FT identified and FS linear model derivatives is then made to compute corrective forces and moments. This requires that the same linear model structure be used for the flight and simulation data for quantifying the delta derivatives. Selection of the derivatives for renovation will depend on the nature of the model fidelity shortfall. The derivative selection can be achieved either by carrying out a sensitivity analysis or through a physics-based study such as that presented in the next section of this paper. The differences in the linear FT and FS models are converted into force and moment derivatives, which can then be used as the basis of the updating of, e.g. stability and the on-axis or offaxis responses of the helicopter.

The next step in the model updating process is to select the derivative increments/decrements, i.e. the deltas, which can enhance the model's capacity to capture the helicopter dynamics.

Next, the force and moment increment method is applied to the states to demonstrate the behavioral improvement. The corrective terms for the forces and moments are then expressed as linear combinations of individual contributions from state and control derivative corrections.

Another approach for selecting the derivative deltas for renovation is to identify those that have a quantified impact on a user-defined cost function as described by Lu et al. (Ref. 10).

The method will now be applied to the case studies explored by the AVT-296 group.

PREDICTION OF LATERAL-DIRECTIONAL OSCILLATIONS

Predicting the damping of the rotorcraft lateral-directional oscillatory (LDO, aka Dutch roll) mode through modelling and simulation has proved notoriously difficult. Padfield and DuVal (Ref. 11) and Padfield (Ref. 12) describe analyses carried out on three helicopters by the AGARD System IDentification (SID) working group WG-18 (in the early 1990s) that showed damping predictions were typically double those measured in flight using SID methods. Figure 2 shows these results and includes the values for the NRC's Bell 412 research aircraft and the nonlinear FLIGHTLAB ® (F-B412) simulation model described in Ref. [START_REF] Cameron | Rotorcraft Modelling Renovation for Improved Fidelity[END_REF]. The LDO frequency (vertical axis) and damping (horizontal axis) are shown in terms of the modal natural frequency ( n ) and relative damping (). The AW139 results described later in this paper are also included in Figure 2 and appear to be an exception to the comparisons for the other four aircraft.

The qualification/certification requirements for the damping of LDO are set out in, e.g. the military standard ADS-33 (Ref. 13) and the European civil standard CS-29 (Ref. [START_REF]Certification Specifications and Acceptable Means of Compliance for Large Rotorcraft CS-29[END_REF] for flight in Instrument Meteorological Conditions (IMC) (Figure 2). CS-29 states that the aircraft must (only) be stable for flight in Visual Meteorological Conditions (VMC); this is effectively the vertical, zero damping, line on Figure 2. The charts define minimum acceptable levels considered appropriate for military and civil operations, respectively. The European Certification Standards replicate the FAA standards CFR 29 (Ref. [START_REF]Airworthiness Standards: Transport Category Rotorcraft", 14 CFR 29[END_REF], which themselves appear to be derived from the early MIL-SPEC 8501 from the 1950s (Ref. [START_REF]Military Specification -General Requirements for Helicopter Flying and Ground Handling Qualities[END_REF]). 

Case-Studies

In the AVT-296 RTG, two case studies dealt with LDO dynamics simulations. The renovation method based on force and moment increments was used to enhance the fidelity of two simulation models for this dynamic motion. The main goal of this activity was to assess to what extent this method can be used to improve the fidelity of nonlinear flight models when comparing with flight-test results.

The first case study was the Bell 412 LDO damping prediction. A physics-based model of the helicopter was used for comparisons with a set of FTs conducted using the NRC's Bell 412 Advanced Systems Research Aircraft (ASRA) (Figure 3). where ∆𝐴 = 𝐴 𝐹𝑇 -𝐴 𝐹-𝐵412 and ∆𝐵 = 𝐵 𝐹𝑇 -𝐵 𝐹-𝐵412 . (sway/roll/yaw) are compared with those for the 6-DOF model structure. Significantly, the LDO characteristics from FT SID obtained using 3-DOFs are within 2% of the 6-DOF SID models. This suggests that the couplings from surge, heave, and pitch have little impact on the key LDO dynamic characteristics of the ASRA. As expected, the real aircraft is less stable than predicted by the F-B412. The LDO frequency, dominated by the contribution from N v , are reasonably well predicted by the approximation, but the damping is consistently under-predicted by the F-B412. The fidelity of the model can be observed in the magnitude and phase frequency response functions (FT/model) in Figure 6 and Figure 7. The boundaries relate to limits on Maximum Unnoticeable Added Dynamics (MUAD) beyond which a pilot would be expected to detect a deviation in the aircraft response characteristics (Ref. The renovation method selects the derivatives which are effective in improving the match between the FT and the F-B412 response. The required changes in these derivatives (Δs) are estimated by comparing the values in Table 1. In view of the dominance of the lateral-directional derivatives in the LDO, the renovation of the F-B412 (RF-B412) has been restricted to the 3-DOF sub-set and is shown in Table 3.

Figure 5 shows the responses of the RF-B412 to the multi-step control inputs compared with FT, the baseline F-B412, and the 3-DOF SID model. The comparisons confirm the good quality match of the linear SID 3-DOF model with FT, as assessed by the FSTD(H) tolerances, have been preserved in the nonlinear RF-B412. The LDO mode eigenvalues from renovation using an increasing number of stability derivatives (chosen via a sensitivity process detailed in Ref. 7) are shown in Table 4. As before, the F-B412 is more stable than the 'real' aircraft, with a higher mode frequency. 

b. Discussion

The close match shown in Table 4 between the updated simulation and flight for the LDO frequency and damping has been achieved through the renovation of just three derivatives.

The large change required to N v is undoubtedly the most concerning from a fidelity standpoint. Figure 9 shows a breakdown of the contributions from the various modelling components in the F-B412 to N v .

The vertical stabilizer (Fin) and tail rotor provide positive contributions to stability, so it is perhaps to these components that attention could be drawn for physical fidelity enhancement.

The renovation method does not, of course, identify the source of the modelling errors, but the absence of interference between the main rotor wake, fuselage, and rotor hub, the tail, and tail rotor are candidate explanations. Preliminary computational fluid dynamic analysis has identified a strong dynamic pressure reduction at the empennage due to shielding from the rotor hub. 

AW139 Lateral-Directional Fidelity Improvement at 75 kn

The renovation method based on corrective force and moment terms was applied to the THALES flight mechanics model of the AW139 helicopter. The application focused on lateral-directional behavior improvement at the optimal climb speed, which is 75 kn for this aircraft. FTs were those from the regular QTG tests used for Level D certification of the simulator. These flights did not include frequency sweep tests; therefore, the data were not ideal for frequency-domain system identification of a 6-DOF state-space model. The SID derivatives could be used to complement Lateral-Directional forces and moments by linear corrective terms and significantly improve simulation fidelity. The results of this case study are presented hereafter, with an emphasis on renovation for pilot lateral inputs.

The identified lateral-directional derivatives ("FT") and baseline simulation model values ("Model") are given in Table 5. The simulation derivatives were computed using a gradient method. . Physically, the lateral drag derivative 𝒀 𝒗 should be negative (see model value of 𝒀 𝒗 = -𝟎. 𝟏𝟑𝟓 in the Table ), whereas the identified value is a very small positive value. This anomaly is due to the lack of adequate lowfrequency data quality in the QTG test data. As mentioned later, the 𝒀 𝒗 derivative was not sensitive for the model agreement and so was not included in the renovation. Also, the pedal and lateral stick time delays were constrained in the identification to be the same. Physically, these should be different values, but the data quality at high-frequency did not allow independent identification of the time delay values.

Table 5. Stability and control derivatives from linearized AW139 and SID (FT) (75 kn).

* Deleted in the model structure

The key differences for the roll response are the larger value of L p = -2.3 for the model (nearly a factor of 2), and much larger control derivative; the former resulting in a shorter rise time for the roll-rate response as compared to the flighttest data.

The lateral-directional motion eigenvalues derived from the (stability) derivative matrices are shown in Table 6. EQ. 4

𝑰 𝒙𝒙 , 𝑰 𝒛𝒛 are the helicopter moments of inertia about roll and yaw axes, and Mass is the helicopter mass. Extension "_ID" designates derivatives from SID whereas "_lin" designates those calculated from linearization of the nonlinear model.

These corrections were then directly added to nonlinear forces and moments, as expressed below for the roll moment:

𝑳 𝑵𝑳 = 𝑳 𝑵𝑳-𝒃𝒂𝒔𝒆𝒍𝒊𝒏𝒆 + ∆𝑳 EQ. 5

Since the number of parameters was limited, the sensitivity study was performed manually and produced the following results:

 L p , L r and N r brought a good improvement.  Y lat brought minor improvements.  The other derivatives had no significant impact.

Despite the large difference observed on control derivative L lat (between SID and model) its use in the renovation process did not significantly improve the results. Therefore, it was decided to withdraw this derivative from the study.

In conclusion, four derivatives were taken on for the renovation method application. The LDO mode is shown in Table 7. The eigenvalues for the baseline model and the renovated model are compared with those from FT SID obtained using a reduced lateraldirectional model. For the baseline model, the LDO relative damping is significantly underestimated (factor of 3) while the natural frequency is approximately 64% higher than the identified mode. The renovated model LDO prediction is significantly improved although there is certainly scope for further improvement. Figure 12 presents the same results in the LDO requirements chart. 

c. Concluding remarks

This case study showed that applying force and moment increments can produce adequate accelerations which contribute to improving the FS fidelity with the FTs. Despite the use of classical QTG data, it was possible to identify several key derivatives for the lateral-directional dynamics. Some of these derivatives were relevant and helped generate coherent corrective force and moment deltas.

In light of this case study it appears that further developments are necessary to enhance the model at the level of the certification requirements (FSTD-H). However the exercise brought key information on where the effort should be put. Indeed, the relevant derivatives used for model renovation are sensitive to both the physics-based model content and the helicopter subparts data. Analyzing the physics behind these Furthermore, the conclusions of both study cases can be compared with each other. For the Bell-412 simulation model, the most relevant derivatives producing efficient force and moment terms for renovation were principally related to the helicopter yaw axis dynamics (N v , N r and N ped ). For the AW139 these derivatives revealed to be mostly related to roll motion dynamics (L p , L r , Y lat ) with a minor contribution from yaw axis (N r ). This difference between the two helicopters' lateral-directional dynamics is discussed in the AVT-296 RTG final report (Ref. 3). In Ref. [START_REF] Taghizad | Extraction of Flight Dynamics Data from Level D Qualification Flight-tests Application to Training Simulators Model Fidelity Enhancement[END_REF] Physics-based models with blade element rotor models have some advantages compared to their strictly parametric counterparts, because of their ability to represent the flight dynamics at regions for which data was not available. This allows both meaningful interpolation and more importantly, the extrapolation of data, hence extending the flight envelope. In a Level-D type full flight simulator the extended full flight envelope needs to include: multiple configurations of gross weight and center of gravity, cruise performance and control positions from low airspeeds up to high speeds at the envelope limits, in-ground effect (IGE) hover, low-speed rearward/sideward flight and critical wind azimuth conditions and flights up to the maximum controllability speeds, climb/descent/autorotation and high bank turns (maneuvering stability and coordinated turns) and high altitude operations. In addition to providing accurate performance and handling qualities throughout the flight envelope, training at various special flight conditions is also required: vortex ring state, retreating blade stall, loss of tail rotor effectiveness, engine malfunctions, autorotation entry, icing, etc. Subject Matter Expert (SME) pilots can also request subjective corrections. Those corrections are usually stated in "a pilot's language" regarding aircraft stability, workload, unexpected behavior, etc. These comments often offer valuable clues to the engineer about deficiencies in the model.

a. Objecitve time-domain qualification requirements

The This is the so-called "objective" part of the qualification procedure related to flight dynamics and is presented to the authorities via documentation. The tolerances required for these comparisons are quite small, such that very minor violations not even noticeable by a pilot could result in failing certification for the whole simulator. For flight model developers, this results in an extensive tuning effort. Time-domain metrics are in widespread use in the flight simulator industry, primarily because the standards and advisory circulars used in the qualification process use them. Since these time-domain metrics are using error tolerance bands instead of a more quantitative approach (such as an RMS cost function), the evaluation of whether a simulation result is "good enough'' is subject to a wide range of interpretations. Meeting these time-domain criteria also does not guarantee that the simulation response will have a high fidelity across all frequencies that may be of interest to a pilot.

b. Subjective qualification requirements

The "subjective" part of qualification includes the assessment of the general "feel" of the simulator by a SME pilot, including in-flight regimes that were not included in the objective assessment. Requests from the pilots are often incorporated into the simulator, but avoiding updates that would contradict the objective part of the qualification. Some flight regimes for which collecting FT data is difficult and available model accuracy does not suffice, subjective pilot opinion is essential.

As most of the flight dynamics modeling is data-and physicsdriven, many updates are made to match the qualification requirements above. Indeed, adding force and moment increments to improve the simulator, to match FT data or satisfy pilot opinion is quite common. The following sections cover case studies of the use of the force and moment corrections to improve the simulator responses that aim to qualify for Level D requirements.

Case-Studies

Cases studies for training simulation with different system identification and model updating approaches are described in the following section. Force and moment corrections to improve the simulator responses are used for the objective assessment part of the simulator development. Methods are illustrated using FT data from the Bell 412 and EC135 databases.

Bell 412: Simulation Model Improvements in Hover

The case study in this section will present the different steps leading to a Level D model in hover based on the Bell 412 ASRA airborne research simulator referenced in Gubbels et al. (Ref. 22). Details and results of the identified model in hover can be found in Seher-Weiß et al. (Ref. [START_REF] Seher-Weiß | Bell 412 System Identification and Model Fidelity Assessment for Hover and Forward Flight[END_REF]). The hover model was identified using the CIFER ® frequency response method detailed in Tischler and Remple (Ref. 4). A Baseline OO-BERM is set-up to simulate a medium twin-engine helicopter configured using the Bell 412 database. 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. Details can be found in Myrand-Lapierre et al. (Ref. 24).

a. Baseline model correction using force and moment increments based on stability derivatives

Using small perturbation finite differences, stability and control derivatives are calculated for the Baseline OO-BERM configuration in hover. As seen in EQ. 9

where only the control gradient contributions are retained. Linear regressions on the control and attitude gradients are performed using low-speed trim maneuvers included in the Bell 412 ASRA database. Table 10 shows linear regression value results. Results of the calculated Updated OO-BERM speed derivatives (𝐿 𝑢 , 𝑀 𝑢 , etc.) are shown in Table 9. 

b. Updated model validation

Validation is conducted first in the frequency domain to compare on-and off-axis responses. Figure 13 shows frequency domain comparison of the Baseline/Updated OO-BERM models with the flight-test data and the identified hover model using CIFER ® . As expected from the Baseline OO-BERM calculated derivatives in Table 9, Baseline OO-BERM frequency responses show poor results compared to the flight-test data. The significant control derivatives are too low (𝐿 𝛿 𝑙𝑜𝑛 , 𝐿 𝛿 𝑙𝑎𝑡 and 𝑀 𝛿 𝑙𝑜𝑛 ; see Myrand-Lapierre et al. (Ref. [START_REF] Myrand-Lapierre | Bell 412 Modeling and Model Fidelity Assessment for Level-D Training Simulators[END_REF]) for more details); the on-axis damping terms (𝐿 𝑝 , 𝑀 𝑞 ) are too high and almost all the other static and dynamic terms have large errors.

Figure 13 shows good results for the Updated OO-BERM model compared to the measurements and the identified linear model from CIFER ® . Indeed, for on-and off-axis pitch and roll frequency-domain responses where the coherence is acceptable (> 0.6), 𝑝/𝛿 𝑙𝑎𝑡 , 𝑝/𝛿 𝑙𝑜𝑛 and 𝑞/𝛿 𝑙𝑜𝑛 responses show good match for both magnitude and phase with the Updated OO-BERM model frequency responses having a difference of phase of 20 degrees at 10 rad/s compared to the Model CIFER ® frequency responses. Off-axis response 𝑞/𝛿 𝑙𝑎𝑡 show an average maximum offset of 3.3 dB and a drift in the phase.

In hover, the time-domain criteria in both 14 CFR Part 60 (Ref. 1) Table D2A and CS-FSTD(H) (Ref. 2) SUBPART C requires a tolerance of ±10% or 2 deg/sec (whichever is the highest) longitudinal cyclic input cases on the pitch rate response (𝑞) and of ±1.5 degrees on the pitch attitude change (𝛥𝜃) following a control input. For lateral cyclic input cases, a tolerance of ±10% or 3 deg/sec (whichever is the highest) on the roll rate response (𝑝) and of ±3 degrees on the roll attitude change (𝛥𝜙) following a control input are required. Also, all off-axis parameters need to follow the correct trend and have the correct magnitude. Initial condition adjustment is required because the flight-test data is never perfectly trimmed, and small initial linear and angular accelerations are usually required when starting the simulation run on a maneuver to ensure that the simulation result is in a steady state before the control inputs. It should be noted that the same initial conditions were applied for each case for the Baseline and Updated OO-BERM.

Figure 14 shows time-domain validation for longitudinal and lateral cyclic input cases of the Baseline and Updated OO-BERM. The grey bands represent the allowable tolerance band. By looking at both frequency responses (Figure 13) and time responses (Figure 14), the Baseline OO-BERM responses are overly damped for the rolling and pitching moments following a pitch input. Roll response due to lateral input is overdamped and pitch response does not follow the trend well. Finally, from Figure 14, one can conclude that the Updated OO-BERM simulation time-domain responses are within the FAA and EASA tolerance bands for the on-axis control input and has a correct trend and magnitude for offaxis responses within 2x the tolerance bands.

Finally, two other metrics that are widely used in the piloted simulator community [(Ref. 4) and (Ref. [START_REF] Seher-Weiß | Bell 412 System Identification and Model Fidelity Assessment for Hover and Forward Flight[END_REF]] are calculated for comparison purpose, namely the frequency-domain integrated cost metric 𝐽 and the mismatch mean square cost function 𝐽 𝑟𝑚𝑠 . From Tischler and Remple (Ref. 4), it is found that the acceptable standard value for frequency-domain integrated cost metric model fidelity is 𝐽 𝑎𝑣𝑒 < 100. It should be noted that 𝐽 𝑎𝑣𝑒 is the average cost of all combined frequency responses. Table 12 show the frequency-domain integrated cost of 𝑝/𝛿 𝑙𝑎𝑡 , 𝑝/𝛿 𝑙𝑜𝑛 , 𝑞/𝛿 𝑙𝑎𝑡 and 𝑞/𝛿 𝑙𝑜𝑛 . As expected from previous results, Baseline OO-BERM results for on-(𝐽 > 250) and off-axis (𝐽 > 400) show poor frequency domain integrated cost compared to the Updated OO-BERM, where the on-axis frequency responses 𝑝/𝛿 𝑙𝑎𝑡 and 𝑞/𝛿 𝑙𝑜𝑛 are below the acceptable standard (𝐽 < 65). Offaxis response cost 𝑝/𝛿 𝑙𝑜𝑛 is reasonably low (𝐽 = 118.9), whereas 𝑞/𝛿 𝑙𝑎𝑡 still has a very high cost (𝐽 = 518.7). From Figure 14, the Updated OO-BERM simulation timedomain responses for the on-axis control input agree with results from Table 12. Also, off-axis roll time response to longitudinal cyclic input seems to show reasonable behavior as expected. With a very high cost (𝐽 = 518.7), off-axis pitch time response to lateral cyclic input 𝑞/𝛿 𝑙𝑎𝑡 , one would expect poor results, but the response is within 2x the tolerance bands. This 'apparent' inconsistency is due to the small absolute value of the 𝑞/𝛿 𝑙𝑎𝑡 response in Figure 13, due to the much higher pitch inertia as compared to roll inertia, while the large of J reflects a large relative error in dB (i.e. %) and phase (deg). 13. As expected from the results shown in Figure 14, Baseline OO-BERM results for both validation cases show a higher 𝐽 𝑟𝑚𝑠 cost compared to the Updated OO-BERM. EQ. 10

Here, p, q and r are the angular rates (rad/s) in the body-fixed axis and 𝛿 𝑒 , 𝛿 𝑎 denote the longitudinal and lateral cyclic pitch controls (%) respectively, and 𝛿 𝑝 denotes the pedal control (%).

The identification flight test data resulted in 

EQ. 11

Although the on-axis parameters in the system matrices in Equations 10 and 11 are close, the sign reversal in the pitchto-roll and roll-to-pitch off-axis is apparent. A similar observation was made in Ref. 7.

To correct the response of the baseline model, the difference in the identified reduced order models are used. For that, the angular rate equations (p, q, r) along with the longitudinal, lateral, and pedal control input related derivatives are compared. The reduced order linear pairs of the flight test (FT) identified model, [𝐴 𝐹𝑇 , 𝐵 𝐹𝑇 ], and the nonlinear baseline model (m), [𝐴 𝑚 , 𝐵 𝑚 ], are subtracted from each other to obtain the differences that can be used as corrections. The delta differences between the matrix elements of the reduced order models are shown in Table 14.

Table 14. Reduced-order 'delta' derivatives.

The nonlinear model is corrected using the differences in the stability and control derivatives by adding moment increments to the 6-DOF equations of motion (Figure 15) of the nonlinear model. Therefore, the moment increments used here are due to the following stability and control derivatives: Lp, Lq, Lr, Mp, Mq Mr, Np, Nq Le , La , Lr , Me , Ma , Mr , Ne, Na , Nr . Nr is not used in the update for pitch-roll off-line corrections; hence it appears as zero in Table 14. 𝐽 𝑟𝑚𝑠 is a metric to identify accuracy in the time-domain. Table 15 shows the calculated 𝐽 𝑟𝑚𝑠 values both for the baseline model response and the corrected model response, when compared with the flight-test data for the maneuvers shown in Figure 16 and Figure 17. Table 16 shows the comparisons of the identified eigenvalues obtained from flight-test data, the baseline model and the renovated (SID corrected) model.

The model is improved for step inputs in both the lateral and longitudinal channels. A major part of the improvement using delta corrections is the change of the trends of the off-axis responses, now matching the flight-test data. This is of major importance in the handling performance of the model when used in a flight simulator. In fact, for FFS Level D simulator certification, the off-axis response "must show correct trend" (Ref. 2). In the case above, this condition is satisfied for the off-axis. A rule of thumb in the industry is, however, to use double the tolerances in the off-axis when compared with the tolerances in the on-axis.

Discussion on Full Flight Simulator Application

When developing flight models for training devices, particularly for Level D fidelity, one type of correction may not always be enough to improve the model across the flight envelope. Adding force and moment increments to flight models of training devices is a common technique to improve the model to ensure that the response stays within QTG tolerances of the flight-test data. While managing such improvement, obtaining aerodynamic derivatives through SID techniques and improving model response using aerodynamic 'delta' derivatives result in a systematic, verifiable, procedure.

Increments of forces and moments calculated to match both static and dynamic derivatives can be artificial, like shown on the B412 from a hover test condition, but they have the advantage of retaining the most direct link with the identified state-space model: it is the simplest form to obtain the required stability and control behavior. Also, this technique allows to properly match the trim conditions and changes of control and attitude at each side of the trim condition (required for a Level-D simulator). For training simulators, it is more important to achieve good handling qualities through accurate stability and control characteristics. Therefore, the goal of these corrections is aimed to improve such characteristics.

In the examples of B412 and EC135 from a hover test condition, the delta moment updates improve the response of the nonlinear model, and the overall response is much closer to that of the flight-test data. Moreover, some aspects of the model response have improved significantly, including correcting on-axis damping responses (B412) and a corrected sign reversal of the pitch-roll off-axis angular response (EC135). This would be a major improvement in terms of the handling of the flight model in a training device.

Finally, the case study conducted on the EC135 from a hover test condition, suggests that moment updates using stability and control derivatives improve the model's off-axis response when compared with the FTs in the pitch and roll channels. In particular, delta derivatives related to angular velocities are used. By doing so, a corrected sign reversal in the off-axis response is achieved. The sign reversal in the off-axis response would significantly improve the dynamic behavior of the model in a training device and its performance in QTG tests. Overall, the baseline model is improved significantly.

CONCLUSIONS

In the framework of the NATO Science and Technology Organization, the Applied Vehicle Technology panel has recently engaged Research Task Group AVT-296 on the topic of rotorcraft flight simulation model fidelity. This paper has demonstrated the renovation of the flight simulation models using force and moment increment corrections as determined from flight-test system identification results (Method #3). Results of this renovation method were illustrated using flight test data from Bell 412, EC135 and AW139 databases. The results presented in this paper lead to the following conclusions:

1. Method #3, Corrective Force and Moment Increments, is aimed at identifying the missing physics in a model; an important step in the model updating process. 2. Incremental forces and moments are widely used to correct ("renovate") physics-based models to meet the fidelity requirements. System identification provides a methodical approach to the renovation process. 3. The case studies on full-flight simulator applications showed that increments of forces and moments could efficiently contribute to the improvement of training simulator model fidelity. 4. The renovation technique has the advantage of retaining the most direct link with the identified statespace model to obtain the required stability and control behavior. This is a key result, as one important factor for full-flight simulators is to achieve representative handling qualities. 

  5) and Morelli and Klein (Ref. 6). Derivatives can also be estimated from FT data using the Additive System IDentification method reported by Cameron et al. (Ref. 7) and Agarwal et al. (Ref. 8) or the Linear

Figure 2 .

 2 Figure 2. Comparison of SID estimates from flight, and simulation predictions of the lateral-directional oscillatory mode characteristics.

Figure 3 .

 3 Figure 3. NRC Bell 412 ASRA.

Figure 4 .

 4 Figure 4. AW139 Long Nose Helicopter.

Figure 5

 5 Figure5compares the responses from FT lateral cyclic and pedal inputs with the linear SID model, the non-linear F-B412 model and the renovated model, the RF-B412; these are the responses of primary interest for examining the lateral-

Figure 5 .

 5 Figure 5. Comparison of responses of FT with F-B412 before (baseline) and after renovation (RF-B412); lateral cyclic (left) pedal (right) inputs at 90 kn.
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  ). Tischler (Ref.[START_REF] Tischler | System Identification Methods for Aircraft Flight Control Development and Validation[END_REF] proposed the use of these MUAD boundaries as FAA Level D simulation fidelity criteria. Mitchell (Ref.[START_REF] Mitchell | Determination of Maximum Unnoticeable Added Dynamics[END_REF]) verified these boundaries for validating rotorcraft simulation fidelity. The integrated cost functions (J functions) for the F-B412 are J = 127 and 215 for p/ ped and r/ ped respectively. The fidelity of the baseline physics-based model exceeds the accuracy guideline, thus requiring renovation.

Figure 6 .

 6 Figure 6. Error functions for the yaw rate from pedal frequency response.

Figure 7 .

 7 Figure 7. Error functions for the roll rate from pedal frequency response.

  The renovated nonlinear F-B412 model features a modal damping and frequency mismatch of only 2% relative to the 6-DOF results. The integrated cost function for the RF-B412 model is J = 58 and 84 for p/ ped and r/ ped respectively. The points for the RF-B412 are shown on the eigenvalue chart in Figure 8, with the 10% box centered on the FT indicating the limits for fidelity from the flight training standards (Ref. 1) and (Ref. 2).

FTFigure 8 .

 8 Figure 8. LDO characteristics of F-B412 before and after renovation compared with flight.

Figure 9 .

 9 Figure 9. Contributions of various F-B412 components to the weathercock stability from hover to 90 kn (10 kn increments).

  However, using the CIFER ® software suite (see Tischler and Remple Ref. 4), a reduced-order (3-DOF) Lateral-Directional model could be identified for this application. The details of obtaining the SID results using the QTG inputs and CIFER ® are given in the complimentary paper byTaghizad et al. (Ref. 20). Overall, a satisfactory Lateral-Directional model was identified in the mid-frequency range (1-10 rad/sec), providing good accuracy in the short-term time response.

Figure 10 and

 10 Figure 10 and Figure 11 present the effect of the corrective terms on the nonlinear model response for two QTG flighttests. The parameters presented in the graphics are defined as below:  v is the lateral speed in body axes.  p and r are the roll and yaw angular rates.  phi (𝜙) and psi (𝜓) are the bank angle and the heading. For both cases, a real improvement is noticed on the lateral axes responses, namely roll rate and bank angle. Yaw axes dynamics is also notably improved. While the baseline model had a short rise time for roll-rate (L p = -2.3) compared to the flight-test data, the renovated model now has a rise time that follows the flight data and identified model matches more closely due to the renovated value of L p .

Figure 10 .Figure 11 .

 1011 Figure 10. Test case 1 -AW139 QTG flight-test at 75 kn -Lateral control response -Autopilot off

  derivatives can reveal leads towards the model fidelity improvement.The complementary paper byTaghizad et al. (Ref. 20) discusses some of the improvements brought after the derivatives analysis and shows the effect on fidelity enhancement.Discussion on LDO fidelity enhancement with force & moment incrementsThis section has presented results from the application of the force and moment renovation method, in both frequency and time domains, showing how derivative corrections applied to a nonlinear simulation model in the form of 'delta' stability and control derivatives can improve the fidelity.The first example presented the LDO stability of the Bell 412 aircraft at a 90 kn flight condition. For the frequency-domain analysis, renovation required the updating of stability derivatives to bring the mode frequency and damping close to the flight estimates, derived from SID. Most of this improvement was achieved by renovating the weathercock and dihedral effects, and yaw damping, pointing to missing aerodynamic interference from the fuselage and main rotor wake on the tail surfaces. Initial results from the inclusion of interference from flow over the rotor hub and upper fuselage have illustrated a potential source of the renovation mechanics.The second example dealt with the lateral-directional dynamics of the AW139 aircraft at 75 kn. The FTs used during this exercise were those of QTG flight usually performed for level D certification of training simulators.Even if these tests are not adapted to system identification, nevertheless a 3-DOF lateral-directional model could be identified and generated a set of stability and control derivatives. The results showed some improvement in the lateral axis dynamics.It came out that corrective force and moment linear terms can likely capture some physical effects potentially missing in the nonlinear model. For the AW139, the relevant derivatives are mainly in the lateral axis, highlighting a lack of sufficient modelling for lateral force and roll moment predictions. The potential deficiencies of the physics-based model could come from the blade root flap hinge characteristics (suggested by L p ), blade aerodynamic coefficients, fuselage inertia, interactions between the main rotor wake, fuselage and the tail (suggested by N r ) and the fuselage aerodynamic coefficients (Y lat , L r ).

Figure 13 .

 13 Figure 13. Frequency domain comparison of the flight data with identified CIFER® hover model and Baseline/Updated OO-BERM model (top: roll rate, bottom: pitch rate).

Figure 14 .

 14 Figure 14. Time-domain validation of the hover model OO-BERM against flight data (top: lateral cyclic input, bottom: longitudinal cyclic input)

Figure 15 .

 15 Figure 15. Baseline Model update using identified delta forces and moments.

Figure 16 .

 16 Figure 16. Response to right lateral cyclic step input in Hover.

Figure 17 .

 17 Figure 17. Response to aft longitudinal step input in Hover.

5 . 6 .

 56 Qualitative fidelity improvements for the renovated flight simulation models as compared to the flight-test data are shown in the plotted time-response (QTG requirements) and frequency-response agreement. Quantitative fidelity improvements for the renovated flight simulation models as compared to the flight-test data are effectively shown in terms of the integrated numerical frequency-domain cost function (J), timedomain cost function (𝐽 𝑟𝑚𝑠 ), and eigenvalues.

Table 1

 1 DOF model. The integrated cost function (J ave function) for the identified SID model is J ave = 52. With a guideline for acceptable fidelity of 𝐽 𝑎𝑣𝑒 ≤ 100 (Ref. 4), the SID model extracted from the flight-test data, meets this fidelity guideline as expected.

	lists the stability (including inertial effects) and
	control derivatives derived from 90 kn frequency-sweep FT
	data using the CIFER ® frequency-domain (FD) method
	described by Tischler and Remple (Ref. 4) and perturbation
	analysis of the F-B412. Also estimated are time delays in each
	of the control axes representing higher-order dynamics not

Table 2 .

 2 Here, ζ and  n the 3-DOF model structure

Table 1 . Stability and control derivatives from linearized F-B412 and SID (FT) (90 kn).

 1 

	Stability	FT	F-B412	Control	FT	F-B412
	Derivatives			Derivatives		
	Yv	0.0 ¥	-0.006	Ylat	2.795	0.769
	Yp	5.035	4.867	Yped	0.0 ¥	1.187
	Yr	-166.6	-158.5	Llat	0.829	0.927
	Lv	-0.021	-0.037	Lped	0.288	0.366
	Lp	-1.920	-2.516	Nlat	0.203	0.167
	Lr	0.0 ¥	0.034	Nped	-0.567	-0.671
	Nv	0.006	0.024	Time Delay	FT	F-B412
	Np	-0.513	-0.452	τlat	0.086	n/a
	Nr	-0.819	-1.029	τped	0.104	n/a

¥ Deleted

in the model structure ǂ Includes non-zero trim Coriolis values Table 2. LDO damping and frequency from FT, 3-DOF, and 6-DOF models.

  

	Model Version	ζ	 n
	F-B412 3-DOF	0.0773	2.1482
	FT 3-DOF	0.1398	1.4805
	F-B412 6-DOF	0.1657	2.1365
	FT 6-DOF	0.144	1.4653
	a. Renovation by Corrective forces and moments

Table 3 . Renovation of F-B412.

 3 

	Derivative	Δ value change	% Δ change
	L v	0.0120	-32.5%
	N v	-0.0164	-69.5%
	N r	0.2227	-21.6%
	N ped	0.1178	-17.5%

Table 4 . Renovated LDO F-B412 Eigenvalues, damping and frequency.

 4 

	Configuration	Eigenvalues	ζ	

n F-B412 -0.3540  2.107i 0.1657 2.136 F-B412 ren. 𝑁 𝑣 -0.1176  1.487i 0.0788 1.492 F-B412 ren. 𝐿 𝑣 -0.4804  2.114i 0.2216 2.168 F-B412 ren. 𝑁 𝑟 -0.2601  2.145i 0.1204 2.161 F-B412 ren. 𝑁 𝑣 , 𝐿 𝑣 -0.2828  1.429i 0.1941 1.457 F-B412 ren. 𝑁 𝑣 , 𝐿 𝑣 , 𝑁 𝑟 -0.2078  1.476i 0.1394 1.491

Table 6 . Eigenvalues from AW139 SID on FT (75kn).

 6 

	N°	Eigenvalues	Mode
	1	0.0235	Spiral
	2	-1.1537	Roll
	3,4	[ ζ= 0.3594, 𝜔 𝑛 = 1.3972]	Dutch Roll
	a. Renovation by Corrective forces and moments
	Corrective terms were calculated on roll and yaw moments
	(L and N) and on lateral force (Y). They are expressed
	as linear combinations of individual contributions from state
	and control derivatives corrections (see below). The
	corresponding deltas of force and moments were used to
	carry out a sensitivity study and to identify the most relevant
	parameters for the nonlinear model enhancement. Regarding
	the derivatives identified (see Table 5) force and moment
	increments were calculated as below:	

∆𝑳 = 𝑰 𝒙𝒙 [(𝑳 𝒑_𝑰𝑫 -𝑳 𝒑_𝒍𝒊𝒏 )𝒑 + (𝑳 𝒗_𝑰𝑫 -𝑳 𝒗_𝒍𝒊𝒏 )𝒗 + (𝑳 𝒓_𝑰𝑫 -𝑳 𝒓_𝒍𝒊𝒏 )𝒓 + (𝑳 𝒍𝒂𝒕_𝑰𝑫 -𝑳 𝒍𝒂𝒕_𝒍𝒊𝒏 )𝜹 𝒍𝒂𝒕 + (𝑳 𝒑𝒆𝒅_𝑰𝑫 -𝑳 𝒑𝒆𝒅_𝒍𝒊𝒏 )𝜹 𝒑𝒆𝒅 ] EQ. 2 ∆𝑵 = 𝑰 𝒛𝒛 [(𝑵 𝒗_𝑰𝑫 -𝑵 𝒗_𝒍𝒊𝒏 )𝒗 + (𝑵 𝒑_𝑰𝑫 -𝑵 𝒑_𝒍𝒊𝒏 )𝒑 + (𝑵 𝒓_𝑰𝑫 -𝑵 𝒓_𝒍𝒊𝒏 )𝒓 + (𝑵 𝒍𝒂𝒕_𝑰𝑫 -𝑵 𝒍𝒂𝒕_𝒍𝒊𝒏 )𝜹 𝒍𝒂𝒕 + (𝑵 𝒑𝒆𝒅_𝑰𝑫 -𝑵 𝒑𝒆𝒅_𝒍𝒊𝒏 )𝜹 𝒑𝒆𝒅 ] EQ. 3 ∆𝒀 = 𝑴𝒂𝒔𝒔[(𝒀 𝒗_𝑰𝑫 -𝒀 𝒗_𝒍𝒊𝒏 )𝒗 + (𝒀 𝒑_𝑰𝑫 -𝒀 𝒑_𝒍𝒊𝒏 )𝒑 + (𝒀 𝒓_𝑰𝑫 -𝒀 𝒓_𝒍𝒊𝒏 )𝒓 + (𝒀 𝒍𝒂𝒕_𝑰𝑫 -𝒀 𝒍𝒂𝒕_𝒍𝒊𝒏 )𝜹 𝒍𝒂𝒕 + (𝒀 𝒑𝒆𝒅_𝑰𝑫 -𝒀 𝒑𝒆𝒅_𝒍𝒊𝒏 )𝜹 𝒑𝒆𝒅 ]

Table 7 . Eigenvalues (rad/sec) from AW139 SID on FT (75 kn).
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	LDO eigenvalue	ζ	 n (rad/sec)
	AW139 Baseline model	0.1322	[2.2956]
	AW139 FT	0.3594	1.3972
	AW139 Renovated model	0.4654	1.0594

Figure 12. LDO characteristics of AW139 before and after renovation compared with flight.

  

  Taghizad et al. complement this discussion and show that the AW139 flight data analysis reveals a roll-dominant LDO. As a consequence, it appears that the yaw motion contribution to the coupled dynamics between roll and yaw axes is much lower than for the Bell 412. Inevitably, the contribution of yaw motion parameters to model renovation will play a secondary role for the AW139, whereas those of the roll axis will demonstrate the most efficient in enhancing the model. This observation is particularly true for the weathercock stability derivative Nv which played an important role in the B412 LDO damping prediction whereas it was identified as not sufficiently relevant for the AW139. This suggests that different derivative sets should be considered based on the nature of the LDO response i.e. p/r ratio.

	ILS capture and approaches, etc.). In addition to the
	parameters required for the aerodynamic model, flight
	controls, sound and vibration data are also typically
	recorded.
	The data collected in the FT campaign are used for the
	simulator aerodynamic model development and validation.
	The first step in the modeling is the aerodynamic model
	selection. While no model structure can give a complete
	representation of the physics related to helicopter simulation,
	blade-element rotor models for rotorcraft dynamics are
	typically used, which can be adjust to meet fidelity
	requirements for Level-D type training simulator
	classification.
	FULL FLIGHT SIMULATOR
	APPLICATION
	Helicopter training simulators need to provide sufficient
	fidelity in an immersive environment for pilots in order to
	obtain a Level-D qualification, which is the highest level of
	simulator qualification defined by the European Union
	Aviation Safety Agency (EASA) (Ref. 2). Similar
	qualification levels are defined by the Federal Aviation
	Administration (FAA) (Ref. 1), and the International Civil
	Aviation Organization (ICAO) (Ref. 21). A Level-D
	qualification allows the replacement of most of the flight
	hours required for a pilot's type rating or recurrent training
	by simulator hours. A Level-D simulator is made of many
	sub-system models related to the vehicle dynamics (flight
	dynamics, flight controls, engines, autopilot), vehicles
	systems (avionics, ancillaries, etc.) and simulator immersive
	cueing environments (motion, sound, visual, weather, airport
	environment, etc.). Each of these sub-systems must meet
	qualitative and quantitative validation criteria for the specific
	aircraft type to meet Level-D simulator requirements.
	Typically, a Flight Test (FT) campaign is required to collect
	the data required for flight model development and simulator
	certification. An FT data package must contain
	measurements from FT maneuvers to meet Level-D
	validation requirements, (Ref. 1, Ref. 2, Ref. 21). In all,
	hundreds of FT maneuvers are performed and data is
	collected for simulator model generation and validation. The
	maneuvers span from those near the ground (engine start and
	shutdown, ground taxi, hover and low speed, takeoff and
	landing) to cruise flight performance, static stability,
	dynamic maneuvers and autorotation. The FTs may also
	include a range of operational maneuvers specific to the
	customer training requirements (CAT A takeoffs and
	landings, slope landings, quick stops or tactical maneuvers,

Table 8 . Examples of time-domain metrics required in a QTG package.

 8 .) and responses to pilot inputs. Nearly 50% of the FTs are simple open-loop control input tests where the pilot performs a step input or doublet in one axis to evaluate the helicopter's short term response. The majority of handling qualities tests include those associated with the longitudinal long-term response (phugoid), LDOs (Dutch roll), spiral stability, and adverse-proverse yaw. In addition, long flight maneuvers, such as take-off and landing, are compared with the response of the flight model in the simulator. Altogether, more than 100 flight maneuvers are compared. The timedomain metric to measure the simulator accuracy are called tolerance bands. Examples of tolerance bands relevant to the results presented in this paper are shown in Table8.

	level of effort to obtain the required data package and
	model fidelity can be adapted depending on the qualification
	level sought. Level D is the highest standard sought for full
	flight simulators, while Levels A, B, and C require relatively
	lower levels of fidelity. A thorough definition of these
	standards is given in CS-FTD (H) (Ref. 2), and alternatively a
	similar categorization is provided in FAA 14 CFR Part 60
	(Ref. 1).

Table

8

shows examples of time-domain metrics in hover required in a QTG package for a Level D simulator. In order to comply with the qualification requirements, the flight model is evaluated by comparing with flight-test data using time-domain metrics such as flight parameters in trimmed flight conditions (e.g. control positions, Euler angles, torque readings, etc

Table 9 ,

 9 static and dynamic derivatives relative errors are > 88%. It should be noted that the Baseline OO-BERM values for the dynamic derivatives 𝐿 𝑝 and 𝑀 𝑞 have a much higher magnitude than the CIFER Lapierre et al.(Ref. 24)), the dynamic derivatives are implemented in the OO-BERM using body aerodynamic coefficients and interactional aero parameters. Increments of forces and moments are calculated to match the dynamics derivatives (𝐿 𝑝 , 𝐿 𝑞 , etc.). Also, in order to match the Level D requirements for the low-speed trimmed attitude and control positions conditions [TableD2A in14 Part 60 (Ref. 1) and SUBPART C in CS-FSTD(H) (Ref. 2)], trims and changes of control and attitude each side of the trim condition (Δ𝑢, Δ𝑣) are calculated to match the trim flight-test data points. By solving 6-DOF quasi-steady model equations for the speed derivatives by imposing accelerations to be zero for all changes of trim condition, it is possible to compute [Seher-Weiß et al. (Ref. 23), Tischler and Remple (Ref. 4), and Tobias and Tischler (Ref. 25)] :

						𝑳 𝒖 = -[𝑳 𝜹 𝒍𝒐𝒏	𝜟𝜹 𝒍𝒐𝒏 𝜟𝒖	]	EQ. 6
						𝑴 𝒖 = -[𝑴 𝜹 𝒍𝒐𝒏	𝜟𝜹 𝒍𝒐𝒏 𝜟𝒖	]	EQ. 7
	𝑳 𝒗 = -[𝑳 𝜹 𝒍𝒂𝒕	𝜟𝜹 𝒍𝒂𝒕 𝜟𝒗	+ 𝑳 𝜹 𝒍𝒐𝒏	𝜟𝜹 𝒍𝒐𝒏 𝜟𝒗	+ 𝑳 𝜹 𝒑𝒆𝒅	𝜟𝜹 𝒑𝒆𝒅 𝜟𝒗	]	EQ. 8
	𝑴 𝒗 = -[𝑴 𝜹 𝒍𝒂𝒕	𝚫𝜹 𝒍𝒂𝒕 𝚫𝒗	+ 𝑴 𝜹 𝒍𝒐𝒏	𝚫𝜹 𝒍𝒐𝒏 𝚫𝒗	+ 𝑴 𝜹 𝒑𝒆𝒅	𝚫𝜹 𝒑𝒆𝒅 𝚫𝒗	]

®

identified values. This results in the Baseline simulation exhibiting an overdamped response to any pilot control or atmospheric perturbation.

Once the control derivatives have been updated using a simulation model parameter adjustment method (Myrand-

Table 9 . CIFER ® identified rolling and pitching static/dynamic derivatives compared with Baseline and Updated OO-BERM calculated derivatives for the hover model.

 9 , with the associated mode name, based on the Eigenvalues of the hover model examination of the eigenvectors and time vectors. As expected, the Baseline OO-BERM exhibits overdamped (stable) pitch and roll Eigenvalues, compared to the CIFER® and Updated OO-BERM models.

	Par	CIFER®	Baseline	Rel.	Updated	Rel. error
		Value	OO-	error	OO-BERM	[%]
			BERM	[%]		
	𝐿 𝑢	.0311	.0028	91.00	.021	32.48
	𝐿 𝑣	-.0216	-.1	362.96	-.032	48.15
	𝐿 𝑤	0 𝑎	-.002	-	-.0035	-
	𝐿 𝑝	-2.362	-5.28	123.54	-2.35	0.51
	𝐿 𝑞	-.274	.05	118.25	-.28	2.19
	𝐿 𝑟	0 𝑎	.23	-	.05	-
	𝑀 𝑢	.017	.002	88.24	.019	11.76
	𝑀 𝑣 𝑀 𝑤	.0178 0 𝑎	.0005 -.0011	97.19 -	.0126 -.001	29.21 -
	𝑀 𝑝	-.446	-1.6	258.74	-.43	3.59
	𝑀 𝑞	-.528	-1.97	273.11	-.53	0.38
	𝑀 𝑟	0 𝑎	-.037	-	.05	-

(𝑢, 𝑣, 𝑤 in ft/s, 𝑝, 𝑞, 𝑟 in rad/s, 𝑎 eliminated during model structure reduction)

Eigenvalues for the stable aperiodic hover dynamics (first order) are given in Table

11

Table 10 . Trim control gradients with respect to airspeed in hover.

 10 

	Par	Value		Value		Value
	Δ𝛿 𝑙𝑜𝑛	-0.44	Δ𝛿 𝑙𝑜𝑛	-0.369 Δ𝛿 𝑙𝑜𝑛	0 𝑏
	Δ𝑢 Δ𝛿 𝑙𝑎𝑡	0 𝑎	Δv Δ𝛿 𝑙𝑎𝑡	0.294	Δw Δ𝛿 𝑙𝑎𝑡	0 𝑏
	Δu		Δv		Δw	
	Δ𝛿 𝑑𝑖𝑟	0 𝑎	Δ𝛿 𝑑𝑖𝑟	-0.344 Δ𝛿 𝑑𝑖𝑟	0 𝑏
	Δu		Δv		Δw	
	Δ𝛿 𝑐𝑜𝑙	0 𝑎	Δ𝛿 𝑐𝑜𝑙	0 𝑎	Δ𝛿 𝑐𝑜𝑙	-0.5 𝑏
	Δu Δ𝜙	0 𝑎	Δv Δ𝜙	0.1829	Δ𝑤 Δ𝜙	0 𝑏
	Δu Δθ	0.102 𝑎	Δv Δθ	0 𝑎	Δw Δθ	0 𝑏
	Δu		Δv		Δw	

(u, v, w in ft/s, controls in %, a: eliminated, b: imposed in Baseline configuration)

Table 11 . Eigenvalues of the hover model
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	𝜆	CIFER®	Baseline OO-	Updated OO-	Mode
			BERM	BERM	
	Real			
	(				

Table 12 . Frequency Domain Integrated Cost 𝑱.
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		𝐽	𝐽
	Freq. resp	Baseline OO-	Updated OO-
		BERM	BERM
	𝑝/𝛿 𝑙𝑎𝑡	400.9	64.2
	𝑝/𝛿 𝑙𝑜𝑛	842.6	118.9
	𝑞/𝛿 𝑙𝑎𝑡	1111.9	518.7
	𝑞/𝛿 𝑙𝑜𝑛	258.6	34.5

Table 13 .

 13 Root Mean Square Cost 𝐉 𝐫𝐦𝐬 .

	Time-domain	𝐽 𝑟𝑚𝑠	𝐽 𝑟𝑚𝑠
	validation	Baseline OO-	Updated OO-
		BERM	BERM
	lateral input	2.5770	0.5845
	long. input	1.4944	0.4026

Table 15 .

 15 𝑱 𝒓𝒎𝒔 Comparison

for Baseline and Corrected Models.

  

	𝐽 𝑟𝑚𝑠	Lateral Cyclic Step	Longitudinal Cyclic Step
	Baseline	2.68	2.92
	Corrected	1.11	2.71

Table 16 . Eigenvalues of the Identified Linear Models
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	𝜆	Flight-test	Baseline Model SID Corrected	Mode
						Model
		Real	Imag	Real	Imag	Real	Imag
		(r/s)	(r/s)	(r/s)	(r/s)	(r/s)	(r/s)
	1 -1.2071	0	-1.0714	0	-1.2375	0	Pitch
	2 -3.0956	0	-4.5124	0	-2.7871	0	Roll
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