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Abstract

High fidelity rotorcraft flight simulation relies on the availability of a quality flight model that further demands a
good level of understanding of the complex nonlinearities arising from aerodynamic couplings and
interferences. This paper explores rotorcraft flight dynamics in the low-speed regime where such nonlinearities
abound and presents a new Additive System IDentification (ASID) approach in the time-domain to aid
investigations of these complexities. The ASID approach identifies flight model parameters sequentially based
on their contribution to the local dynamic response of the system, in contrast with the averaged values of
conventional System IDentification (SID) approaches over a whole manoeuvre. The identified 4 degree-of-
freedom model shows good predictability using flight test data from the National Research Council’s Bell 412
at hover and how the identified parameters can be used to improve the fidelity of Liverpool’s baseline
FLIGHTLAB model of the Bell 412. The approach is also used to study nonlinearities attributed to Manoeuvre
Wake Distortion (MWD). A cubic rate term is proposed to model the MWD nonlinearities and first results show
good correlation for this nonlinear model structure, demonstrated by its capability to capture the nonlinear

response and variations of the stability and control derivatives with response magnitude.

NOTATION

g Acceleration due to gravity [ft/s?]

p,q,r Angular velocity components of helicopter
about fuselage X, y, z axes [deg/s, rad/s]

D, q Pitch and roll acceleration [deg/s?, rad/s?]

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

u,v Rates of change of translational velocities
[ft/s?]

Xi it" state/control variable

Ixz Product of inertia about the helicopter x and
z axes [slug-ft?]

kp, Kq Gain [n/d]

L, M, N External aerodynamic moments about the

X-, y- and z-axes (ft Ibf)
Lv, Mgetc Moment derivatives normalised by
moments of inertia [rad/s-ft, 1/s etc]

Lxa, etc Control derivatives normalised by moments
of inertia [rad/(s?-inch) etc]
N Number of identified derivatives
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Tj Local time-period for identifying x"
derivative at the j" step [s]

Xa, Xb Pilot lateral and longitudinal stick input
[inch]

Xv, Xp,etc X force derivatives normalised by aircraft
mass [1/s, ft/(s rad) etc.]

Yv, Yp,etc Y force derivatives normalised by aircraft
mass [1/s, ft/(s rad) etc.]

Zy, Zp,etc  Z force derivatives normalised by aircraft
mass [1/s, ft/(s rad) etc.]

Bis Lateral cyclic flapping angle [deg]

o Rotor flap time constant [s]

Txap €1C Effective time delay between stick input and
related acceleration [s]

Sxa, Oxb Lateral and longitudinal cyclic control
displacements [inches]

Oic Lateral cyclic pitch angle [deg]

6, ¢ Euler angles [deg, rad]
: Derivative with respect to time

1. INTRODUCTION

The ability to replicate ‘real-world’ flight behaviour
in a virtual environment is key for high-fidelity flight
simulation, enabling pilots to train to operate
aircraft and designers to evaluate and optimise
concepts. Rotorcraft flight training devices are
certified using the procedures in documents from
regulatory authorities such as EASA’s CS-
FSTD(H) [1] and the FAA’'s CFR 14 Part 60 [2].
These detail the fidelity requirements to meet “fit for
purpose” approval, defining the acceptable
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differences between flight simulation (FS) and
flight-test (FT), typically *10% for flight model
tolerances. To reach the highest (CS-FSTD(H)
level D) fidelity, it is permitted to achieve this match
by modifying, or tuning, the parameters of the FS
model using either physics-based or non-physics-
based procedures.

System IDentification (SID) has been applied as an
effective approach for informing these tuning
processes [3,4]. SID can be described as a rational
and systematic approach for supporting the
development and validation of aircraft flight
dynamic models using FT data. The SID approach
has been extensively used for fixed-wing aircraft [5-
7] and rotorcraft [4,8-17] for performance and
handling qualities evaluation, control law
development, aircraft dynamic loads analysis, and
the creation of models for use in piloted simulation
environments.

SID can be performed in either the frequency
domain [10] or time domain [7]. In the former,
identification of a model is usually performed using
control frequency sweeps, while the latter uses
multi-step control excitation signals such as
doublets, 2311s etc. For rotorcraft, it is common to
use SID to identify parameters in the fully coupled
6 degree-of-freedom (DoF) linear models (i.e. the
stability and control derivatives), as these can be
used to describe the stability and small amplitude
response for the rigid-body dynamics. One
important key to the success of SID is the
availability of good-quality FT data, but there are
challenges in obtaining suitable data for rotorcraft
in hover and low-speed flight regimes, as the test
data often exhibit low signal-to-(process)-noise
ratios and can possess strong nonlinearities
resulting from the complex aeromechanics.
Furthermore, the bare airframe helicopter
configuration in hover requires corrective inputs
from a pilot during FT to prevent large state
deviations from the trim condition, particularly when
trying to obtain sufficiently long responses to
capture the low-frequency information needed for
identification of translational velocity derivatives.
This leads to input/output correlation problems and
the characteristics of bare airframe rotorcraft
responses in hover and low speed pose challenges
in the use of traditional SID approaches.

In previous work at the University of Liverpool
(UoL) [4], a frequency domain SID renovation
technique was developed to improve the fidelity of
a FLIGHTLAB [18] Bell 412 (F-B412) simulation
model, and the identified model was compared with
FT data over a range of forward flight conditions.
The FT data are from trials conducted on the
National Research Council's (NRC) Advanced
Systems Research Aircraft (ASRA) Bell 412
helicopter. A group of candidate SID derivatives

(having a high impact on the fidelity ‘cost-function’
metrics) were used to improve the off-axis
responses of the model. Although efficient for
improving the fidelity of the simulation model, this
tuning approach does not necessarily reveal the
physics responsible for modelling discrepancies.
This work continues in the Rotorcraft Simulation
Fidelity (RSF) project [17,19] involving the UoL,
Liverpool John Moores University and the NRC,
aimed at developing a physics-based toolset for
flight-model fidelity enhancement.

As part of the RSF project, a new approach to SID
in the time-domain is being developed and is
presented in this paper. We refer to this method as
Additive System [Dentification (ASID), with the
model parameters identified sequentially, or
additively, based on their contribution to the local
dynamic response of the system, i.e. over a defined
time range. One or more candidate parameters in
a proposed model structure are identified using the
primary response characteristics of the rotorcraft;
others are then identified in a sequential manner.
The approach is detailed in this paper which
includes application to the creation of extended
linear and non-linear models to capture and
describe the response to multi-step control inputs
from a nominal hover condition.

2. EXPLORATION OF NONLINEARITIES

2.1. Modelling Challenges in Low-Speed
Manoeuvres

Figure 1 is a sketch of a helicopter accelerating into
forward flight from the hover. The rotor wake
visualisation is extracted from a vorticity particle
method (VPM) computation [20]. The wake
dynamics are extremely complex and the effects on
the fuselage and empennage loads are equally
complex. Separating cause and effect here is
difficult.

Figure 1 Sketch of rotor wake bathing the fuselage
and empennage in low-speed flight

In hover, the horizontal tail is already immersed in
the wake and as forward speed increases, the



effects are unsteady but also hysteretic, i.e. the
velocity field at the tail is dependent on the rotor
loading at previous times. The consequent motion
of the helicopter is also likely to be related to the
rotor and empennage loads in a nonlinear manner.
Modelling the unsteady and nonlinear effects in a
way that enables the stability and response to small
perturbations to be derived is a challenge that this
paper addresses.

2.2. Nonlinearities Associated with

Translational Velocities

2.2.1. Nonlinear Responses

In this section, we consider the classical 6DoF
linear model and compare the responses with the
corresponding nonlinear model for different
amplitude control inputs. The baseline model is the
UoL developed FLIGHTLAB F-B412 [17]. The
model features various options for wake modelling.
Initially we consider the version with only the finite-
state dynamic-inflow operational.

Figure 2 compares the responses in hover for three
different magnitudes of lateral cyclic 2311 input;
0.25, 0.5, 0.75in. To highlight the comparison, all
responses are scaled to the lowest input size; the
responses for the 0.75in case are therefore divided
by three. For a linear model, the scaled responses
for the three different input sizes would give the
same magnitudes, a situation which will not hold
true for the nonlinear model. In particular, the surge
and sway velocities reflect nonlinear (NIr)
behaviour as the amplitude of the input increases.
The body attitudes 6 shows strong nonlinear
variations after around 5 seconds.

The initial body rates of the nonlinear model match

well with the linear response and start to deviate
after about 3sec for the yaw rate and about 5sec
for the pitch rate. The attitude and translational
velocity perturbations are closely linked of course.

During the final second of the manoeuvre, the
scaled roll and pitch rates are very different from
the linear responses. This will have a large impact
on the relative contribution of terms such as Lpp
and Lqq, for example, to the overall roll moments.
Values of these derivatives identified for small
amplitude motion will likely distort the relative
contributions from other states as the manoeuvre
progresses.

In Figure 3, the responses are compared for
different amplitudes of longitudinal cyclic 2311
inputs. For the initial 2 seconds, the rate responses
for the nonlinear model match closely with the
linearised model for different input sizes. The
responses in yaw and heave start to deviate from
the linear response early, at around 2.5sec, and the
difference increases as the size of the input is
increased, revealing nonlinearities in the response
with the increasing input size. This is generally due
to more excitation energy content as the input
amplitude becomes larger [21]. After about 5sec
the sway velocity deviates from the linear
response, with the minimum just after 6sec
indicating a relative contribution of effects like Lyv
in the linear model.

The variation of the stability and control derivatives
with trim flight speed can provide some clues as to
the changing contributions to the different forces
and moments as both surge and sway velocities
increase. In the following section the derivatives
are computed using the conventional backward-
forward differencing technique with very small
perturbation sizes (2% of trim value).
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Figure 2 Comparison of the linear and NIr F-B412 responses for different amplitudes of lateral cyclic 2311 input scaled to

the lowest size input.
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Figure 3 Comparison of the linear and NIr F-B412 responses for different amplitudes of longitudinal cyclic input scaled to
the lowest size input.

2.2.2. Stability Derivative Estimates

As discussed previously, high fidelity modelling is
considered a challenging task in the low-speed
regime due to the strong rotor-wake effects, so
special emphasis is given to describing the
variation in the main rotor forces and moments as
the trim velocity is increased up to 30kts. There are
36 stability and 24 control derivatives in the 6DoF
linear model. The variation of these as a function of
flight speed is shown in the Appendix.

Figure 4 illustrates this variation for a selection of
derivatives, comparing results for the baseline
model with results including manoeuvre wake
distortion (MWD) effects [17]. The speed derivative
My plays a major role in the longitudinal stability
and dynamic response of the helicopter. The
values of this derivative show that the rotorcraft
exhibits static speed stability in hover (+M,) and
low-speed flight.
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Figure 4. Stability derivatives of the F-B412; comparison
with and without MWD effects

The magnitude of the sideslip derivative Ly
determines the lateral static stability of the
rotorcraft: negative values of L, are stabilising.
Analysing the effect of trim velocity, it is seen that
the cross-damping derivatives Lq, M, are constant
without the MWD effect but show almost linear
reductions with speed when MWD is added. Close
to hover, MWD reverses these cross couplings, a
situation already discussed in detail in [17]. The roll
and pitch damping derivatives L, and My are
predicted to increase by approximately 20% and
80% respectively from 1 to 30 knots.

2.3. Nonlinear Issues in Frequency Domain

One of the concerns of SID processes is the limited
range of flight condition over which identified linear
models are accurate. SID in the frequency domain
produces a quasi-linear describing function, which
best models the nonlinear responses, representing
the input-to-output relationship under examination.
The coherence in the frequency domain analysis
indicates whether the system has been
satisfactorily excited in the frequency range of
interest, and also if the system being modelled can
be characterised as linear in this frequency range.
When the nonlinearities increase in a model
structure, the coherence can be degraded, as
illustrated in Figure 5 using Eq. (1),

p=L, X, +L,pl+k,p) (1)
in which different k, values associated with the
nonlinear term p3® term are used to model the
different strength of nonlinearity, with L, = -2.95
and Lxa=0.897. The cubic roll rate term reflects the
first asymmetric nonlinearity in the Taylor
expansion of the aerodynamic moment about the
trim condition. Eq. (1) is used to compute the p



response to a 2311 lateral cyclic input in time and
frequency domains as shown in Figure 5(a) and (b)
respectively, where the effects of the non-linearity
are evident, e.g. the increased effective damping at
the rate peaks. In the frequency domain, with the
increasing value of kp, the coherence begins to
degrade after 5 rad/s, although does not reduce
below 0.8 until about 10rad/sec. This sustained
level of good coherence can give the analyst the
wrong impression about the veracity of the linear
relationship.

As discussed in the previous section, rotorcraft in
hover and low-speed possess strong nonlinearities
resulting from the complex aero-mechanical
effects. Furthermore, while obtaining the flight test
data for the SID analysis using frequency sweep
techniques, these nonlinearities contribute to the
drift of the helicopter from the trim condition,
requiring corrective control inputs to keep the
aircraft close to the trim. However, these secondary
inputs should not be strongly correlated with the
primary on-axis input, as this will affect the
identification accuracy or the coherence. The time
domain method described in this paper
circumvents this problem by allowing for a time-
varying, nonlinear model structure.
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Figure 5 lllustration of the influence of nonlinearity in (a)
time domain, (b) frequency domain

3. ASID DEVELOPMENT AND RESULTS

3.1. Response comparison: NIr F-B412 vs
Flight Test

To illustrate the ASID methodology, responses
from the NIr F-B412 will be compared with those
from FT. A preliminary comparison is shown in
Figure 6. Here, the NIr F-B412 includes the 3-state
Peter-He inflow [22] but does not include
aerodynamic interference on the fuselage and
empennage due to rotor wake. Results are
compared with and without the MWD effects. The
FLIGHTLAB MWD model, including a description
of its structure and underlying assumptions is
presented in [23]. The principal contribution from
the MWD inflow model is to reverse the off-axis
response as shown in Figure 6; the rotor blades
descend into or rise out of the rotor wake during
pitch and roll manoeuvres, leading to radial
incidence changes that counter the linear
aerodynamic effects.
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Figure 6 Comparison of dynamics between Nir F-B412
(with and w/o MWD) and FT (upper, lateral and lower,
longitudinal)



The NIr F-B412 model generally shows reasonably
good on-axis response correlation with FT, for both
cyclic inputs. MWD improves the off-axis
responses. The sway velocity has a good initial
match and MWD preserves this through the
manoeuvre. The surge velocity departs from the FT
after 2sec, but in both manoeuvres the translational
velocity perturbations remain small. These rough
comparisons can provide some insight into the
fidelity of the model and inform the ASID analysis
in this Section in two areas: the variation of the
relative significance of each response as the
manoeuvre progresses, and when and how the
translational velocities play their roles and interact
with angular motion responses.

3.2. ASID Methodology

In the ASID approach, the model parameters are
identified sequentially in an additive manner, based
on their contribution to the local dynamic response
of the system, i.e. over a defined time range [17].
The detailed ASID approach is outlined in this
section with the NIr F-B412 response for roll
dynamics, using an equation-error (EE) process in
the time domain, to illustrate its effectiveness, and
to develop guidelines for the process.

The linearised roll equation can be written in the
usual form,

p=L X, (t-7,,)+Lu+L,w...

+Lg+Lv+L p+Lr @
q P r

where u, v, and w are the perturbation translational
velocities from trim in the body frame, p, q, and r
are the perturbation angular velocities in the body
frame; X, is lateral stick input and L represents the
normalised roll moment (i.e. roll
acceleration); 7, is the (effective) time delay
between X, and roll acceleration. The first step of
the ASID approach is to estimate the time delay
that is a well-known issue for SID approaches in
both the time-domain and frequency-domain.

The effective time delay (z,) is included in Eq. (2)
to account for unmodelled higher-order dynamics
such as the rotor flap and inflow response, and the
control system/actuator delays/lags [10,24].
Techniques for estimating z,, ; are available, such
as the linear backward extrapolation in time to the
trim amplitude from the point of the maximum slope
after the initial sharp edge input [6], but they suffer
from the difficulty in implementation and sensitivity
to data processing. The method adopted in this
paper is more straightforward, and accomplished
by measuring the averaged pure time between
control input (e.g. Xa) and the corresponding
response (e.g. p) as illustrated in Figure 7.

It is acknowledged that this estimating process
involves the user's judgement subject to their

experience, knowledge and expertise hence only
an approximate value can be obtained. Another
option would be to adopt the frequency-domain
approach to estimate the time delay based on the
phase-slope information [6], but this is beyond the
scope of the method where we focus on the SID in
the time domain.
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Figure 7 lllustration of estimating time delay

After obtaining the value of the time delay, the
derivatives in Eq. (2) are estimated in sequence
based on the activated timing point of the
corresponding physical dynamics. The steps in the
ASID approach are conducted using increasing
amounts of dynamic response history and use a
time-window approach. 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 to the right, the first
variable to be selected for fitting p is again that with
the highest correlation. This is usually the control
(consequently control derivative Lxa), because it is
activated before the rates build up. The value of Lxa
(and subsequent derivatives) is determined by the
minimum value of the associated fit-error metric.

TJ . o
L Jo (p=2 LX)t
FitError = — =
; P2
BEE

in which x; is the state/control variable and N is the
number of identified derivatives (L,,), T; the local
period starting from the beginning used in the ASID
at the jt identification step. ASID then progresses
through the p time history adding one or more
variables (and associated derivatives) at a time to
reduce the fit-error. The minimum fit-error value
usually occurs at the same time as the derivative
converges locally to a steady value. One or more
candidate parameters in the proposed model
structure (e.g., Eq. (2)) are identified using the
primary response characteristic of the rotorcraft;
others are then identified in a sequential manner.

©)

The ASID approach is illustrated schematically in
Figure 8. The ordering of variables x; is determined
by the sequence in which different physical
dynamics are activated. The identified value Yy of
a variable x; is determined corresponding to the



minimum fit error at the timing point T;. 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 for the specific force (normalised by the
rotorcraft mass or moment of inertia), is integrated
over the window size Tjin Eg. (3) which advances
in steps, as more and more variables x;are added,
until the complete manoeuvre is modelled, or no
further improvement can be achieved. Once
identified in a specific time window, the derivatives
stay fixed for the remainder of the manoeuvre and
the ASID process.
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Figure 8. General approach to additive system
identification

This feature of the ASID approach clearly
differentiates it from the classical SID method in
both time and frequency domains in terms of either
EE or Output-Error (OE) analyses [10,21]. These
conventional approaches process the complete
time history at a time, so the identified derivatives
are an average for the whole manoeuvre or, put in
another way, the identified system shows average
system behaviour [25]. 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 times when
they are strongest. For example, the variable xg is
identified at time Tz and so on. Having clearly
identified a force contribution, it can be fixed and
not distorted later, perhaps to compensate for a
mismatch occurring from an incorrect model
structure. This assumes that linear, instantaneous
approximations to the motion are valid of course.
However, the method can also be applied to
capture nonlinear and time-varying dynamics, as
we shall explore.

The ASID approach is similar to recursive
estimation methods [26,27] that are widely used for
real-time SID in that the latter conduct the SID

based on the data point by point when they become
available. However, these recursive estimation
methods have no mechanism applied to judge the
sequence of derivatives to be identified based on
the physical information in the way that ASID does.
Moreover, the number of derivatives is typically
fixed during the recursive SID process but in the
ASID method, this is variable.

3.3. Results of ASID applied to NIr F-B412

To demonstrate the effectiveness of the ASID
method, we use the NIr F-B412 (w/o MWD)
responses at hover as shown in Figure 9. The first
step is to identify the equivalent time constant for
the higher-order dynamics. For example, the roll-
regressing-flap mode, can be approximated with
the shaft-fixed flapping response model [24] as

Tf 1815 = _ﬁls + Tf p+ 010 (4)

where = is the rotor flap time constant, 61 is the
blade cyclic pitch and Bis is the lateral cyclic

flapping. The identified 7z value of about 0.1sec is
shown to have converged after about 0.3sec in
Figure 10. The circles in the middle plot represent
each segment (from zero to the current timing
point) used for ASID to derive each corresponding
values of squares in the Figure 10.
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Figure 9 Responses of NIr F-B412 (w/o MWD) at hover
with a 3211 lateral stick input

With the ASID method, the derivatives are
estimated in sequence. The control derivative Lxa
is the first derivative chosen for identification. This
is physically understandable since after applying
the lateral stick input, the rotor disk re-orientates
rapidly due to the flapping dynamics (# = 0.1sec),
producing a roll moment and leading to the
fuselage roll motion building up. As shown in Figure
9, the roll rate increases after the control is applied.
The period used for identifying Lxa value should be



as short as possible to reduce the level of the roll
rate contribution. Therefore, a very short time
window (0.1sec) is chosen for ASID as shown in
Figure 11 and the Lxa value is determined to be
0.897, within the window between 1.05 and
1.08sec.
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Figure 9 shows that there is negligible surge u
velocity and very little sway velocity v (= 2 ft/s) up
to 2sec. The heave velocity is very small during the
whole manoeuvre. Meanwhile, both pitch and yaw
rates are less than 0.86 deg/s at 2sec. The roll rate
is dominant between 1.1 and 2sec. Furthermore,
this can be physically understood in terms of the
fuselage motion building up rapidly following the
rotor disk tilting. Taking these factors into
consideration, L, is selected as the second
derivative.

After 1.8sec, both the sway velocity and pitch rate
are increasing. Although the former increases fairly
rapidly after 2sec, it contributes to p over a similar
time as g. Therefore, Ly and Lyare combined for the
identification in the next window. As shown in
Figure 12, these derivative estimates are fairly
constant between 3 and 4sec. Ly is the fourth
derivative chosen for identification due to the heave
velocity beginning to contribute at around 3.8sec.
However, the quality of this estimate is degraded
due to the very small amplitude of heave response
(hence less significant to p).

L is the fifth derivative and it deserves more
comment due to its complex pattern. The yaw rate
builds up early on as shown in Figure 9, due to the
roll-yaw coupling excited by p with a non-zero
product of inertia, Ix,. Moreover, it is small until the
sway velocity builds up at about 3sec. Therefore,
these factors may degrade the quality of the L,
identification. Finally, L, is chosen as the sixth
derivative. In Table 1, the derivatives computed
using ASID are compared with the small
perturbation values from the F-B412 linearisation
process.

The responses with the two derivative sets in Table
1 are compared with p of the NIr F-B412 in Figure
13; the oscillations likely stemming from higher-
order dynamics, including the (2/rev) lead-lag
motion. The 6DoF model structure described in Eq.
(2) is not able to capture these oscillations that are
considered as process noise in the SID. However,
they certainly will increase the fit error. It can be
seen in Figure 13 that the fit of the perturbation
derivative model is the poorest. The ASID results
are superior to the perturbation model, and it may
be that the translational velocities have an impact
on these differences.
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Figure 12 SID results for Lv and Lq using ASID approach

Table 1 Derivative Comparisons between ASID and
perturbation analysis obtained from NIr F-B412 (w/o
MWD) with 3211 multi-step lateral stick input at hover
(arranged in order of selection)

Derivatives ASID Pert. Values
Lxa 0.897 0.893
Lp -2.95 -3.163
Lq -3.54 -2.492
Ly -0.031 -0.031
Lw 0.013 -0.004
L, 0.320 0.014
Ly 0.034 0.030
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3.4. ASID with Flight Test Data

In this section, ASID is applied to the B-412 FT data
at hover and is extended from the roll dynamics in
Eq. (5) to the 4DoF state-space model (X, Y, L, M),
with the structure given in Eqg. (5). The heave (w)
and yaw (r) dynamics are not included in these
model structures, based on the argument that they
are only loosely coupled with the roll and pitch
motions in hover.

Us Xy X, (t-7,,)+ Xy X, (t-7, )+ X,U...
+ X0+ X v+ X p-g6
g~ My X,(t-7,)+ M, X, (t-7.,)+Mu...
+Mg+Myv+M p
0~q
VaY, Xp(t=7,,)+Y X (t=7,,)- (5)
+Y,Uu+Y q+Y,v+Y, p+g¢
prLy Xy(t-7,,)+L X, (t-7,)+Lu...
+La+Lv+L,p
§~p
Angular accelerations are derived from the rate
measurements through first-order differentiation.
Translational accelerations have been derived
from the corresponding accelerometer
measurements. A low-pass filter with 3Hz cut-off

frequency has been implemented to smooth the FT
data for both input and output responses.

The stability and control (perturbation) derivatives
of the F-B412 model in hover are included in Table
2 and 3, respectively. The derivatives computed
using the ASID approach are shown in Table 4 and
Table 5. The time point values in Table 6 show the
moments when the contribution from the

Time [Secs]

Figure 13 Comparison of p with linear models derived with ASID and perturbation analyses

derivatives are chosen. All the control derivatives
are chosen as the first candidate in the ASID.

Table 2 Stability derivatives of 4DoF linear F-B412 model
using perturbation method

u q v p
X -0.013 0.682 -0.010 0.497
M 0.004 -0.510 0.005 -0.360
Y
L

0.013 1.315 -0.032 -0.766
0.031 4.491 -0.033 -3.312

Table 3 Control derivatives of 4DoF linear F-B412 model
using perturbation method

Xa Xb
X 0.083 0.718
M -0.030 -0.205
Y 0.474 -0.140
L 0.910 -0.354

Table 4 Stability derivatives of 4DoF linear FT model
using ASID method (hover)

u q v p

X -0.035(4) 5.846 (2) 0.347 (5) -0.477 (3)
M 0.006 (3) -0.509 (2) 0.005(5) -0.267 (4)
Y -0.002 (5) 1.457 (4) -0.209 (3) -0.200 (2)
L 0.056 (5) 0.367(3) -0.050(4) -2.780 (2)

Table 5 Control derivatives of 4DoF linear FT model
using ASID method (hover)

Xa Xb Txa Txb
X 0.343 1.277 0.08 0.14
M -0.044 -0.220 0.05 0.12
Y 1.108 -0.933 0.17 0.14
L 1.027 -0.224 0.14 0.14




Table 6 Time points (seconds) when the derivative(s) are
chosen using ASID method (FT, hover)

u q v p Xa Xb
X 145 125 357 134 058 0.47
M 231 126 449 337 047 0.45
Y 387 372 301 1.03 038 041
L 386 1.10 288 0.86 040 0.43

The following points can be drawn from the
derivative tables above. Firstly, considering the first
two steps in the ASID process, there is a
reasonable agreement for the values of the key
(on-axis) damping and control derivatives between
the ASID and perturbation values in the pitch and
roll axes. Secondly, there are larger differences
among the off-axis derivatives, particularly Lg,
although many of the force derivatives are small in
hover and low speed.

The large contribution of the FLIGHTLAB MWD
effect to the cross-damping derivative Lq was
discussed earlier and is further investigated later in
the paper. The speed stability derivative M, is 50%
higher in FT, implying a slightly more unstable
hover phugoid, as indicated in Figure 14, in which
the eigenvalues of both sources are compared.
The roll and pitch subsidence are quite close and
the Dutch roll mode from FT will be degraded due
to the absence of the yaw dynamics in the ASID
model.
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Figure 14 Comparison of eigenvalues using ASID and
perturbation derivatives

As shown in Figure 15 and Figure 16, the two, on-
axis, derivatives for each case capture most of the
fit error in the ASID model, which reduces further
as the speed stability derivative, My, or the dihedral
effect, Ly, enter into the model structures. The
remaining  derivatives make very small

contributions to the fit errors. This is reflected in
Figure 17 and Figure 18 in which the significance
level of each component contribution to the overall
p and g response is illustrated by reconstructing
the dynamics using the identified components.
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Figure 15 The fit-error varying as the different
contributions to the dynamics are added in the ASID
process (g response)
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Figure 16 The fit-error varying as the different
contributions to the dynamics are added in the ASID
process (p response)

In accordance with Figure 16, the reconstructed roll
response in Figure 17 has reached a good
agreement with FT after only Lxa and Lp
components are introduced. The fit is improved
when the dihedral stability derivative L,, shows its
effects after 1.5sec, and is further improved when
L, plays its role at 2sec. The latter also significantly
improves the fit after 5sec. Despite the relatively
early selection of pitch rate g, the moment Lqq
hardly affects the fit. Similar findings in the ¢
response are shown in Figure 18.
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Both these figures, effectively motion signatures
(MoSis), reveal contributions from the various
aircraft motions to the total acceleration.
Furthermore, the quality of the derivatives in Table
4 and Table 5 can be demonstrated with FT and
the NIr F-B412 with MWD by comparing their
reconstructed MoSis (e.g. g and v) using Eq. (5),
as shown in Figure 19. As before, the results in
these figures are derived and filtered from the
measurements through first-order differentiation
(3Hz bandwidth).

The comparisons in Figure 19 show a generally
good match between the three sources in the ¢, p
and v response. The high frequency oscillations in
u response (FT) are from two possible sources:
noise in the measured FT inertial accelerations
(used to derive the body velocity u) and the
numerical differential process (from u to @). It is
acknowledged that these ‘unrealistic’ oscillations

Time [Secs]
Figure 18 Reconstructing the dynamics using the identified derivatives (¢ response)

may contaminate the process of identifying Xxp
using AISD. The initial 2 of ASID is larger than NIr
F-B412, reflecting the larger Xxy. After 2sec, the fit
of ASID with FT is better than the NIr F-B412 in the
u response. A similar explanation can be given for
the v response within the first second. ASID also
achieved improved results over the NIr F-B412 in
the p response but is slightly inferior in ¢.

These comparisons not only highlight the accuracy
of the identified ASID model, but also demonstrate
a reasonable fidelity of the longitudinal and lateral
responses of the NIr F-B412 with MWD, when
viewed in MoSi form. However, this does not mean
the individual contribution of each derivative in the
response match their corresponding FT data; in
fact, the differences can be quite significant, for
example, as reflected in Figure 20 where the
breakdown of contributions is shown.
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Figure 19 Comparison of fit across three sources: FT, NIr F-B412 with MWD, and ASID

80

Lyu
.......... Lyq ‘"
60| — L
==Ly
40
20}
=0
(>
iS
S 20f
40+
60
-80
—p — F — B412
-100 u

Time [Secs]

2

p*dGQ/S

80

60 |

40 1

20 1

0

-20 -

40 +

-60 -

-80 -

-100

Time [Secs|

Figure 20 Comparison of the contributions of individual components to p (Left, F-B412 and Right, FT)

The moments due to control and roll rate to the
overall p have a similar pattern of variation and
amplitudes between NIr F-B412 and FT. As shown
in Figure 20, the major difference lies in the
derivatives Lq and Lv. Lq has earlier and larger
contributions for the F-B412. L, always has a
positive contribution in the F-B412 but in the FT
ASID model it quickly drops down at 3sec and then
becomes negative after 4sec. This is reflected in
the real aircraft having a more rapid and larger
pitch up response as shown in Figure 21.

The differences across the two methods can be
beneficial to revealing the potential deficiencies of
the physical source in the modelling errors and
indicate how these deficiencies might be repaired
by making use of the information from FT data
through the ASID approach. This will be a focus in
the next steps of the research. The F-B412 results

have already been shown in Figure 6. The ASID
model roll response following the lateral cyclic input
matches the FT results very closely. The off-axis
pitch response is about 50% of that in flight. The
cross-damping derivative Lq was estimated very
early in the manoeuvre, and it is suspected that
MWD effects continue to evolve as the manoeuvre
progresses; a nonlinear evolution that the current
linear model does not capture.

Following the longitudinal control input, the pitch
response from ASID departs from FT after about
4sec. The off-axis roll response matches
reasonably well with flight through the manoeuvre.
However, the translational velocities from the ASID
model do not compare well with FT. This is
attributed to the poor estimates of the X and Y
derivatives in Eq. (5), already discussed from the
comparisons in Figure 6.
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response between NiIr F-B412 with MWD and FT (lateral
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Figure 22 Validation study using the alternate test data:
Comparison of responses from the ASID 4DoF linear
model with FT and NIr F-B412 with MWD

The validation results of the ASID process are
shown in Figure 22 where the response

comparisons are shown for a different test case
than used for the identification of derivatives.
Similar results as those in Figure 23 have been
achieved here but, the linear ASID model pitch
response matches more closely with FT with a
lateral cyclic input for about 3sec. All these results
have demonstrated the good fidelity of NIr F-B412
in both the p and q channels as well as the 4DoF
ASID results.
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Figure 23 Verification study using the SID test case data:
Comparison of responses from the ASID 4DoF linear
model with FT and NIr F-B412 with MWD

The results of the ASID analysis presented above
are encouraging. Physical effects are captured as
they occur and then fixed, not requiring further
adjustments to compensate for modelling
deficiencies encapsulated in average derivatives.
The potential nonlinearities will now be explored.

4. EXPLORING NONLINEARITY WITH ASID

In Section 2, the investigation showed that the
nonlinearity arising from the cubic roll rate in Eq.
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(1) degrades identifiability in the frequency domain.
ASID is applied to the responses of the three cases
(with kp = 0, 1, and 2) to estimate L, and k;, values
and the results are compared with those from the
frequency domain SID approach in Table 7. In
particular, the ASID procedure for Case 2 is
illustrated in Figure 24 to show the influence of the
nonlinearities on the SID process.
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Figure 24 lllustration of the influence of nonlinearities on
ASID to derive Lp (Step 2) and kp values (Step 3)

Table 7 Comparison identified parameters from ASID
and frequency domain methods

Case LXa Lp kp
1 0.865 -2.748 0.027

ASID 2 0.865 -3.094 1.036
3 0.865 -2.906 1.979
Freq. 1 0.946 -3.199 --
Method 2 0.862 -4.010 --
3 0.888  -4.955 --

A 3Hz low-pass filter was implemented to smooth
the data for the ASID analysis. The frequency-

domain approach adopted the 1DoF linear model
structure. The Lxa values in Table 7 obtained using
ASID in Step 1 are same for all the three cases; 3%
different from the true value of 0.896. This is
reasonable since the nonlinear term will only
physically start to play the role after the initial roll
acceleration that is directly connected with the
applied input. Moreover, the amplitude of p is about
7 times larger than p® when t < 1sec (10 times t <
0.5 sec) as shown in Figure 24. Therefore, it is
logical to conclude that p is dominant when t < 1
sec and the 1DoF roll model can be validated in this
period, where the response is essentially linear.
This results in similar L, values at Step 2 (the
inverse of tesx) across the three cases and these
are identified at 0.81 sec, corresponding to the
minimum fit-error in this period. After Lx, and L, are
obtained, the kp values can be derived in Step 3 (as
illustrated in Figure 24 for Case 2); all three are
close to the true values as shown in Table 7.

The Lxa results from the frequency-domain
approach are close to the true values. However, L,
is contaminated by the nonlinearities, since these
values are averaged across the whole manoeuvre.
This is why, for example, L, from Case 2 is -4.010,
almost the same as the final value (-3.982) in
Figure 24, when all data are used in the ASID.
However, Figure 24 shows L, varying across the
manoeuvre due to the nonlinearity. Here it is
acknowledged that the Linear Regression
approach can obtain all these three values in one
step since there is no extra noise. However, the
purpose here is to show the ASID as a powerful
tool to dissect the influence of the nonlinearities as
their influence grows in a manoeuvre.

Now the research moves to explore the nonlinear
effects arising from large amplitude responses of a
nonlinear system excited by different levels of
control input. The lateral step responses of the NIr
F-B412 with MWD with four levels of pulse input
size are shown in Figure 25.

For this analysis, the maximum input size is
determined by the criteria that the corresponding
roll attitude is about 30deg. Such a large pulse
might be applied for example during quickness
testing for handling qualities assessments. In this
study, the large inputs are purposely applied to
excite any nonlinearities that cannot be captured
accurately by a conventional linear analysis only
valid within a small region around the trim
condition. The large input size is expected to
violate this condition and, therefore, enable
exploration of any nonlinearities in a flight system.

The following linear model structure is adopted for
the initial investigation.

p:LXaXa+Lpp+qu+LVv (6)
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Compared with Eq. (5), L, is ignored due to its
minor contribution, reflected in the small fit error
change in Figure 16. ASID is applied to the NIr F-
B412 with MWD using Eq. (6) for the responses
with 4 input sizes in Figure 25. The results are
shown in Figure 26.

2.5 0.6
2 0.4
S 2
£15]= 71 S 0.2
= QO
S B
> £ 0 \
0.5 %
-0.2
0
01 2 3 4 5 01 2 3 4 5

q,deg/s

0.6 30

0o 1 2 3 4 5
Time[Secs]

Time[Secs]

Figure 25 Response of NIr F-B412 (with MWD) for
different levels of lateral pulse control input (pulse width
1.5 sec)
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Figure 26 Derivative variations vs step input size using
ASID

The control derivative Lxa is almost constant with
different levels of a control step size. This is
reasonable as Lxa is identified in the initial very-
short time period using the ASID in which the
nonlinearities are yet to develop. Ly shows
significant change indicating strong sensitivity of
this aerodynamic effect as it develops [28]. Lp
decreases by about 10% as the input size
increases. Ly shares the similar decreasing pattern
as Lp but with smaller magnitude. To capture the
nonlinearities associated with Lq, attributed to the
MWD effect, the following equation is proposed,

p=Lyg X, +L,p+LVv+L,q+ka’) (7)

in which kq and the related cubic q represent the
nonlinear dynamics. After fixing Lxa (0.90), L, (-
3.15), Ly (-0.031), and L4 (3.076), from Figure 26
using the responses in Figure 25, the kq value is
found to be -16.16, reflecting a strong supressing
nonlinear effect. The predictability of these values
is demonstrated in Figure 27. For the three levels
of doublet input shown in Figure 27 and Figure 28,
the responses of the nonlinear model in Eq. (7)
have reached a good agreement with the
responses of the NIr F-B412.
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Figure 27 Response comparison of Eq.(7) with the NIr F-
B412 with MWD (roll acceleration, Doublet input)
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Figure 28 Response of NIr F-B412 (with MWD),
compared with the 4DoF model with modified p using
Eq.(7) (roll rate, Doublet input)

The 4DoF model fails to capture the overshoot
seen in the NIr Model around 1 sec, likely due to
the impact of flap dynamics in the full state
nonlinear model. These results suggest a degree
of validation of this model structure and associated
identified coefficients for capturing the key
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nonlinear character of MWD. It is argued that, as
the response amplitude builds up, the MWD effect
reduces in magnitude as the wake spreads and
skews ‘downstream’, evident in both the short and
long term g response in Figure 25. This hypothesis
needs to be put to stronger tests than presented in
this paper and will be the subject of the ongoing
research.

5. CONCLUSIONS AND NEXT STEPS

The paper reports progress in the development of
a new approach to the exploration of rotorcraft
simulation fidelity, referred to as Additive System
Identification (ASID), for application to low-speed
manoeuvres. The approach is based in the time
domain and captures the contributions from
controls and motions to forces and moments
‘additively’, as a response evolves following control
inputs. In previous research the authors have
captured contributions, identifying stability and
control derivatives, in the frequency domain, to
create linear models suitable for stability analysis
of rotorcraft in forward-flight trim conditions. For the
present investigation, flight test data gathered with
the NRC’s Bell 412 ASRA in-flight simulator have
been compared with responses from the
FLIGHTLAB model of the aircraft, the F-B412.
Results are presented for tests conducted in the
hover with 2311 multi-step inputs in pitch and roll.
From the analysis undertaken, the following
conclusions and observations can be drawn.

e The ASID approach has proved effective at
identifying the primary motion and control
derivatives following control inputs at hover,
confirmed by the resulting good matches with
flight test data.

e The fidelity of the baseline F-B412 is shown to
be reasonably good, particularly with the
manoeuvre wake distortion (MWD) effects
included, that serve to reverse the cross-
damping effects and the associated
derivatives, Lq and Mp.

e Motion Signatures (MoSis) are useful for
revealing the contributions of the various
motions and controls to the overall forces and
moments. Similar levels of comparison with
test data can be achieved with different
combinations of motions, and this can be used
to explore fidelity deficiencies in the simulation
model.

e Nonlinearities excited by large pulse inputs
have shown a significant effect on the MWD
derivative Lq but less on Ly and Lp. A nonlinear
term has been introduced to model effects
associated with Lq. It is hypothesised that this
is caused by reducing MWD effects as the

wake develops from the hover condition.

The research has presented encouraging results
but more needs to be done. The multi-DoF ASID
approach based on Output-Error analysis is under
development  for  capturing inter-coupling
couplings. ASID will also be applied more
extensively to the pitch dynamics to capture the
nonlinearities and hysteretic effects caused by
rotor-wake interference on the fuselage and
empennage. Integration of ASID with the
renovation methodology previous reported is
underway and will feature in future publications.
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APPENDIX

The stability and control derivatives of F-B412
model varying with forward speed are shown in this
Appendix.
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Figure A.1 Lateral stability derivative of F-B412
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Figure A.3 Longitudinal to lateral stability derivative of
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