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ABSTRACT
Accurate flight dynamics models are necessary for cost and development time reduction in modern rotorcraft design.
Yet, discrepancies frequently exist between high-fidelity, physics-based models and data-driven models identified
from flight. Bridging this gap through physics-based model refinements often requires longer time frames than the
tight development schedules allow. This paper presents a practical application of a data-driven Gain-Delay Correction
Method (GDCM) to rapidly enhance the fidelity of a physics-based linearized rotorcraft model. The method optimizes
a set of input and output gains and delays to address frequency responses discrepancies between linearized multi-body
models and identified models derived from flight. This technique is applied the dataset of an AW family helicopter,
covering a wide range of flight conditions. The results demonstrate that the method effectively identifies systematic
gain discrepancies, for which a correction scheduled with airspeed is synthesized to improve the physics-based model
accuracy. Also, a key limitation of the proposed approach is highlighted: the inability of a simple delay structure
to compensate for phase underestimation in the physics-based model. The proposed workflow provides a pragmatic
solution for rapid model fidelity improvement and offers a way to provide valuable cues to guide long term physics-
based model refinements.

NOTATION

*

Symbols

COL Collective control position, %

J Cost function, -

Jmag Magnitude cost function, -

Jphase Phase cost function, -

H Helicopter linear time invariant model, -

LAT Lateral control position, %

LON Longitudinal control position, %
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MI Input gain-delay correction matrix, -

MO Output gain-delay correction matrix, -

NX Longitudinal load factor, m/s2

NY Lateral load factor, m/s2

NZ Vertical load factor, m/s2

P Roll rate, deg/s

PED Directional control position, %

Q Pitch rate, deg/s

R Yaw rate, deg/s

ROC Rate of climb, fpm

s Complex variable, rad/s

α Regularization factor

k Gain correction, -

τ Delay correction, s

ω Frequency, rad/s
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Acronyms

CT-PBSID Continous Time Predictor Based Subspace Iden-
tification algorithm

GDCM Gain Delay Correction Method

ERF European Rotorcraft Forum

FCS Flight Control System

FLB FLIGHTLAB

LB Lower Bound

LTI Linear Time Invariant

UB Upper Bound

INTRODUCTION

In the development of rotorcrafts, accurate dynamic models
are essential to predict and optimize vehicle capabilities, as
well as to support and drive the design of a flight control
system (FCS). Their use is now fundamental in any mod-
ern rotorcraft design and development process, as suggested
in (Refs. 1, 10). In Leonardo, we employ various models
for design purposes. These models can be grouped into two
main categories: physics-based models and data-based mod-
els. The former are created incorporating helicopter data and
systems models (e.g. rotors, fuselage, actuators, etc.) with
physics-based mechanics and aerodynamics models. Com-
monly used software for the integration of physical models
is FLIGHTLAB, a well-established product in the industry
(Ref. 3). On the other hand, data-based models (referred to as
CT-PBSID models) are directly derived from flight data using
the Continuous-Time Predictor Based System IDentification
algorithm (Refs. 7, 8).

Discrepancies in both root loci and frequency responses of-
ten arise between the physics-based and CT-PBSID models,
and understanding the root causes of these differences may
be challenging and require significant time and effort. As a
result, considering the tight timelines associated with rotor-
crafts development, traditional physics-driven model refine-
ment approaches may sometimes be impractical. For this
reason, this work applies a first-step methodology, referred
to as Gain-Delay Correction Method (GDCM), aimed at ad-
dressing physics-based models frequency responses predic-
tion deficits through a data-driven approach that prioritizes
simplicity, rapid development, ease of implementation and,
so, fast deployment.

While frequency response functions can be computed directly
from flight data, this work utilizes CT-PBSID models as the
reference data for the linearized physics-based model correc-
tion. CT-PBSID yields smoothed, noise-reduced, and consis-
tent Linear Time-Invariant (LTI) models estimate that repre-
sent the underlying vehicle dynamics. These identified mod-
els provide a more stable and robust optimization target com-
pared to raw, often noisy, frequency response functions from

flight, ensuring the resulting corrections are not biased by
windowing artifacts. In addition, another important advantage
of CT-PBSID is to be able to use flight data collected entirely
in closed-loop (i.e. with an active FCS), as it has been experi-
mentally demonstrated in (Ref. 9).

References to the GDCM exist in the literature (Refs. 2, 6).
However, these studies focus on the presentation of the
method, rather than showing extensive practical applications,
exploring its limitations or detailing the correction computa-
tion technique. In this article, the authors propose an exam-
ple of how this technique can be applied, addressing some
crucial aspects of the optimization step necessary to achieve
usable model corrections. The approach is then tested on an
extended rotorcraft dataset, demonstrating its potential to im-
prove model fidelity in different flight conditions with a re-
duced deployment time.

PROBLEM STATEMENT

Given the LTI models HFLB(s) (i.e. the FLIGHTLAB lin-
earized model of the bare rotorcraft) and HCT−PBSID(s) (i.e.
the CT-PBSID model of the bare rotorcraft), both with u(t) ∈
Rm inputs and y(t) ∈ Rp outputs, the GDCM computes MI(s)
and MO(s) that minimize frequency response differences be-
tween the two according to Eq. (1).

min
MI(s),MO(s)

||HCT−PBSID(s)−MO(s)HFLB(s)MI(s)||D (1)

MI(s) and MO(s) are defined in Eq. (2) as simple diagonal
systems characterized by independent gains and delays across
the various models input and output channels, while the for-
mulation of norm (|| ∗ ||D) is derived in the following section.

MI(s) =

ki
1e−τ i

1s

· · ·
ki

me−τ i
ms


MO(s) =

ko
1e−τo

1 s

· · ·
ko

Pe−τo
ps


(2)

PROPOSED APPROACH

As shown in Eq. (2) both MI(s) and MO(s) are diagonal gain-
delay matrices. Each entry is written as ke−τs, where k and τ

represent the individual gain and delay correction values to be
applied to each HFLB(s) input and output signal. An optimiza-
tion procedure is set up to solve Eq. (1) by finding appropriate
k and τ for each channel. Gains and delays optimization oc-
curs in two distinct phases, leveraging on the independence of
their effect on the open-loop response of the aircraft.

Let’s define a matrix of input/output pairs, as in Eq. (3), that
indicates which terms become optimization constraints and
which terms are solely included in the optimization fitness
function. The constrained terms are the ones corresponding
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to the what will be referred to as ”on-axis” responses in the
section Optimization Setup.

DA =


0 1 0 0
1 0 0 0
0 0 1 0
0 0 0 0
0 0 1 0
0 0 0 1

 (3)

Gain Computation

In this section, the details of the gains optimization algorithm
are explained. Define the delta-gain matrix G ∈ Rp×m as

G =

G11 · · · G1m
...

...
Gp1 · · · Gpm

 , (4)

where for each input i ∈ [1, · · · ,m] and output j ∈ [1, · · · , p]

Gi j = median
ω

(
|HCT−PBSID(i, j,ω)|

|HFLB(i, j,ω)|

)
. (5)

|H∗(i, j,ω)| is the magnitude of the transfer function between
input i and output j at frequency ω , where ω is considered
over an adequate bandwidth in order to cover the system dy-
namics of interest.

Define input and output gain vectors as

kI = [kLON kLAT kPED kCOL]

kO = [kP kQ kR kNX kNY kNZ ]
T .

(6)

Consider the product between the two gain vectors as K =
kOkI .

Finally, the non-linear constrained optimization problem for
the gains can be defined as follows

min
kI ,kO

∥G −K∥2
F +α

∥∥kO −1p×1
∥∥2

F

s.t. K(DA) = G (DA),

kO ∧ kI ∈ [LB,UB]

(7)

where α is the regularization term and 1p×1 is a vector of ones
of suitable dimension. The LB and UB are defined on the ba-
sis of the distribution of |HCT−PBSID(i, j,ω)|/ |HFLB(i, j,ω)|
over the bandwidth of interest. The regularization term α is
used to bias the algorithm toward modifying input gains rather
than output gains. This preference is driven by physical rea-
sons: any changes to the inputs will ripple through the entire
simulated dynamics, while changes to the outputs have no ef-
fect on the evolution of the model internal states.

The constraint K(DA) = G (DA) means that the product K
must match the given matrix G on the subset of entries in-
dexed by DA. Therefore, the most important input-output
couples are enforced to be best matched at the expense of the
others.

Delay Computation

In the following, the details of the algorithm for the delays
estimation are outlined. Define the delta-delay matrix D ∈
Rp×m as

D =

D11 · · · D1m
...

...
Dp1 · · · Dpm

 , (8)

where

Di j = median
ω

(
∠HFLB(i, j,ω)

ω
− ∠HCT−PBSID(i, j,ω)

ω

)
.

(9)

∠H∗(i, j,ω) is the phase in radian of the transfer function be-
tween input i and output j at frequency ω .

Define input and output delay vectors as

τI = [τLON τLAT τPED τCOL]

τO = [τP τQ τR τNX τNY τNZ ]
T .

(10)

Consider the following combination of the delay vectors using
the Kronecker product as T = τO ⊗11×m + τI ⊗1p×1.

Finally, the non-convex non-linear constrained optimization
problem for the delays can be defined as follows

min
τI ,τO

∥D −T∥2
F +α ∥τO∥2

F

s.t. T(DA) = D(DA), τO ∧ τI ∈ [0,UB]
(11)

The UB is properly defined on the basis of the distribution
of (∠HFLB(i, j,ω)−∠HCT−PBSID(i, j,ω))/ω over the band-
width of interest. As before, the regularization term α is used
to bias the algorithm toward modifying input delays rather
than output delays.

The constraint T(DA) = D(DA) means that the extended sum
T must match the given matrix D on the subset of entries
indexed by DA. Therefore, the most important input-output
couples are enforced to be best matched at the expense of the
others.

Results Example

The corrected LTI FLIGHTLAB model is referred to as
ĤFLB(s) and is computed according to Eq. (12).

ĤFLB(s) = MO(s)HFLB(s)MI(s) (12)

An example of the optimization results is reported in Figure 1
and Eq. (13) (where computed gain and delay corrections are
expressed as functions of the parameters k̂ and τ̂).
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Figure 1. Example of the result of the presented method.
Directional control position to yaw rate frequency re-
sponses of HFLB(s) (blue line), HCT−PBSID(s) (red line) and
corrected ĤFLB(s) (yellow line) are compared.

MI =


k̂

0.817k̂

1.128k̂
1.269k̂



MO =



1.053k̂
0.746k̂

1.057k̂
0.863k̂

0.890k̂ e−τ̂s

0.806k̂


(13)

Finally, building on the results obtained across diverse flight
conditions, the computed gains and delays are used to synthe-
size a model correction that is suited to be implemented in the
FLIGHTLAB model.

Method Limitations

A main limitation of the GDCM is that no physical insight is
given to the analyst about the cause of the models frequency
responses discrepancies. Nevertheless, it may be argued that
model corrections which are independent of flight conditions
can be traced back to actuators non-linearities, sensors cali-
bration errors, inadequate sensors dynamics modelling, lack
of signals transport-delay, vehicle inertia errors. Conversely,
corrections which exhibit non-negligible variations with re-
spect to the flight condition may be a symptom of modelling
deficiencies associated to specific flight regimes (e.g. errors
in aerodynamics modelling). These cues may still be of use to
the model developer to refine simulation model fidelity.

Also, as will be shown in the following sections, a clear limi-
tation of this approach is that the e−τs structure with τ ≥ 0 can
only add phase lag (delay) to the system. As a result, GDCM
is not able to correct a model that already has lower phase

(i.e., requires phase lead, or anticipation) with respect to the
reference data.

At last, another limitation of the method is that the bare he-
licopter model root locus remains unchanged after the appli-
cation of the correction (Ref. 6). As a result, physics-based
model eigen-dynamics mispredictions cannot be tackled with
GDCM.

RESULTS

Flight Conditions

The methodology exposed in the previous section was applied
to a bare AW family helicopter. In total, 11 level flight condi-
tions were included in the assessment, stretching across speed,
altitude and weight ranges reported in Table 1.

Table 1. Nominal speed, altitude and weight of level flight
conditions involved in the model correction synthesis.

Condition ID Speed Altitude Weight
1 120 kts Low Low
2 140 kts Low Low
3 45 kts Low Low
4 120 kts High Low
5 45 kts High Low
6 60 kts High Low
7 90 kts High Low
8 120 kts Low High
9 140 kts Low High
10 60 kts Low High
11 90 kts Low High

Helicopter FLIGHTLAB Model

The AW helicopter physics-based, non-linear numerical
model is developed within the FLIGHTLAB environment
(Ref. 3). Main rotor aerodynamics are modeled using blade
element theory coupled with a finite-state representation of the
inflow (Ref. 4), while tail rotor aerodynamics employ a disk
rotor model. Non-linear fuselage and tail surfaces aerody-
namic loads are incorporated via high-fidelity look-up tables.
Aerodynamic interference effects of the main rotor wake on
the airframe are simulated using a finite-state dynamic wake
interference model (Ref. 5). Servo-actuator dynamics are im-
plemented with a parameter-based model tuned on experimen-
tal test data. Sensor dynamics and filtering characteristics are
integrated according to the manufacturer-provided datasheet
specifications.

Concerning system linearization, the full-order numerically
linearized model has been consistently adopted throughout the
analysis.

Helicopter CT-PBSID Models

As described in details in (Ref. 7), the data set for each condi-
tion is recorded during dedicated flights in which the pilot is
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instructed to perform specific input command stimuli without
the assistance of a stability augmentation system.
The main stimulus necessary for both helicopter system iden-
tification and frequency response computation is a frequency
sweep. The task is particularly demanding for a human pilot
because:

• it is performed without the stability augmentation sys-
tem;

• while performing frequency sweep on a command axis
the action on the rest of command axes should be kept
at minimum or, at least, decoupled from the stimulated
axis;

• during the task the helicopter should remain as close as
possible to the trim condition.

Infringements of the aforementioned constraints can affect the
accuracy of the dataset or even resulting in the data being un-
usable for identification purposes. Telemetry personnel and
flight mechanics specialists are accountable for checking the
constraints and eventually asking for a repetition of the flight
condition if some of the former have not been observed.
The second set of stimuli, collected for validation purposes,
consists of a series of doublets and step sequences (1-1-2-3)
on each control channel.

Collected data are used to obtain the system frequency re-
sponse functions and to identify the CT-PBSID models, as
explained in (Ref. 8).

Optimization Setup

For each condition, the optimization process relies on multiple
FLIGHTLAB linearized models, rather than a single one rep-
resentative of the nominal flight condition. These additional
models are obtained through the linearization of the model in
perturbed trim conditions in the neighborhood of the nominal
one. This approach serves two key purposes. First, the set
of perturbed models is employed to explicitly identify poten-
tial model discontinuities in the neighborhood of the nominal
condition (thus improving optimization robustness). Indeed,
this may be the case for complex models that rely on a large
amount of data. The second purpose is built upon the evi-
dence that, in CT-PBSID models data gathering flights, the he-
licopter constantly displaces from the nominal trim condition
(in response to identification stimuli). Hence, including per-
turbed FLIGHTLAB models in the algorithm serves to mirror
this flight test feature, resulting in the optimizer being fed with
a more complete and accurate physics-based representation of
the helicopter small-amplitude response.
In the present application, perturbed linear models were com-
puted accounting for perturbations of speed, rate of climb, and
roll angle about the nominal trim condition. The magnitude of
each perturbation was determined through visual inspection
of flight data time histories, so to reflect the actual variations
experienced by the helicopter in flight. In this way, the set

of FLIGHTLAB LTI models is computed for each condition.
Then, the optimization process selects the model that best rep-
resents the bundle and feed it to the optimization algorithm to
synthesize the gain-delay corrections.

A similar approach is pursued for CT-PBSID models. For
each condition, more than one CT-PBSID model is generally
available. Also on this occasion, the process selects the most
representative of the bundle to synthesize the gain-delay cor-
rections.

It is worth mentioning that in condition 10, the nominal
FLIGHTLAB linearized model and two perturbed models ap-
peared to be outliers with respect to the bundle containing the
remaining perturbed models, as outlined in Figure 2. This evi-
dence stresses even more the need to include perturbed models
in the development of whatever data-driven model correction.
Nevertheless, as a result of visual inspection of all perturbed
and nominal models frequency responses and root loci dia-
grams, it was determined that a dense bundle of consistent
perturbed FLIGHTLAB models existed for each flight condi-
tion. As a result, all conditions listed in Table 1 were included
in the study.

Figure 2. LON to Q frequency response magnitude of nom-
inal FLIGHTLAB (red), perturbed FLIGHTLAB (blue)
and CT-PBSID models (yellow) associated to condition 10.
The nominal model, together with two perturbed models,
is an outlier with respect to the main bundle of perturbed
models.

The selection of on-axis frequency responses to be included
as constraints in the optimization loop is marked with ”on” in
Table 2 and was based on Leonardo company experience. In
particular, on-axis responses deemed to be relevant for other
systems design and/or verification activities involving linear
flight mechanics models (e.g. FCS functions development)
were involved in the optimization as constraints.

At last, concerning the remaining numerical settings, the fre-
quency range considered in the optimization was adequately
selected in order to consider the rigid body and the rotor dy-
namics of interest. Also, the regularization factor α was set
to 1 in order to encourage the algorithm to prioritize adjusting
input corrections.
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Table 2. Summary of on-axis responses involved in the op-
timization as constraints.

LON LAT PED COL
P on
Q on
R on

NX
NY on
NZ on

Optimization Results and Correction Synthesis

The optimization results are shown in Figure 3 and Figure 4.
For each condition and for each model input and output chan-
nel, the gain and delay corrections identified by the optimiza-
tion algorithm are indicated by blue dots. In addition, a black
dashed line represents the reference value of the null correc-
tion (i.e. 1 for gain corrections, as in Figure 3, and 0 for delay
corrections, as shown in Figure 4).

The first notable finding relates to the delay corrections. As
shown in Figure 4, only a few occasions produced non-zero
delay corrections (such as the NX channel on condition 4).
In contrast, the majority of cases resulted in null corrections.
However, this outcome should not be interpreted as evidence
of model accuracy; rather, it aligns with the known limitations
of the GDCM. Based on the uncorrected FLIGHTLAB mod-
els comparison with CT-PBSID models, it appears that the
FLIGHTLAB models consistently underestimate frequency
responses phase values (as reported in the example in in Fig-
ure 5). Thus, the inability of the GDCM to introduce response
anticipation explains the prevalence of null corrections. As a
result, in the present application, the phase misprediction of
the FLIGHTLAB model cannot be addressed.

With respect to gain correction results, no consistent trend is
immediately apparent in Figure 3. On the other hand, gain
corrections for a given channel appear scattered across the
range of different conditions. However, a more informative
perspective is obtained by examining the combined effect of
input and output channels gain corrections (i.e. the prod-
uct of the two) associated with specific frequency responses.
Observing these composite corrections in relation to varying
physical parameters among different conditions (such as air-
speed, aircraft weight, or altitude) provides greater insight
into the underlying correction behavior.

In Figure 6, the net gain corrections for on-axis frequency re-
sponses of Table 2 are reported as a function of airspeed. This
representation reveals trends that were obscured when gain
corrections were looked at individually on each channel.

Figure 6 highlights that at high speed (i.e. above 90 kts) re-
gardless of the aircraft weight and altitude, the FLIGHTLAB
model tends to underestimate the gain of LON to Q small am-
plitude response. This can be deduced based on the fact that
above 90 kts, the product kLON · kQ is systematically greater
than 1.

Concerning the LAT to P frequency response, the product
kLAT · kP appears to be significantly close to 1 regardless of

Figure 3. Gain corrections of each model input and output
channel emerging from optimization results on each con-
dition.

the condition. As a result, it may be concluded that little mod-
eling improvement is likely to be obtained on the lateral axis
with the gain-delay approach.

Moving to PED frequency responses, similar conclusions can
be drafted from Figure 6 for PED to NY and PED to R.
Indeed, kPED · kNY and kPED · kR reveal that the FLIGHT-
LAB model systematically underestimates small amplitude
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Figure 4. Delay corrections of each model input and out-
put channel emerging from optimization results on each
condition.

responses to PED at 45 kts (and, possibly, also at lower
speeds). Conversely, opposite conclusions can be drafted
for flight conditions above 120 kts, in which kPED · kNY and
kPED · kR appear to be always smaller than 1.

At last, for what concerns the COL to NZ frequency response,
kCOL · kNZ appears systematically greater than 1 up to 60 kts.
On the other hand, no particular trend emerges for greater

Figure 5. PED to NY frequency response phase of nom-
inal FLIGHTLAB (red), perturbed FLIGHTLAB (blue)
and CT-PBSID models (yellow) associated to on condition
3. FLIGHTLAB linear models consistently underestimate
phase with respect to CT-PBSID models.

speeds.

It is worthy to observe that the insights offered by Figure 6
provide a compact yet informative basis for guiding the model
developers in identifying potential physical model deficien-
cies that may account for the observed corrections. Ulti-
mately, this understanding can support the replacement of
data-driven corrections with physics-driven model improve-
ments over the long term.

Building on these results, a model correction suitable for
FLIGHTLAB implementation was synthesized. For what
concerns gain corrections, a regression of the optimization
results scheduled as a function of speed was derived for
each model input and output channel. The net result of
the FLIGHTLAB suitable correction on on-axis responses is
compared to the optimization results in Figure 7. Conversely,
in regards of delays, building on the aforementioned limita-
tion of the GDCM for the present application, no correction
was implemented.

Corrected Models Fidelity Improvement Assessment

The correction reported in Figure 7 was then implemented in
the FLIGHTLAB model to carry out a frequency domain fi-
delity improvement assessment. The assessment was carried
out in the same conditions used to derive the correction (i.e.
conditions from 1 to 11 in Table 1) and against the same CT-
PBSID models selected for the correction synthesis.

A revised version of the Tischler cost function J (Ref. 1), de-
fined in Eq. (14) to (16), was exploited to assess model fidelity
improvements.

J(HM) = Jmag(HM)+ Jphase(HM) (14)

Jmag(HM) = 20 Wg median
ω

(|HM(ω)|− |HCT−PBSID(ω)|)2 (15)

Jphase(HM) = 20 Wp median
ω

(∠HM(ω)−∠HCT−PBSID(ω))2 (16)

Wg = 1, Wp = 0.0175 and HM(ω) is the physics-based model
frequency response at frequency ω (i.e. either HFLB(ω) or
ĤFLB(ω)). The median for this assessment was computed
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Figure 6. Effective gain corrections of on-axis frequency
responses emerging from optimization results. The cor-
rections are plotted as a function of aircraft speed.

over the same frequency range adopted in the optimization. In
order to isolate model fidelity improvements, the ∆J between
the corrected (ĤFLB) and uncorrected (HFLB) FLIGHTLAB
models was computed according to Eq. (17).

∆J = J(ĤFLB)− J(HFLB) (17)

As a result, negative values of ∆J are expected when the
corrected FLIGHTLAB model exhibits improved prediction
capabilities. In addition, in the figures, the ∆J breakdown

Figure 7. Net gain corrections of on-axis frequency re-
sponses resulting from FLIGHTLAB suitable correction
(red line) and optimization results (blue dots).

into magnitude and phase contributions (marked as ∆Jmag and
∆Jphase, respectively, and defined in Eq. (18) and (19)) is also
reported.

∆Jmag = Jmag(ĤFLB)− Jmag(HFLB) (18)

∆Jphase = Jphase(ĤFLB)− Jphase(HFLB) (19)

This model improvement evaluation was limited to the nomi-
nal trim condition associated to each condition, with the aim
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of establishing whether (even on the same conditions used for
model correction) fidelity improvements are to be expected on
the nominal model. Indeed, the outcome of this analysis is rel-
evant (for industrial applications of the model correction) and
unapparent, meaning that the application of the model correc-
tion may still worsen the J metric of the nominal FLIGHT-
LAB model. This may be traced back to various reasons:

• the correction is computed based on a FLIGHTLAB
model representative of the perturbed models bundle
(and not on the nominal one);

• the applied model correction is not the exact one pro-
vided by the optimization, but rather a regression of the
latter (as outlined in Figure 7);

• for off-axis responses, the optimization algorithm may
end up worsening the model prediction capability in fa-
vor of improvements on the on-axis or other off-axis re-
sponses.

Finally, it is worth mentioning that condition 10 was ex-
cluded from this assessment, since (as outlined in Figure 2)
the FLIGHTLAB nominal model turned out to lay outside of
the bundle identified by perturbed models in this condition.

The improvements of FLIGHTLAB nominal models on on-
axis responses (measured in term of ∆J) are reported in Fig-
ures 8, 9, 10, 11, 12.

Figure 8. Improvements of corrected nominal FLIGHT-
LAB model on COL to NZ frequency responses with re-
spect to the CT-PBSID model used for optimization.

Figure 9. Improvements of corrected nominal FLIGHT-
LAB model on LAT to P frequency responses with respect
to the CT-PBSID model used for optimization.

Figure 10. Improvements of corrected nominal FLIGHT-
LAB model on LON to Q frequency responses with respect
to the CT-PBSID model used for optimization.

Figure 11. Improvements of corrected nominal FLIGHT-
LAB model on PED to NY frequency responses with re-
spect to the CT-PBSID model used for optimization.

Figure 12. Improvements of corrected nominal FLIGHT-
LAB model on PED to R frequency responses with respect
to the CT-PBSID model used for optimization.

First, as expected, Figures 8, 9, 10, 11, 12 exhibit numeri-
cally null values of ∆Jphase. This evidence can be traced back
to the fact that no delay corrections were implemented in the
FLIGHTLAB model. As a result, being the delays the only
correction component affecting frequency responses phase,
Jphase remains unchanged.

On the other hand, considering ∆Jmag, it appears from Figure
8 that COL to NZ always undergoes an improvement on cor-
rected nominal FLIGHTLAB models. Also, it appears that
flight conditions 3 and 6 exhibit the most significant model
improvements. These conditions are some of the ones corre-
sponding to the lowest speeds (i.e. 45 and 60 kts, as reported
in Table 1) and associated to the most evident model predic-
tion deficits (Figure 6). Nevertheless, it is worth mentioning
that another low speed condition was included in the fidelity
improvement assessment, i.e. condition 5 at 45 kts. How-

9



ever, while significant improvements are obtained on condi-
tion 3, only limited improvements are obtained on condition
5 (Figure 8). This evidence can be traced back to the fact that
looking at the kCOL · kNZ at 45 kts conditions in Figure 7, the
correction implemented in FLIGHTLAB (red diamond) tends
to be significantly closer to the top blue dot (i.e. optimiza-
tion results for condition 3) rather than the bottom one (i.e.
optimization results for condition 5). As a result, the imple-
mented correction is more effective on condition 3 rather than
on condition 5, since the latter appears to be overcorrected
by the scheduling implemented in FLIGHTLAB. This feature
also stands out on other axes responses and may occur at those
speeds for which multiple, scattered optimization results are
available. Indeed, since J(ĤFLB) is a non-linear function of
the gain corrections, it may happen that the correction imple-
mented in the FLIGHTLAB model undercorrects or overcor-
rects some conditions, also resulting, occasionally, in a dete-
rioration of the model capability to predict on-axis responses.

As per LAT to P, similar conclusions can be drafted. Indeed,
the majority of flight conditions experiences improvements
from the application of the correction, and little to no nom-
inal model prediction deterioration emerges from Figure 9.
Also, the occurrences of minor deterioration (i.e. conditions 5
and 8) can be traced back to the same rationale discussed for
COL to NZ. Indeed, condition 5 at 45 kts suffers the overcor-
rection driven by condition 3 (Figure 7) while condition 8 at
120 kts suffer the overcorrection driven by conditions 1 and
4 (Figure 7). At last, it is also worth observing that the most
significant improvement is observed on condition 6 (60 kts),
the same in which Figure 6 highlighted the most important
prediction deficits for the uncorrected model.

Moving to LON to Q, substantial improvements are measured
on almost all nominal models. In particular, conditions above
90 kts (where the baseline model exhibited the most signif-
icant prediction deficits, according to Figure 6) are the most
positively affected by the model correction. The only occur-
rence of model deterioration is condition 6 (Figure 10). How-
ever, this result can be traced back to the conflicting informa-
tion on kLON · kQ arising from conditions 6 and 10. As out-
lined in Figure 7, kLON · kQ exhibits two blue dots at 60 kts.
However, one is greater than 1 (namely, optimization result
on condition 10), while the other is smaller than 1 (i.e. opti-
mization result on condition 6). The correction implemented
in the FLIGHTLAB model (red diamond in Figure 7) com-
putes a value for kLON · kQ which is greater than 1, driven by
the outcome of the optimization on condition 10. As a result,
condition 6 ends up with a gain correction opposite to the one
computed by the optimizer.

At last, concerning PED to NY (Figure 11) and PED to R
(Figure 12), improvements are measured on the majority of
flight conditions. Indeed, great improvements are reported on
conditions 3 (45 kts) and 4 (120 kts), which also exhibited the
largest prediction deficits according to Figure 6. Also on this
occasion, the minor model prediction deteriorations (present
on condition 5 and 6) can be traced back to the same rationale
discussed for COL to NZ and LAT to P responses.

In conclusion, based on the results obtained on corrected,
nominal condition FLIGHTLAB linear models, it appears that
the implemented correction generally improves the nominal
FLIGHTLAB model prediction capability. It also appears that
the correction is particularly effective on the largest model
prediction deficits. However, when multiple, scattered op-
timization results are present for the same value of the cor-
rection scheduling variable, the corrected model may end up
performing worse than the uncorrected one. Still, it remains
unclear whether this evidence shall be traced back to the un-
certainty of flight experiments, to limitations of the GDCM, to
the choice of the (single) scheduling variable for the correc-
tion implemented in the FLIGHTLAB model or, most likely,
to a combination of all the aforementioned. Hence, further
investigations are required on this matter.
At last, for the sake of completeness, results on the most rel-
evant off-axis responses are reported as well in Figures 13,
14, 15, 16, 17, 18, 19. However, as previously anticipated,
little conclusions can be grasped on off-axis responses, since
on top of all aforementioned considerations, the optimization
algorithm may worsen the prediction capability of a response
in favor of a greater improvement on another one.

Figure 13. Improvements of corrected nominal FLIGHT-
LAB model on COL to Q frequency responses with respect
to the CT-PBSID model used for optimization.

Figure 14. Improvements of corrected nominal FLIGHT-
LAB model on COL to R frequency responses with respect
to the CT-PBSID model used for optimization.

CONCLUSIONS

This work successfully demonstrated the application of a
Gain-Delay Correction Method (GDCM) to enhance the fi-
delity of a complex, physics-based rotorcraft model in a wide
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Figure 15. Improvements of corrected nominal FLIGHT-
LAB model on PED to P frequency responses with respect
to the CT-PBSID model used for optimization.

Figure 16. Improvements of corrected nominal FLIGHT-
LAB model on PED to Q frequency responses with respect
to the CT-PBSID model used for optimization.

Figure 17. Improvements of corrected nominal FLIGHT-
LAB model on LAT to Q frequency responses with respect
to the CT-PBSID model used for optimization.

Figure 18. Improvements of corrected nominal FLIGHT-
LAB model on LAT to NY frequency responses with re-
spect to the CT-PBSID model used for optimization.

range of flight conditions. The primary objective was to es-
tablish a rapid and robust data-driven workflow to reduce the

Figure 19. Improvements of corrected nominal FLIGHT-
LAB model on LON to P frequency responses with respect
to the CT-PBSID model used for optimization.

discrepancies observed between the linearized, physics-based
FLIGHTLAB model and data-based CT-PBSID models of an
AW family helicopter.

The methodology, which optimizes independent gain and de-
lay corrections for each model input and output, was systemat-
ically applied across 11 distinct level flight conditions. A key
finding was that the simple delay correction proved insuffi-
cient for the present application, due to the baseline FLIGHT-
LAB models consistent phase underestimation. On the other
hand, the gain correction returned valuable results; by analyz-
ing the net gain corrections on on-axis responses as a function
of airspeed, clear trends were identified.

Based on these findings, a gain correction scheduled as a
function of airspeed was synthesized and implemented in the
physics-based FLIGHTLAB model. A subsequent fidelity as-
sessment confirmed that, on most occasions, the correction
yielded tangible improvements in the model on-axis responses
correlation with data-based models in the nominal flight con-
ditions. Also, the correction was particularly effective in ad-
dressing the largest FLIGHTLAB model prediction deficits.
However, when multiple optimization results were available
for the same speed, the correction implemented in FLIGHT-
LAB occasionally failed to improve nominal model fidelity.
No straightforward conclusion could be drafted, on the other
hand, for off-axis responses.

The process also underscored the importance of using bundles
of perturbed simulation models to ensure optimization robust-
ness against model discontinuities (as in Figure 2).

While the GDCM does not offer direct physical insight into
modeling deficiencies, its practical value is twofold. First, it
provides a fast and effective mean of improving model fidelity
for critical engineering applications. Second, the identified
correction trends serve as valuable indicators for model devel-
opers, pointing towards specific flight regimes and dynamic
responses where physics-based model improvements are most
needed.

Future work could extend the corrected model validation to
other flight conditions (that were not involved in the optimiza-
tion) and explore more complex correction structures, such as
first-order lead-lag filters, to address the observed phase dis-
crepancies. Furthermore, the insights gained from this anal-
ysis can be of use to guide a more efficient physics-driven
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update of the FLIGHTLAB model.
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