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ABSTRACT LVvDT Linear Variable Differential
Transformer

As part of a contract to upgrade the SH-2G Super MIMO Multi-Input/Multi-Output
Seasprite for the Royal Australian Navy, a hew digital MISO Multi-Input/Single Output
flight control system is being developed by Kaman OEl One Engine Inoperative
Aerospace. In support of this development a  OFT Operational Flight Trainer
comprehensive closed loop model of the aircraft was RADALT Radar Altimeter
developed as an adjunct to flight testing of the new RAST Recovery Assist Secure & Traverse
equipment. This paper covers the identification of the SISO Single Input/Single Output
open loop aircraft plant model using CIFER
(Comprehensive Identification from Frequency Symbols-
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airspeeds (hover, 60 knots, and 100 knots) with a A

common model structure, permitting the derivatives to

unsubscripted or
accelerometer when subscripted x, y, z

be interpolated, at any speed, by a closed loop B Reconstructed boost actuator output
simulation, which is being developed in Cr Thrust coefficient
MATLAB ®/Simulink® and will be optimized with Co Inflow constant
CONDUIT (Control Designer's Unified Interface). eg Hinge offset, Non-dimensional hinge
Allusion to this SimulinR model is made throughout offset
the discussion where appropriate. Fo.1s.1c,p Control deflection feedback input
measured at the ASE LVDT
NOMENCLATURE L Derivative for specific rolling moment
Lf Derivative for roll axis flapping moment
Acronyms- m Aircraft mass
AFCS Automatic Flight Control System M Derivative for specific pitching moment
ASE Automatic Stabilization Equipment Mf Derivative for pitch axis flapping
BARALT Barometric Altimeter moment
CIFER® Comprehensive Identification  from N Derivative for specific yawing moment
Frequency Responses p Fuselage roll rate (+ right wing down)
CMRB Composite Main Rotor Blade q Fuselage pitch rate (+ nose up)
CONDUIT Control Designer’s Unified Interface r Fuselage yaw rate (+ nose right)
CRDA Cooperative Research & Development R Rotor radius
Agreement Ry Total collective control deflection
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INTRODUCTION

Kaman Aerospace is currently developing an
Automatic Flight Control System (AFCS) for the
SH-2G(A) configuration of the SH-2G for the Royal
Australian Navy. The AFCS, which will replace the
Automatic Stabilization Equipment (ASE) amplifier,
is part of a comprehensive upgrade of the SH-2G’s
avionics. The AFCS will incorporate the ASE
stabilization functions of the existing U.S. Navy
SH-2G and the coupled hover, automated approach to
hover, and automated depart from hover functions
which were added for the Egyptian Navy SH-2G(E).

In addition to the avionics upgrades, the SH-2G(A)
will be fitted with the new Composite Main Rotor
Blade (CMRB), the RAST deck securing and

traversing system, and flotation gear, as well as new
weapons options.

Kaman has previously developed analytic models for
the SH-2F configuration with the vertical/longitudinal
dynamics uncoupled from the lateral/directional
dynamics. Two comprehensive, full-envelope,
nonlinear simulation models of the SH-2F were also
developed in support of the U.S. Navy
NAVTOLAND program and are referred to in the text
as the “STI” model and the “NASA” model,
respectively. Tables of six degree-of-freedom (dof)
perturbation derivatives for a range of speed
conditions are listed in References 1 and 2. There are
significant differences between the latter two models
for the key control and response derivatives. More
importantly, there are significant discrepancies in the
ASE-off dynamic response comparisons between the
simulation model and the flight test data (Ref. 2).
Therefore, it was necessary to create a higher fidelity,
fully coupled model of the SH-2G to support the
AFCS development task. Overall program objectives
dictated that the AFCS development team identify the
lowest cost-risk and schedule-risk approach to
meeting its goal. Among the options considered, the
selected development plan included:

1. Identification of a robust, fully coupled dynamic
model of the aircraft plant, across the airspeed
flight envelope, using CIFER (Ref. 3) with
cooperative participation by the U.S. Army
Aeroflightdynamics Directorate (AFDD) at Ames
Research Center;

2. ldentification, from flight test data, of SISO
transfer functions for the existing Boost hydraulic
actuators and MISO transfer functions for the
ASE actuator responses also using CIBERhe
boost and ASE actuator designs will remain on
the SH—2G(A) configuration);

3. Incorporation of the CIFERderived state space
model and actuator transfer functions into a
MATLAB ®/Simulink® simulation of the planned
control-law topology for the AFCS;

4. Optimization of the AFCS gain parameters and
evaluation of the design for handling qualities
specification compliance using the CONDUIT
designer’s tool (Ref. 4) with CRDA (Cooperative
Research and Development Agreement)
participation by AFDD.

This paper covers the work associated with items 1
and 2, the flight testing program and CIFER
identifications.



SH-2 BACKGROUND

Type History- The H-2 series helicopter (Figure 1),
manufactured by Kaman Aerospace Corporation, has
a unigue history, which makes it an interesting subject
for identification with CIFER. Originally designated
the UH-2, and later the SH-2, the basic airframe
design has been in the U.S. Navy fleet for over 30
years and has undergone many modifications and
upgrades (see Table 1). Kaman is currently delivering
SH-2G(E) models to the Egyptian Navy and is
developing the SH-2G(NZ) model for 2000 delivery
to the Royal New Zealand Navy and the SH-2G(A)
model for 2001 delivery to the Royal Australian
Navy.

Servo-Flap Control- Most notable among the H-2
series’ features, interesting from a handling qualities
standpoint, is the unique servo-flap method of main
rotor control (Refs 5 and 6).The fully articulated
rotor consists of four torsionally soft blades mounted
with very soft feathering springs at their root ends.
There is no swashplate or pitch horn connection to the
fuselage. Instead pilot stick motions are transmitted
through a small diameter, lightweight azimuth bearing

Figure 1. The U.S. Navy Version of the SH-2G.

and actuate spanwise tension rods, which run out
blade afterbody tunnels to servo-flaps mounted at
approximately three-quarters radius (See Figure 2.).

Table 1. SH-2G Basic Physical Characteristics

Gross Weight 13,500#
Empty Weight 7600#*

RPM 208.1

MR Diameter 44.2 ft

TR Diameter 8 ft
Engines Twin GE T700-401
Cruise Speed 120 kts*
HIGE/HOGE 20,800 ft/18,000 ft*

*Quoted fromVertiflite, AHS International Directory,
1998

The flaps are separate airfoils riding aft of the blade
trailing edge. They produce pitching moment
changes, which impel the main blade to free-fly
against the feathering spring to achieve aerodynamic
equilibrium, thereby producing the desired collective
and cyclic blade lift. This method provides a crisp
and responsive control on a stable platform with very
low vibration. The low control forces permit the



helicopter to be flown easily with or without
hydraulic boost.

Automatic _Control _Augmentation History- In

addition to the non-flight-critical boost, control
augmentation on the SH-2 in its traditional U.S. Navy
design has relied upon an analog Automatic
Stabilization Equipment (ASE) amplifier
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Figure 2. The Kaman Servo-Flap Installed on CMRB

the boost and introduce an additive signal which
mixes, via mechanical linkage, with the pilot’s input.
The ASE exerts a displacement authority of
approximately 22% in the pitch and yaw channels and
approximately 44% in the roll channel. In the
collective channel the ASE utilizes the boost actuator
itself, exerting 100% authority. It is a mature design
that has seen a favorable reception in 30 years of fleet
service and thus has remained largely unaltered
throughout most of its history.

The pitch and roll channels each provide a choice of
basic attitude hold or groundspeed hold, while the
yaw channel provides heading hold and coordinated
turn control. The collective channel provides option
for BARALT or RADALT hold. An additional
“lateral coupler” function was later added to improve
the ASE characteristics at certain high speed
conditions. For the Egypt design, a digital hover
coupler function, an automated approach-to-hover,
and an automated depart-from-hover were added as
augmentations to the basic analog ASE to meet the
customer’s requirements.

The SH-2G(A)- The Australia design starts with the
proverbial clean sheet of paper and implements all the
functions of the basic ASE and Egypt additions as a
digital Flight Control Computer integrated with the
Integrated Tactical Avionics System (ITAS). The

original ASE was designed for a single-engine, 9500
Ib gross weight aircraft. The present SH-2G is a
13,500 Ib gross weight evolution which has seen two
new main rotor designs, the newest being the
Composite Main Rotor with significantly improved
performance; and has seen two engine upgrades, the
latest being twin T700’s with sufficient power to
permit continuous-power OEI hover.

Although the ASE control laws have continued to
perform well throughout these evolutions of the base
aircraft, it is anticipated that application of the

identification and simulation tools described here will

provide the opportunity to fine-tune the parameters of
the new AFCS and improve the handling qualities of
the evolved aircratft.

CIFER® SYSTEM IDENTIFICATION
TECHNIQUE

The CIFER frequency-domain system identification
method and software tool is described in detail in
Reference 3 and shown schematically in Figure 3.
This section provides a brief overview of the
approach, with key software elements indicated in
parentheses. The method starts with the collection of
piloted frequency-sweep flight data for each control
axis (Ref. 7). The frequency range of excitation for
this flight mechanics and handling-qualities
application is about 0.3-12 rad/sec.

Highly accurate frequency-responses for each
input/output pair are determined (FRESPID) using a
Chirp—Z transform for a range of spectral window
lengths that covers the full frequency range of
interest. Then, the multi-input/multi-output frequency
response matrix is determined (MISOSA) for each
spectral window, taking into account the multiple
control inputs that are present and partially correlated,
which is the case for most flight test data. The results
for the spectral windows are combined using
numerical optimization (COMPOSITE) to create a
highly accurate MIMO frequency response database
with associated coherence functions for each response
pair.

Transfer function modeling (NAVFIT) is used to
determine simple parametric models of isolated
elements like actuators or to analyze the underlying
characteristics of dominant response pairs prior to full
state-space identification.
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Figure 3. Frequency Domain System Identification Process

State-space model identification (DERIVID) is
accomplished by fitting a coupled set of differential
equations (up to 4Dorder) to the complete MIMO
frequency-response database. The “model structure,”
which refers to the form of the equations of motion,
choice of parameters to be defined, and constraints
enforced among the parameters, is completely general
and is defined by the user in DERIVID.

A sophisticated secant pattern-search method adjusts
the selected free parameters to minimize the
magnitude and phase errors between the identified
model and the flight data frequency responses. Then
an identification accuracy analysis is conducted to
determine  parameter insensitivity, = parameter
confidence, and multi-dimensional correlation by
numerically linearizing the optimized solution with
respect to perturbation changes in the parameters’
values. Based on these results, the model structure is
systematically reduced (a process called “model
structure determination”) until the minimum
necessary number of parameters are retained, thereby
ensuring a highly robust final identification model.

Finally, the predictive capability of the model is
evaluated (VERIFY) by comparing the time response
of the identification model with the flight data for
flight records not used in the identification process.

FLIGHT TEST PROGRAM

Instrumentation- An SH-2G, leased from the U.S.
Navy, was used for a number of pre-prototype flight
tests. As such, modifications were made as required
to make the aircraft representative of the SH-2G(A)
configuration. The aircraft was heavily instrumented
to support a variety of different tests including the
CIFER® requirements and OFT simulator data
collection. This instrumentation included the basic
CIFER® package of tri-axial body accelerometers, tri-
axial rate gyros, pitch and roll attitudes, and pilot stick
position measurements. Doppler velocities were also
recorded for direct speed measurement but were later
found to be of inadequate quality to serve in the
identification and were not used.

In addition to the basic pilot stick positions, LVDT
measurements of the response of the four ASE
channels were recorded as were string pot
measurements of the summed controls as they enter
the azimuth bearing.

Flight Execution- For CIFER flight testing, the
aircraft was fitted with the new-design CMRB rotor
and was flown through a standard battery of
frequency sweep maneuvers, described in Reference
7. The targeted frequency range for the sine sweeps,
chosen based upon the intended bandwidth of the
AFCS, was from roughly 0.05 Hertz to 2 Hertz on




each stick. The pedals were limited to about 1.25
Hertz by dampers built in to the airframe.

A complete battery of sweeps was performed at each
of three trimmed airspeeds: hover, 60 knots, and 100
knots. Each sweep was repeated a minimum of three
times to attain good statistical smoothing and ensure
coverage of the spectral range. In addition, each
sweep maneuver was followed by a verification
doublet in the same axis for later use in gauging
model robustness.

The longitudinal and lateral sweeps were performed
with the ASE engaged. This both assisted in
controllability and provided information for ASE
characterization. Pedal and collective sweeps were
performed with the ASE off, as it was determined that
isolation of bare airframe characteristics in those axes
was compromised if sweeps were done with the ASE
engaged. All sweeps were done with the optional
hydraulic boost engaged. This provided a differential
measurement to identify the second order dynamics of
the boost hydraulics.

The sweeping techniqgue employed was the standard
method recommended in Reference 7, beginning with
two complete cycles of the long period input followed
by a smooth progression, up to the maximum
frequency, spread to fill a ninety second total record.
Pilot and copilot took turns performing the sweeps to
provide the statistical benefit of different execution
technique. In either case, the acting copilot provided
coaching, calling out the quarter-periods for the long
cycles, marking milestones in the passage of the
ninety second records, and giving the principal two
Hertz knock-off call. A sample time history of one of
the longitudinal hover sweeps is shown in Figure 4.
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Figure 4. Sample Time History: Pilot Stick Inputs,
Longitudinal Sine Sweep in Hover

DATA ACQUISITION & REDUCTION

On Board Acquisition- The data acquisition system
on the SH-2G performs digital sampling of up to 240
parameter channels at a rate of 500 Hertz. Real time
telemetry enabled the engineering ground crew to
monitor key parameters on a sixteen-channel strip
chart recorder and provide additional commentary or
knock-off calls to the flight crew as necessary. To
reduce RF noise and data dropout and to avoid
occasional signal loss-of-lock on the up-and-away
flights, primary identification data was captured on
onboard media for retrieval after the flight.

Controls Nomenclature- Measurements of control
inputs were made on the roof linkages, just upstream
of the azimuth bearing. These represent the direct
mechanical input to the rotating system and were used
for the identification of the aircraft state space matrix.
These Roof” measurements are referred to R,

Ric, Ry, and R,.  Control measurements were also
made at the pilot sticks and at the ASE actuator
LVDT’s. The pilot stick measurements are referred to
as 05, 01, &, andd, while the LVDT ‘Feedback”
measurements are referred toFas Fi., F,, andF.

Due to the unique nature of the collective ASE
channel R, andF, are one and the same measurement
and are used interchangeably here. The arrangement
is shown in Figure 5.
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Figure 5. Control Inputs, General Arrangement

Data_Reduction- CIFER® was run on a dual
processor Silicon Graphics Octane Workstation.
Frequency responses were calculated for all of the
flight tests. In some cases up to seven good time
histories were available for statistical concatenation,
but in no case were less than three used. The 500
Hertz sampling rate of the data acquisition system




provided many more points than were necessary and
too many to permit the desired record concatenation.
Therefore the sweep time histories were pre-
decimated to 125 Hertz by an external routine. This
size database made for high information content and
good coherence coverage for each of the primary
transfer functions. Five Fourier windows were used
(40, 35, 30, 20, and 10 seconds) and combined, by
CIFER®, for optimal spectral power throughout the
frequency range.

During the data reduction process (FRESPID,
MISOSA, and COMPOSITE) it was determined that
the longitudinal and lateral sweeps done in hover had
poor coherence at low frequency. The problem was
traced to the action of the ASE in suppressing the
pilot's primary input at low frequency and adding
significant amplitude in the cyclic off-axis. The result
was that the final mixed input going to the rotor for
the longitudinal sweeps was a “textbook perfect”
longitudinal sweep at mid to high frequency but
looked more like a lateral sweep at low frequency.
The converse was true for the lateral sweeps. By
concatenating a few lateral sweeps to the basic three
longitudinals so that CIFERwould see them as all
longitudinal sweeps, the low frequency coherence was
significantly improved without compromising the mid
and high frequency coherence. The same technique
also worked effectively for the lateral sweeps. This
was necessary only in hover, as the problem did not
appear for the up-and-away cases.

ACTUATOR MODEL FORMULATION

Approach- The NAVFIT utility in CIFER® was used

to identify the characteristics of the longitudinal boost
actuator. From the measured quantities in Fig. 5 this is
seen to beRy;s — CGF19/ds , where G is a known
mechanical gain expressing the linkage ratio between
Ris andFi, Transfer functions were obtained for the
lateral, pedal, and collective boost channels as well.

MISO transfer functions for F.4d, were extracted
with NAVFIT to identify the characteristics of the
longitudinal ASE closed loop behavior, lumped with
the aircraft plant. Similar transfer functions were
obtained for the lateral and pedal ASE channels. No
such identification was performed for the collective
channel, as the process is identical to identifying the
boost transfer function (see Figure 5).

Boost Actuator Models- Accurate models of the
boost actuators were desired for later use in the
Simulink® model being developed for optimization
with CONDUIT. To achieve this goal some of the
sine sweep flight records were used to identify second
order SISO transfer functions for each of the

hydraulic boost actuators. Since the roof
measurements were taken at a location prior to any
mechanical cross-mixing among the channels, each
individual actuator could be identified separately as a
true single input/single output system. T&epilot
command time histories were supplied to FRESPID,
as “inputs.” For the ASE—ON longitudinal and lateral
sweeps, the corresponding “outputs” supplied to
FRESPID were composite signals made by
subtracting the appropriately gained LVDT
contribution from the roof measurements. The gains
are known, fixed mechanical ratios. For the ASE-
OFF pedal and collective sweeps the roof signals
were used directly.

Frequency responses were computed using a different
mix of Fourier windows from those used for the state
space model of the aircraft plant. The frequency
responses were calculated out to higher frequencies in
order to capture as much high frequency activity of
the actuator as was available. To reflect this, shorter
windows were used, i.e., 20, 10, 5, 2, and 1 seconds.
Second order transfer functions of the form:

B,/ _ K
O S+ ws+w?

1)

where B, is the reconstructed boost actuator
deflection, were identified with the NAVFIT utility in
CIFER®. The results are summarized in Table 2.
Transfer function magnitudes, phases, and coherences
are presented in Figures 6 through 9, showing the
comparison with flight test results. The results match
very well over the coherent frequency ranges. As
expected, actuator natural frequencies are in the 10 to
16 Hertz range. The yaw channel shows super-critical
damping, as expected, due to the large viscous
dampers built into the airframe. Similarly, the
collective is super-critically damped due to the
friction damper. It is understood that the natural
frequencies are to be considered approximations only,
due to the lack of coherent data at higher frequency.
However the identified transfer functions fit very well

in the range desired for the Simulfhinodel.



Table 2. Boost Actuator Transfer Functions

Channel [ Trans. Function Cost W Hz
[Figure Key] [ss Gain] [

Pitch (RisC1F19/01s 1.79 16.1
[Figure 6] [1.007] [0.869]

Roll (RicCoF1)/d1c | 6.65 16.4
[Figure 7] [1.007] [0.835]

Yaw R/& 14.06 13.6
[Figure 8] [1.058] [1.56]

Vertical | Ry/& 2.96 10.67
[Figure 9] [1.063] | [1.34]
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Figure 6. Longitudinal Boost Actuator Identification
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Figure 8. Yaw Boost Actuator Identification
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Figure 9. Collective Boost Actuator Identification

Closed Loop ASE Characteristics- A similar
approach was taken to identify the ASE
characteristics. The direct LVDT measurements were
supplied to FRESPID as outputs. The inputs were the
pilot stick inputs for each sine sweep maneuver. A
data reduction approach similar to that for the state-
space model preparation was taken. That is, the
longitudinal sine sweeps were used for dhgprimary
input with MISOSA conditioning applied to the off-
axis channels, and similarly for the other sweeps.
This approach does not permit isolation of the ASE
alone, but allows identification of everything between
the pilot stick and the single output LVDT position
feedback of the ASE output piston. The result is a
SISO transfer function which lumps the aircraft
dynamics affecting the ASE response with the ASE
amplifier and ASE hydraulic actuator. This
represents the practical, in-situ performance of the
actuator, although it cannot be isolated by this
method.

The value of the approach is in later gauging the
performance of the Simuliffikmodel loop closures
against the existing analog hardware. The primary
Simulink® model is constructed in the usual way by
wrapping the CIFER derived state-space model of
the aircraft plant with loop closures representing the
control laws and switch networks of the ASE. The
SISO transfer functions derived here will be run in a
parallel loop, separate from the aircraft modeling,
which directly transforms pilot stick inputs to LVDT

outputs for comparison with the LVDT outputs of the
wrapped aircraft model.

Transfer functions analogous to Equation 1 were
identified for the hover condition and are summarized
in Table 3. Magnitude, phase, and coherence for each
of the responsive pairs are compared with flight test in
Figures 10 through 12, which are cross-referenced in
Table 3. In hover, there was no coherent response in
any channel due to collective stick inputs, therefore
no identification is performed for this sweep.
Conversely there was no coherent response of the
collective ASE due to pedal input or either cyclic
stick input. Therefore no identification is performed
for these combinations either.

Table 3. ASE Performance Transfer Functions

SISO Pair Cost s.s. Gain
[Figure Key] [Z] [(.0] Hz
F1ddis 48.38 0.9941
Figure 10a [1.002]] [0.597]
Fi1ddis 40.62 0.454
Figure 10b [0.251]] [0.927]
Fo/Ois N/A N/A

No Response N/A N/A
Fo/dis N/A N/A

No Response N/A N/A
F1dd1c 88.33 0.6411
Figure 11a [0.727]] [0.432]
F1d01c 284.8 0.7653
Figure 11b [0.454]| [1.116]
Fo/O1c 16.03 0.0609
Figure 11c [0.333][ [0.745]
Fo/d1c N/A N/A

No Response N/A N/A
Fidd N/A N/A

No Response N/A N/A
Fid o, 20.28 0.2252
Figure 12a [0.351]] [0.877]
Fo/& 37.79 0.5775
Figure 12b [1.052]] [0.721]
Fo/& N/A N/A

No Response N/A N/A
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Figure 10a. Longitudinal ASE Channel Response to
Longitudinal Pilot Stick
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Figure 11a. Longitudinal ASE Channel Response to
Lateral Pilot Stick
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Figure 11b. Lateral ASE Channel Response to Lateral
Pilot Stick
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Overview- A MIMO state-space model of the SH-2G

was required to support applications to: handling-
qualities, flight control, and piloted simulation. For

these applications, the selected identification model
structure must include the key dynamics in the
frequency-range of about 0.3-12 rad/sec. Another
important requirement was for a common model
structure that would suffice for all three identification

flight conditions that span the SH-2G flight envelope.
Having a single model structure facilitates the
interpolation of the identification parameters with

airspeed which is useful for flight control design at
intermediate conditions, and for implementation in a
continuous, full-envelope, piloted simulation (e.g.,

Ref. 8).

The important dynamic characteristics in the
frequency range of interest are coupled
fuselage/regressive-flap dynamics (8 dof) and coupled
coning-inflow dynamics (2 dof). These comprise the
10 degrees-of-freedom (13 states) that need to be
included in the identification model structure:

x{juvwpared g B v B B
(2)
Lead-lag dynamic coupling is visible in the roll

response but is well damped, and was not included in
the model at this point.



Kaletka and Von Grunhagen (Ref. 9) included
coupled fuselage/regressive-flapping dynamics in the
identification of an 8 dof dynamic model of the
BO-105 for high-bandwidth  flight  control
applications.  Tischler and Cauffman (Ref. 3)
introduced the “hybrid model” concept for identifying
coupled fuselage/regressive-flapping dynamics in a
physically consistent model structure as an extension
of the “primary analysis model” of Heffley (Ref. 10).
This concept was further developed in CIFER
identification studies of the OH-50D (Ref. 11) and
UH-60 (Ref. 12) helicopters and was adopted herein.

The hybrid model structure for the pitch and roll
degrees-of-freedom combines a physical model of
coupled fuselage/regressive-flap dynamics, accurate
in the mid-high frequency range (1-12 rad/sec), with a
guasi-steady stability derivative (“lumped parameter”)
model for accurate low-frequency dynamics
modeling. The inclusion of explicit flapping
dynamics takes the place of all of the conventional
“lumped” quasi-steady rotor derivatives associated
with control inputs and angular motiob;, Lg, L

X, Xg etc.,, which are dropped. This hybrid
formulation is much more accurate than the standard
six degree-of-freedom model formulation, and is
physically consistent by avoiding “double-booking”
the rotor dynamics effects.

An analogous hybrid modeling approach for the
vertical response combines a physical parametric
model of coupled coning/inflow with a stability
derivative (quasi-steady) model for the conventional
heave dampingZ,) and the other fuselage degrees-
of-freedom.

Hybrid Model Formulation- The following coupled
regressive-flapping rotor dynamics can be derived
from the complete tip-path plane dynamics given by
Chen (Ref. 13), by ignoring translational degrees of
freedom:

T Bjs = _Bjs + Lf[}chlc T pt LlesRs + LlecR.c

Ty Bm =B+ MfﬁlsB]s +7,q+Mf R, + MR,
©))

where the rotor flap time constant, can be defined
from the hinge offset and effective Lock Number
(Ref. 10):

1_yQp_se
5 16B 5 4)

The effective Lock Numbery”, is determined from
the geometric Lock Numbem;, and the inflow ratio

U,, to account for the quasi-steady influence of
dynamic inflow (Ref. 14):

s__ Y
y =——— (%)
14 20

160,

The rotor flap time constant is left as a free parameter
in the identification, although it is constrained to a
single common value in both the longitudinal and
lateral flapping equations.  Similarly the rotor
dynamics cross-coupling termisfs;. and Mfg;, have
analytic expressions and constraints in terms of the
Lock Number, but much recent experience has shown
that these ideal expressions yield very poffiragis
prediction (Ref. 15), as is apparent from off-axis
response correlation of the SH-2F analytical
simulation model (Ref. 2). Therefore these are left as
free and unconstrained identification parameters. The
on-axis control derivatived,fzi. and Mfgr,5 are the
principal longitudinal and lateral servo-flap gains.

The rotor is coupled to the fuselage through the rotor
flapping spring termd g5 and Yg,s for the roll and
lateral degrees-of-freedom amdh;. and Xg; for the
pitch and longitudinal degrees-of-freedom:
u=-W,q+V,r —gcos9,0 + X,u+ X v+
(6)
XWW+ er +XBlclBlc + X R + XROR)

Rp" 'p

v=-Uysr +W,p+gcosOp+Yu+YVv+Y,w+
Yp p +Yrr +YBlsBls +YRpRp +YR0R.)

()
p=Lu+Lyv+Lw+Lr+ ©
8

LBlsﬁls + LRpRp + LROR.)
g=Mu+My+M w+Mr + ©
9

Mﬂlcﬁlc + Mg R, + MRORO

Rp’ 'p

It is important to note the absence of the conventional
quasi-steady rotor moment derivatives,, (L, M,,
Mg), quasi-steady rotor force derivatives,,(X;, Yg)
and quasi-steady rotor cyclic control derivativeg
Lric Mris Mric, Xris Xric Yris Yrid-  This model
structure: (1) ensures that the rotor control response
and angular rate response effects are correctly
captured in the explicit rotor equations; (2) improves



model robustness by minimizing parameter
correlation; and (3) achieves identification values that
are physically meaningful. The quasi-steady force
derivative Y, is retained to account for tail rotor
effects.

The force springs are constrained:

YBls = _X Bac (10)

as would be expected from physical considerations,
but the numerical value, theoretically equal to ¢
(=32.174) is left as an identification parameter
because of the uncertainty in the exact location of the
vertical center of gravity.

Coupled Coning-Inflow Dynamics- The vertical
response to collectivew(R,) is dominated at low
frequency (below 1 rad/sec) by the first-order heave
damping characteristicWRy, = Zgo/(sZ,), With
typical values ofZ, = =0.1. At mid/high frequency
(1-12 rad/sec), the influence of the heave damping
mode is essentially negligible, and the vertical
response is dominated by a lead term (a transfer-
function zero) associated with the dynamic inflow. At
higher frequencies the vertical response is dominated
by the second-order coning dynamics, which exhibit a
natural frequency of about 1/rev (31.2 rad/sec). Chen
and Hindson (Ref. 16) have developed analytical
models for the coupled inflow/coning/heave
dynamics. By ignoring the aircraft heave motion, a
very simple physical model of coupled inflow/coning
response is obtained that is quite accurate at mid and
high frequencies (above 1 rad/sec). The inflow
dynamics equation may be written as:

. _ =751 Q ag _
VST E?5'+ 16 @cou

25mMQ R ao .
_ + — +
32 Q’_" 8 @Cf’ﬁ"

" VBDT"
251 Q2 R [Qao
—B— K,R
32 08 @30 o ™o
(11)
where
T
U,=.%C and = (12)
0 % TO CTO pITRZ(QR)Z

As introduced by Chen (Ref. 16), the consté@jt
allows for the selection of either the Pitt-Peters theory
inflow time constant (61.0) or the Carpenter-
Fridovich theory time constant {0.639). The
control gainKy transforms collective servo input to

effective blade root pitch angl€y. With servo-flap
control, such as on the SH-2, the blade rigid-body
pitch angle8,, is not a directly controlled parameter
but rather is free to pitch so as to maintain
aerodynamic equilibrium. The static change in blade
pitch with change in servo-flap deflection is thus
accounted for in the identification parameter K

The coning dynamics, ignoring the influence of hinge
offset, are expressed as a second-order differential
equation:

. =Qy . Q Q?
B, :Tyﬁo _Qzﬁo _67;/”+TVK9R0

(13)

resulting in two states, coning angs and coning
rate 3, .

Finally the coning/inflow dynamics are coupled to the
fuselage through the thrust coefficient @nd the
aircraft masam, to achieve a hybrid model structure
for the vertical dynamics:

w=-V,p+U,q+Zu+Zv+Z w+Z p+Z.q+

- prR(QR)

Zr+
m

Cr +ZpsRs + Zp e Re + 25 R,
(14)
where the thrust coefficient is given by (Ref. 16):

0.543
C.C, = U+—2Cu+
OCF QZR QR 0

4p, 40, . .
C
30 o3

(15)

Note here again the absence of the quasi-steady
collective control force derivativ&g,, from Equation
14.

Yaw Dynamics- The yaw degree of freedom follows
the standard quasi-steady form:

r=Nu+NyVv+N,w+N p+Nq+Nr+

NRlsRls + NRlchc + NRpRp + NROR)
(16)

where we have ignored the torque/RPM dynamics for
simplicity. This simplification causes some loss of

accuracy, especially for predicting the coupled yaw
rate response to collective inputs. In an identification
model study of the UH-60, Fletcher has shown (Ref.
12) that accurate prediction of the response coupling
requires a complete representation of torque, RPM,
and engine governor dynamics in the model structure.



This level of modeling complexity was judged beyond
the requirements of the AFCS development task.

Forward Flight- The hybrid model structure is

unchanged for the forward flight conditions. The
fuselage aerodynamics contribute significantly to the
quasi-steady terms in Egs. 6-9, 14, and 16. The
horizontal tail also contributes an aerodynamic
damping moment derivativavig), that is absorbed as

an incremental increase in the effective rotor moment

spring constantsAM 5, = (M), / 7. This

term can only be independently identified when rotor
state measurements are available (Ref. 17). There is
an associated increment to the rotor force springs due
to horizontal tail force contributionsXfn . The
coefficients of the small-perturbation equations for
the coning and inflow dynamics were re-derived for

forward flight, and the resultingﬁO coefficient in the

inflow equation (Eq 11) was included as a free
identification parameter (VBDT, see Eq. 11).

DERIVID Setup- A characteristic of the CIFER
approach is that the frequency range of each
input/output pair can be individually selected based
on its associated accuracy (coherence) without
dependency on the choice of model structure.
Frequency-response pairs are eliminated from the
DERIVID model structure if the response at that
particular flight condition does not exhibit a useful
range of information content as evidenced by the data
coherence. The frequency-responses included in the
DERIVID hover model structure definition are
indicated in Table 4 by asterisks (*):

Table 4. Freq. Responses Used in Hover Model

Ris Ric Rp Ro

u * * *

V] * * *

W *

p * * *

q * * *

r * *
AX * *
A * * *

A, *

The response/R;. was deleted, although it exhibits a
limited frequency range of acceptable coherence. A
detailed CIFER analysis showed that the model
structure, which excludes torque dynamics, was not
capable of simultaneously matchim{R,., r/R, and
r/Ry,. Examination of th&,. doublet response showed

that the excitation of yaw rate was minimal, and
therefore the/R;. frequency response was deleted.

Analogous tables were constructed for the 60kts and
100kts flight conditions.

State-Space Model Structure Determination-The
frequency-responses omitted from the DERIVID
problem setup in Table 4 have low coherence for the
entire frequency range of interest, which reflects that
these response pairs have negligible significance in
the hover flight data. In other words$,the aircraft
response were excitetlis would be evidenced by a
frequency response with good coherence (>0.6) over
part of the frequency range. Therefore, the associated
model parameters must also be dropped (fixed equal
to zero) in the identification structure to ensure that
the extracted model will also exhibit null responses
for these input/output pairs.

For example, thew/R;s flight data response was
omitted from the hover model because it did not have
coherence over any significant part of the frequency
range of interest. Therefore, the derivatives
associated with the controR{) and the dominant
response to this contro) are dropped from the
hover model structure in this cagks= Zq= 0. This
process is continued for each deleted response in
Table 4 to achieve an initial model structure for
hover. This process allows a substantial reduction in
the initial model structure and is a key advantage of
the CIFER frequency-response approach.

Hover flight condition- The initial hover model
structure was converged to a least-squares cost
function of 69.3, which is considered an excellent fit.
The identification results clearly showed that the
Carpenter-Fridovich value for the inflow constant
(Cy=0.639) provided the best fit of the flight test data
at hover (and forward flight), and was subsequently
fixed at this value. This agrees with the findings of
previous researchers (Ref. 16).

In the next step of the identification process, the
parameters with the highest insensitivities (>~10%)
and highest Cramer-Rao bounds (>~20%) were
systematically eliminated one parameter at a time,
reconverging at each step, until a final model was
achieved. The final hover identification results are
listed in Table 5, beginning at the end of the paper
following the “References” section.

The theoretical value for the rotor time constant is
obtained from Eqgs. 4 and 5 based on the SH-2G
geometric characteristics:

T theoretica= 0.206 sec (18)



which agrees very closely with the identified value for
the SH-2G. The theoretical value flapping spring for
the SH—2F configuration is given by Heffley (Ref. 10)
based on an assumed inertia:
Lps= 25.4 rad/sétrad (19)
which also agrees well with the CIFERJentification

results. The ratio of the pitch and roll flapping spring
terms:

Lpss/M | = 2.9 (20)
is the SH-2G ratio of pitch to roll moment of inertia
and corresponds to the estimated value for the aircraft

of 2.57. The flapping force spring¥gf. andYp;y are
nearly equal to the gravity constant, as expected.

Table 6 presents the eigenvalues associated with the
hover model. The heave and yaw responses are first-
order and are dominated by the associated damping
derivatives Z, and N,, respectively). The low-
frequency longitudinal translational dynamics exhibit
unstable first order characteristics, reflecting the
unstable longitudinal speed stability derivatihé, (<

0). The Ilateral dihedral stability has a stable
characteristic l(,< 0), which contributes to the stable
lateral phugoid oscillation mode. The dominant
roll/lateral flapping (and pitch/longitudinal flapping)
dynamics are represented by well-damped second-
order systems, and thus cannot be modeled accurately
in a classical 6 degree-of-freedom model structure.
Finally, the coning mode frequency is 0.9/rev, which
is reduced from the 1/rev frequency due to the
influence of the inflow dynamics. This follows the
analytical results of Chen and Hindson (Ref. 16).

Table 7 presents a direct comparison of the
identification results with the 6 dof (quasi-steady)
simulation models of References. 1 and 2. The
identification values listed are the quasi-steady
derivatives obtained by numerically reducing the
flapping and coning dynamics to quasi-steady form.
While in many cases there is reasonable agreement
between one or the other of the simulations and the
identified model, there is no consistent trend as to
which of the two simulation models gives the more
accurate prediction.

One noticeable aspect of this comparison in Table 7 is
that the heave damping is significantly overestimated
by both simulation models. This is a failure in
momentum theory that has been consistently reported
in rotorcraft flight mechanics studies (e.g., Ref. 16,
18, 19, 20). Houston (Ref 20) has conducted wind
tunnel measurements, flight tests, and system
identification modeling in a comprehensive study of

this problem. This study concluded that the
conventional simulation theories do not capture the
influence of unsteady wake aerodynamics and blade
flexibility that are the source of the low simulation
value forz,,.

Another noticeable aspect of the identification results
is the pitch-roll response coupling of the SH-2G rotor
as evidenced by the coupling derivative ratios. For a
given pitch rate ), the resulting roll acceleration
exceeds the pitch acceleration L{\|=1.1),
indicating a large roll response coupling to pitch
inputs as is typical for most helicopters. The pitch
response coupling ratios for the SH-2G are:

M, /L,[=025andM,/M =073 (1)

which would not be expected for the small hinge-
offset of the SH-2G&£3.1%) based on a comparison
with other helicopters for which hover identification
data is available (e.g., Refs 12, 21, 22, and 23). The
My/L, response coupling ratio is nearly double the
value for the high hinge-offset BO-108-(02%), and
would appear to be due to the unique characteristics
of the servo-flap control system.

Figure 13 compares the frequency responses of the
identified model with those of the NASA simulation
model (Ref. 2). Equivalent time delays are included
in the (6 dof) simulation models to approximate the
identified rotor time constant and pedal and collective
input delays and to provide a more fair comparison of
results. The identified model responses are seen to
track the hover flight data very closely as is expected
from the low overall identification cost function
(<100). The responses of the NASA simulation
model shown in the figure exhibit considerable
discrepancies as can be quantified in the comparison
of frequency-response error cost functions in Table 7.
These results confirm the need for a more accurate
linear model for flight control applications than is
available from the previous simulation models.

Identification Results for 60kts and 100kts-The
identification process for 60kts and 100kts closely
followed the hover approach detailed above. One
aspect of the forward flight identification was the high
insensitivity of the speed damping derivati¥g,, due

to the lack of sufficient low frequency longitudinal
response data content. Therefore, the Reference 1
simulation values were fixed in the identification for
60 kts and 100 kts.

Table 8 compares the identification results for all
three flight conditions. The average cost functions are
less than 100 for both forward flight conditions, again



indicating excellent fit of the identified model to the
flight data.

There are generally quite smooth trends of the
identification parameters with airspeed. This is seen
for example in the monotonic increase in the rotor
spring parametersLgs and Mg which reflect
increasing rate damping with speed, and include the
influence of the horizontal tail, as discussed earlier.
An interesting result is that the rotor time constant
reduces at the highest flight speed to an identified
value of1; =0.13 sec, which agrees very closely with
the theoretical value as based on the geometric Lock
Number {; =0.12 sec). This should be expected at
this flight condition (1=0.25) where dynamic inflow
effects on the rotor time constant (Eq. 5) are not
significant.

A key feature is the monotonic reduction with
airspeed of SH-2G pitch-roll coupling, as evidenced
by the reduction in control coupling derivativesg{s
and Mfgy), and the reduction to zero at 100kts of the
flap response coupling parametetss{. and Mfg,J).
The flap response coupling derivatives result in an
equivalent reduction to zero in the 6 dof pitch
response coupling ratid®,/L, and My/M,. Neither
simulation model predicts this significant level of
coupling reduction.

There is a monotonic decrease in the primary lateral
speed damping derivativeY,j which is correctly
captured by the STI simulation model (Ref. 1), but is
predicted with the reverse trend by the NASA model
(Ref. 2). Finally, for forward flight, the simulation
values for heave damping more closely track the
flight test results (average identified valdg=—0.34
rad/sec), as has previously been reported, for example
in Ref. 19.

Time-Domain ___ Verification- The  predictive
capability of the identified models is assessed by
driving each model with doublet data not used in the
identification process. The identified stability and
control derivative parameters are held fixed. The
doublet response comparisons for all flight conditions
are shown in Figs 14-16 for each of the four inputs.
The results show that the identified model generally
has excellent predictive accuracy, even for the rather
large responses in the verification records (up to 30
deg/sec).

The large roll response coupling is apparent as
expected for a longitudinal input in hover
(Pmad/ldmad =1.0), and is well captured by the
identified model (J/My|=1.1). The pitch response
coupling is about 30%, which is well predicted by the

identified model and is consistent with the coupling
ratio, |M o / Lp| =0.25.

There is a consistent deficiency in the prediction of
yaw rate response coupling to collective inputs which,
as indicated, is traced to the omission of engine/torque
dynamics in the identification model structure.
Finally, there is a deficiency in the prediction of
acceleration responsé,j to longitudinal input Rys)

at 100kts (but not at 60kts). This deficiency requires
some further analysis since the frequency-domain
match ofA,/R;s at this flight condition is quite good
(cost=74).

CONCLUSIONS

« The CIFER methodology to identifying a
comprehensive state space model at multiple
airspeeds provides a straightforward and cost-
effective approach to AFCS development for the
SH-2G(A).

e The frequency domain method of system
identification has been demonstrated to work well
for servo-flap controlled rotors.

* A simple six degree-of-freedom linear model has
been shown to be insufficient for accurately
modeling the SH-2G. Additional degrees of
freedom are necessary to model rotor flapping
dynamics, rotor coning dynamics, and dynamic
inflow.

« The principal deficiency of the present model is
the lack of explicit engine torque/RPM dynamics.
The effect is visible in the yaw degree of freedom
but was not sufficient to justify the impact on
schedule of the added complication.

e The pitch and roll dynamics of the SH-2G were
identified well with the ASE in operation,
although mixing of more than three time histories
was required to obtain good coherence across the
entire range of interest. The yaw and vertical
dynamics required that the sweeps be flown
unaugmented in order to obtain adequate
information content in the data.

« The models, spanning the airspeed envelope,
have been successfully identified with a common
mathematical structure to facilitate interpolation
of derivatives at intermediate speeds.

* Accurate SISO models of the boost actuators
have been obtained for use in the Simdlink

model.
e Accurate MISO models for the ASE
characteristics, lumped with the airframe

dynamics have also been obtained. These will be
useful in gauging the accuracy of the loop closure



topology in the Simulink model of the pre-
existing ASE amplifier.

The Simulink closed loop model incorporating
the CIFER state space plant will be suitable for
future inclusion with the CONDUIT designer’s
tool. It is anticipated that this approach will
significantly reduce the amount of flight testing
required to tune the AFCS after prototype
installation.
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Table 5. CIFER Identification Results for Hover

ZR1S 0.000+  peeem e -
ZR1C 0.000+ |- ey -
ZRP 0.000+ - e -
LRP -0.8061 5.020 2.344
LLO 0.000 + +-- e
MRP 0.000+ |-
MLO 0.1913 10.60 p.A74
NR1S 0.000+ |- -—1-
NR1C 0.000+ |- --—--
NRP 1.971 5.467 2.251
NLO 0.000+ e
LFRS 0.1760 4.335 D.7735
LFRC -0.09793 4.190 1.429
MFRS 0.2879 3.816 0.9475
MFRC 0.1122 5.198 1.356
** Time-Delays **

Value CR Percent % Insens
R1S 0.000+  pee- e -
R1C 0.000+ - e -
RP 0.06265 13.16 5.661
LO 0.03482 12.30 §.106
Notes:

+ parameter dropped in model structure
determination

! fixed parameter in model structure

** Transfer Function Costs **

U/R1S 108.653
V/R1S 149.383
P/R1S 41.543
Q/R1S 49.335
AXIR1S 76.903
AY/R1S 52.579
U/R1C 70.593
V/R1C 182.769
P/R1C 77.732
Q/R1C 90.755
AY/R1C 162.078
VIRP 3.013
P/RP 58.745
R/RP 65.210
AY/RP 36.016
U/LO 67.769
WI/LO 21.259
Q/LO 13.222
R/LO 123.816
AX/LO 43.380
AZ/LO 21.259
Average 72.191

(“HOVER-ID")
**M-Matrix**
Value CR Percent % Insens
TF 0.1999 3.185 0.7840
** E-Matrix **
Value CR Percent % Insens
XU -0.05179 18.92 §.308
XV 0.09532 16.75 6.413
XW 0.000+ |-
XR 0.000+ |-
XB1C 34.55 2.537 0.5344
YU 0.000+ |-
YV -0.4054 5.791 1.287
YW 0.000+ |-
YP 1.370 7.102 B.056
YR 1.729 23.27 P.744
YB1S constrained =-XB1C
ZU 0.000+  p--- e -
yAY, 0.000+  pe- et
ZW -0.07572 23.09 11.18
ZP 0.000+  pe-- et
ZQ 0.000+ - e -
ZR 0.000+  pe- g -
LU -0.01310 P5.86 2|619
LV -0.08653 B.882 0{8729
LW 0.000+  |---—-- ——1-
LR 0.000+  fpe--- et
LB1S -22.24 P.696 0.5264
MU -1.854E-03 9.75 3.466
MV -8.989E-03 18.06 3,665
MW 0.000+ = |----—-- ---1--
MR 0.000+ |- ——t-
MB1C -7.721 2.944 D.7514
NU -0.04747 29.07 4.663
NV 0.000+ - e -
NW -0.03812 10.10 2.020
NP 0.000+ - e -
NQ 0.000+  |---—-- ——1-
NR -1.236 8.980 2.220
LFBC -0.3852 6.833 1.238
MFBS 0.7292 7.470 1.629
KTHE 0.08224 2.920 1.174
Co 0.6390! pe- s
** G-Matrix **
Value CR Percent % Insens
XRP 0.000+ |- -—-1-
XLO 3.333 4512 2177
YRP -5.605 3.672 1.633
YLO 0.000+ e e




Table 6 . Eigenvalues for Hover Id Results

(“HOVER-ID")
Real Imag zeta w, I/s Mode
-0.076 Heave
0.076 Longitudinal conv.
-0.143 Longitudinal conv.
-0.116 -0.874 0.132 0.882 Lateral phugoid
-0.116 0.874 0.132 0.882 Lateral phugoid
-1.287 Yaw conv.
-1.699 -1.313 0.791 2.147 Pitch/lon-flap
-1.699 1.313 0.791 2.147 Pitch/lon-flap
-3.356 4.874 0.567 5.917 Roll/lat-flap
-3.356 -4.874 0.567 5.917 Roll/lat-flap
-19.311 Inflow
-7.386 27.241 0.262 28.225 Coning
-7.386 -27.241 0.262 28.225 Coning




Table 7. Comparison of Simulation and (Equivalent
6 dof) Identification Parameters for Hover

** E-Matrix **

YLO -1.977 -2.355 0.000
ZR1S 1.647 0.04438 0.p00
ZR1C 0.04710 -2.917E-03  0.0p0
ZRP 0.000 .000 0/000
ZLO -32.13 -32.00 -23/50
LR1S -0.03280 -0.09352 -1.131
LR1C 3.974 4.078 2451
LRP -2.452 -2.443 -0.8061
LLO -0.5744 -018653 0.000
MR1S -1.671 -R.736 -2/509
MR1C 8.000E-03  0.02671 -012461
MRP 0.08620 0.09305 0J000
MLO 0.1449 0.09190 0.1913
NR1S -0.07670 -6.419E-03  0.000
NR1C -3.000E-03 0/06116 0.goo
NRP 4.368 11.256 1{971
NLO 2.076 2.006 0.p00
** Time-Delays
(fixed at HOVER-ID values) **
R1S 0.2000'! 0.2000'! 0.20(50 !
R1C 0.2000'! 0.2000! 0.2000 !
RP 0.06265!  0.06265 ! 0.06265 !
LO 0.03482! 0.03482 ! 0.03482'!
** Transfer Function Costs **
STI-SIM NASA-SIM HOVER-ID
(Ref. 1) (Ref. 2)
U /R1S 99.638 308.371 10§.653
V/R1S 5477.224 6227.891 149,383
P /R1S 3227.909 2424.551 41.%43
Q/R1S 280.974 442.396 49.835
AX /R1S 886.809 2034.674 76.903
AY /R1S 1668.087 977.568 52.579
U/R1C 384.724 2000.952 70.593
V/R1C 830.842 7341.953 182.769
P /R1C 69.381 149.898 77.732
Q/R1C 607.592 1905.612 90.[55
AY /R1C 1752.077 2036.381 162.078
V /RP 5.888 123.491 3.013
P /RP 920.198 313.991 58.745
R /RP 470.576 563.124 65.210
AY /RP 377.262 109.341 36.p16
U/LO 1378.605 13B8.151 67.769
W /LO 198.857 188.901 21.259
Q/LO 8313.371 70P5.411 13.222
R/LO 2925.188 2968.298 123)816
AX/LO 104.613 92{327 43.380
AZ/LO 198.857 18B.901 21.259
Average 1437.080 1849.151 72.191

STI-SIM NASA-SIM HOVER-ID

(Ref. 1) (Ref. 2) (6 dof)
XU -0.02910 -(0.03021 -0.05179
XV -8.500E-03 -0[4091 0.09532
XW 0.02630 0.06350 0J000
XP -2.323 -(0.03290 3.983
XQ 4.352 4.988 5/394
XR -0.1616 -(.8409 0.0p0
YU 9.900E-03  7|800E-03 0.000
YV -0.1032 -0.1981 -0.4054
YW -0.02740 -0.01620 0.J00
YP -4.809 -4.139 -4.024
YQ -1.230 -2.059 2.78
YR 4.447 2.584 1[729
ZU -0.03840 -0.03344 0.000
YA -0.02270 -0.02580 0.000
ZW -0.3299 -0.3209 -0.p7572
ZP -0.9867 11476 0.000
ZQ 1.631 10.5120 0.000
ZR 1.082 0.1905 0.p00
LU 3.000E-04  -1.860E-03 -0.0{.310
LV -0.03300 -0.07077 -0.08653
LW -0.01400 -5.696E-03  0.000
LP -6.068 -3.791 -3.471
LQ 2.580 2.347 1.337
LR 1.814 0.4536 0.p00
MU 9.700E-03  (0.01484 -1|854E-03
MV -1.000E-04 0)05106 -8.989E-03
MW 8.000E-04 1.997E-03  0.000
MP -0.9792 -0.2121 -0.8788
MQ -1.822 -3.899 -1j205
MR 0.1785 0.2577 0/000
NU -4.300E-03 -2.077E-03 -0.04747
NV 0.02450 (.05242 0.p00
NW 8.700E-03  4.974E-03 -0/03812
NP 6.000E-03 01757 0.000
NQ -0.07240 0.03235 0.000
NR -2.481 -1.796 -1.36

** G-Matrix **

STI-SIM NASA-SIM HOVER-ID
XR1S 4.937 4.968 11.23
XR1C 0.04980 .05451 1.101
XRP 0.000 D.000 0/000
XLO 2.806 3.461 3.833
YR1S -0.2292 -(.3980 -1.758
YR1C 4.390 4.279 3/808
YRP -6.988 -6.955 -5.605




Table 8. SH2G CIFERId Results for Three Flight MRP 0.000 + 0.1142 0.000 +
Conditions MLO 0.1913 0.7083 0.9327
** M-Matrix ** NR1S 0.000 + 0.000 + 0}000 +
HOVER-ID 60kts-ID 100kts-1D NR1C 0.000 + 0.3664 .000 +
TF 0.1999 0.2082 0.1317 NRP 1.971 1.790 2.008
NLO 0.000 + 0.000 + 0.000 +
** E-Matrix ** LFRS 0.1760 0.1368 0.07484
HOVER-ID 60kts-ID 100kts-1ID LFRC -0.09793 -0.1055 -(0.1064
XU -0.05179 -0.02800 ! -0.03760 ! MFRS 0.2879 0.2783 0.2663
XV 0.09532 -0.02498 0.000 + MFRC 0.1122 0.06350 0.03345
XW 0.000 + 0.000 + (.000 +
XR 0.000 + 0.000 + 0]000 + ** Time-Delays **
XB1C 34.55 36.56 16.12 HOVER-ID 60kts-ID 100kts-1D
YU 0.000 + -0.2445 0|1574 R1S 0.000 + 0.000 + 0/000 +
YV -0.4054 -0.1224 -0.06598 R1C 0.000 + 0.000 + 0{000 +
YW 0.000 + 0.000 + (.000 + RP 0.06265 0.04945 D.05706
YP 1.370 1.807 2.501 LO 0.03482 0.09288 (.08192
YR 1.729 2.780 hn.574 Notes:
YB1S Constrained = -XB1C + parameter dropped in model structure determination
ZU 0.000 + 0.3390 0.3816 ! fixed parameter in model structure
zV 0.000 + 0.000 + -0.1796
W -0.07572 -0.3686 -0.2959 ** Transfer Function Costs **
ZP 0.000 + 0.000 + 0J000 + HOVER-ID 60kts-ID 100kts-1D
ZQ 0.000 + 0.000 + -14.67 U /R1S 108.653 84.018 142.913
ZR 0.000 + -11.22 0{000 + V /R1S 149.383 346.117 ---
LU -0.01310 }0.01149 0,01820 W /R1S 55.071 118.566
LV -0.08653 }0.02359 -5579E-03 P /R1S 41.543 133.744 95.052
LW 0.000 + 0.000 + 7\549E-03 Q /R1S 49.335 26.573 40.394
LR 0.000 + 10.000 + 0J000 + AX /R1S 76.903 55.608 54.391
LB1S -22.24 -25.56 -27.57 AY /R1S 52.579 - -
MU -1.854E-03 -7.412E-03 -0101044 AZ |R1S 129.182 39.913
MV -8.989E-03 2.647E-03 4[720E-03 U /R1C 70.593 171.664
MW 0.000 + 4.709E-03 .548E-03 V_IR1C 182.769 - -
MR 0.000 + 0.000 + 0.5215 W /R1C --- 114.647 88.198
MB1C -7.721 -10.06 -10.19 P /R1C 77.732 45.502 94.532
NU -0.04747 0.02037 -0.01067 Q /R1C 90.755 112.526 193.326
NV 0.000 + 0.01908 4.950E-03 R /R1C 148.979
NW -0.03812 0.000 + 0.000 + AY /R1C 162.078 105.515 58.319
NP 0.000 + -0.1494 0/000 + AZ |R1C 58.742 42.316
NQ 0.000 + 0.000 + 0,000 + U /RP 71.596 100.472
NR -1.236 -1.321 -1.526 V /RP 3.013 111.3 121.88
LFBC -0.3852 -0.2669 0{000 + W /RP 63.12 32.682
MFBS 0.7292 0.5142 0.000 + P IRP 58.745 64.137 36.773
VBDT -165.1 ! 1.058E+03 841.2 Q /RP 69.881 13.478
KTHE 0.08224 0.06116 ! 0/05898 R /RP 65.21 171.588 172.083
AY /RP 36.016 35.755 49.176
** G-Matrix ** AZ |RP 38.387
HOVER-ID 60kts-ID 100kts-ID U /Lo 67.769 -
XRP 0.000 + 0.000 + 0}000 + W /LO 21.259 --- 137.888
XLO 3.333 0.000 + 0,000 + P /LO 58.301
YRP -5.605 -5.311 -7.901 Q /L0 13.222 296.554 218.686
YLO 0.000 + 0.000 + 0.p00 + R /LO 123.816 -
ZR1S 0.000 + 17.52 24.68 AX /LO 43.38
ZR1C 0.000 + 6.857 .000 + AZ /LO 21.259 25.316 35.866
ZRP 0.000 + 0.000 + 0/000 + Average 72.191 99.802 88.418
LRP -0.8061 -1.132 -1.456
LLO 0.000 + D.000 + 1.490
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Figure 13a. Frequency Domain Comparison of CIEH&entified Model to NASA Simulation (Ref 2).
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Figure 13b. Frequency Domain Comparison of CIEH&entified Model to NASA Simulation (Ref 2)
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